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RESUMO

CARVALHO, Renner Philipe Rodrigues, M.Sc., Universidade Federal de Vicosa, junho de
2020. Efeitos do tratamento com eugenol em modelos murinos hiperglicémicos.
Orientadora: Mariana Machado Neves. Coorientadora: Graziela Domingues de Almeida Lima.

O diabetes € um dos maiores problemas de saide enfrentados no mundo. Os tratamentos
utilizados no controle da doenga nem sempre sao eficazes e podem apresentar efeitos colaterais.
Nos tltimos anos, estudos in vitro descreveram vdrias atividades positivas do eugenol no
tratamento do diabetes. No entanto, ainda nao estd claro a caracteristica bem como a magnitude
dos seus efeitos em animais hiperglicémicos. Portanto, neste estudo foi realizada uma revisao
meta-analitica para determinar a magnitude do efeito do tratamento com eugenol sobre
varidveis direta e indiretamente relacionadas ao diabetes. Esta revisdo foi realizada a partir de
uma busca sistematizada usando Web of Science, Scopus e PubMed como bancos de dados.
Foram incluidos estudos publicados entre 1967 e 2019. Os termos 'diabetes' e 'glicose’,
'hiperglicemia’ e 'insulina’' em combinag¢do com 'eugenol’, 'cravo' e seus nomes cientificos foram
pesquisados em titulos, resumos e palavras-chave. Posteriormente, os dados obtidos quanto a
média, medidas de variancia e N amostral foram avaliados quanto a modelos de efeitos
aleatdrios e mistos. Este estudo revelou efeitos fortes e negativos do eugenol sobre danos no
figado, perfil lipidico, niveis de glicose, dano oxidativo e dano renal. Por outro lado, o eugenol
exerceu um efeito positivo no peso corporal e no sistema de defesa antioxidante. O efeito ndo
¢ significativo na insulina e na atividade de enzimas do metabolismo dos carboidratos. Além
disso, as andlises de modelo misto revelaram que os efeitos do tratamento sdo
significativamente influenciados pelo tipo de tratamento (eugenol puro ou extratos, 6leos
essenciais e cravo-da-india em po) e pela concentragdo administrada. Estes resultados mostram
que o eugenol € um composto com potencial efeito terapéutico e pode ser um aliado no
tratamento do diabetes, diminuindo os niveis glicEémicos, restaurando o status redox, regulando
o perfil lipidico e atenuando os danos nos tecidos hepdticos e renais, € modulando o peso

corporal.

Palavras-chave: Diabetes mellitus. Eugenol. Cravo. Animais experimentais.



ABSTRACT

CARVALHO, Renner Philipe Rodrigues, M.Sc., Universidade Federal de Vigosa, June, 2020.
Effect of eugenol treatment in hyperglycemic murine models. Advisor: Mariana Machado
Neves. Co-advisor: Graziela Domingues de Almeida Lima.

Diabetes is one of the biggest health problems faced worldwide. The treatments used to control
the disease are not always effective and can have side effects. In recent years, in vitro studies
have described various activities of eugenol in the treatment of diabetes. However, it is not yet
clear whether the effects of this compound are negative, neutral, or positive for diabetic animals.
Therefore, in this study, a meta-analytical review was carried out to determine the magnitude
of the effect of eugenol treatment on variables directly and indirectly related to diabetes. This
review included all studies published between 1967 and 2019. A systematic search was carried
out using Web of Science, Scopus, and PubMed as databases. The terms 'diabetes' and 'glucose’,
'hyperglycemia’, and 'insulin' in combination with 'eugenol’, ‘cloves', and their scientific names
were searched in titles, abstracts, and keywords. This study revealed strong and negative effects
of eugenol on liver damage, lipid profile, glucose levels, oxidative damage, and kidney damage.
Conversely, eugenol exerted a positive effect on body weight and the antioxidant defence
system. The effect is not significant on insulin and enzyme activity in carbohydrate metabolism.
In addition, the mixed model analyses revealed that the effects of treatment are significantly
influenced by the type of treatment (pure eugenol or extracts and powdered cloves) and the
concentration administered. These results show that eugenol is a compound with potential
therapeutic effects and may be an ally in the treatment of diabetes, decreasing glycemic levels,
restoring redox status, regulating the lipid profile, attenuating damage to liver and kidney

tissues, and modulating the body weight.

Keywords: Diabetes mellitus. Eugenol. Clove. Experimental animals.
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INTRODUCAO GERAL

O diabetes mellitus € um dos maiores desafios da saide publica moderna e, devido as
altas taxas de prevaléncia, possui implicacdes sociais, financeiras e de desenvolvimento
(ZIMMET et al., 2014; OGURTSOVA et al., 2017; CHO et al., 2018). E um distirbio
metabdlico multifacetado com a caracteristica fundamental de hiperglicemia cronica. No
diabetes tipo 1, a hiperglicemia ocorre devido a deficiéncia de insulina, como consequéncia da
perda das células B das ilhotas pancreéticas (GEPTS, 1965; FLIER et al., 1986; ATKINSON et
al., 2014; KATSAROU et al., 2017). Com relacdo ao diabetes tipo 2, a hiperglicemia ocorre
quando o feedback entre a acdo e a secrecao de insulina nio funciona adequadamente. A acao da
insulina em tecidos sensiveis € prejudicada pela resisténcia a sua a¢do, aumentando a produgdo
de glicose no figado e diminuindo a captacdo de glicose nos musculos e no tecido adiposo. Além
disso, a secrecao de insulina pelas células B das ilhotas pancreaticas também ¢ prejudicada, sendo
insuficiente para manter as concentracdes normoglicémicas (REAVEN, 1988; STUMVOLL et
al., 2005; ZHENG et al., 2018).

O controle glicémico € o principal objetivo no tratamento do diabetes (NATHAN, 2015).
A terapia padrdo para o tratamento do diabetes tipo 1 € o tratamento intensivo com insulina
(ADA, 2015). Apesar disso, o grande grau de variabilidade da glicose e o risco de hipoglicemia
da monoterapia com insulina t€ém estimulado a busca de terapias capazes de reduzir a necessidade
da aplicagdo de insulina e os riscos associados (FRANDSEN et al., 2016; WARSHAUER et al.,
2020). Terapias complementares ao tratamento com insulina poderiam ajudar a melhorar o
controle glicémico do paciente, além de apresentar efeitos independentes a reducio da glicose,
com consequente diminui¢cdo do risco de complicacdes do diabetes (LIVINGSTONE et al.,
2017).

Ja as opg¢Oes para o tratamento do diabetes mellitus tipo 2 incluem o tratamento inicial
com monoterapia (geralmente com metformina), além de eventual adicao de outros agentes orais.
Em muitos pacientes, a terapia com insulina também € necesséria para atingir niveis glicémicos
especificos (DEFRONZO, 1999; GARBER et al., 2016; THRASHER, 2017). Assim como no
tratamento do diabetes tipo 1, as terapias utilizadas no diabetes tipo 2 possuem efeitos colaterais,
como hipoglicemia, perda de peso, insuficiéncia cardiaca, nduseas e diarreias (EL-KAISSI;
SHERBEENI, 2011).

A limitagdo dos antidiabéticos atualmente disponiveis tem incentivado a busca por
terapias alternativas para auxiliar o tratamento do diabetes de forma eficaz e mais segura
(PANDEY et al., 2011). Na medicina tradicional, mais de 1200 plantas sao utilizadas por suas
atividades hipoglicémicas (MARLES; FARNSWORTH, 1995). A metformina, por exemplo, foi



desenvolvida a partir da espécie Galega officinalis e atualmente é um dos medicamentos mais
utilizados no tratamento do diabetes (PANDEY et al., 2011).

O cravo-da-india (Syzygium aromaticum) tem mostrado bons resultados em estudos in
vitro (PRASAD et al., 2005; ADEFEGHA; OBOH, 2012), in vivo (SHUKRI et al., 2010;
ADEFEGHA et al., 2014) e em pacientes diabéticos tipo 2 (KHAN et al., 2006). As propriedades
antidiabéticas do cravo t€m sido atribuidas principalmente ao eugenol (SINGLETARY, 2014).
De fato, in vitro, o eugenol foi capaz de inibir as enzimas o-amilase pancredtica e lipase
(MNAFGUI et al., 2013), inibir a formacao de produtos finais de glicacdo avancada (AGEs)
(SINGH et al., 2016), além de inibir a producao de glicose hepética (JEONG et al., 2014). Essas
atividades resultaram em reducdo das concentracOes glicémicas em estudos com animais
experimentalmente induzidos ao diabetes (SINGH er al., 2016; AL-TRAD et al., 2019). O
eugenol é geralmente reconhecido como seguro pela Organizacio Mundial da Saide (OMS) e
amplamente utilizado na medicina tradicional (KHALIL et al., 2017). Na inddstria de alimentos,
€ usado como conservante e como agente aromatizante para alimentos e cosméticos (BARBOZA
etal.,2018). Apesar de seguro e de seu uso amplamente difundindo, ndo existem estudos clinicos
avaliando os efeitos do eugenol no tratamento da doenca, seja como terapia unica ou
complementar.

Até o presente momento, nao foram encontrados estudos avaliando o efeito do eugenol
sobre parametros testiculares e epididimarios de animais diabéticos. Este era o principal objetivo
do projeto de mestrado, considerando que o grupo vem trabalhando com modelos diabéticos
(SOUZA et al., 2018; SERTORIO et al., 2019), avaliando o efeito nos 6rgados reprodutores a
partir da exposi¢do a contaminantes ambientais (SOUZA et al., 2019), bem como o uso de
extratos vegetais como tratamento do diabetes (ERVILHA et al., 2020 em fase de correcdo).
Sabe-se que a diabetes causa problemas reprodutivos importantes, devido a redugdo das
concentracdes séricas de testosterona, com consequentes danos a espermatogénese, qualidade
espermatica e erecao (BALLESTER et al., 2004; AMARAL et al., 2006; SCARANO et al.,
2006; BAL et al., 2011; GOBBO et al., 2015). Portanto, o objetivo geral deste trabalho foi de
caracterizar, como base na literatura, a acdo do eugenol como agente terapéutico do diabetes,
bem como de problemas relacionados com a fertilidade masculina decorrente dessa doenca.
Neste contexto, realizou-se um estudo meta-analitico sobre o efeito do eugenol no tratamento da
diabetes em modelos animais. Posteriormente, seria realizado um experimento in vivo com 0
objetivo de avaliar os efeitos do tratamento com eugenol sobre os parametros testiculares,
epididimérios e espermaticos de ratos Wistar induzidos experimentalmente ao diabetes. Este

estudo confirmaria ou ndo nossa hipdtese de que o eugenol afeta positivamente parametros



reprodutivos em animais diabéticos. O trabalho foi iniciado em janeiro de 2020, mas, devido ao
estado de pandemia causado pela COVIDI19 e ao periodo de isolamento social, a parte
experimental in vivo tornou-se invidvel.

Neste contexto, o presente trabalho apresentard uma revisao meta-analitica sobre o efeito
do eugenol em animais hiperglicémicos, com os seguintes objetivos:
- Determinar a magnitude do efeito do tratamento com eugenol sobre diversas varidveis
relacionadas a glicemia, biometria corporal, pardmetros bioquimicos, danos teciduais e
marcadores do estresse oxidativo em animais induzidos experimentalmente ao diabetes;
- Comparar a magnitude dos efeitos do eugenol sobre essas varidveis considerando as diferencas
metodoldgicas entre os estudos. Os resultados desse estudo visam ajudar a entender o potencial
do eugenol como um antidiabético a ser utilizando como tratamento complementar, bem como

suas implicacdes para a saide humana.
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Abstract

Diabetes is a highly prevalent health condition affecting many people worldwide. In vitro studies
have described the positive effects of cloves and its major compound, eugenol, in the treatment of
diabetes. However, it is unclear whether the effects of this compound are negative, neutral, or
positive, on hyperglycemic animals. Therefore, a meta-analytical review was conducted to
determine the magnitude of effects of eugenol on variables directly and indirectly related to
diabetes. This study revealed that eugenol treatment decreased the glucose levels and the activity
of carbohydrate-metabolizing enzymes, ameliorated the lipid profile, and reduced the oxidative,
renal, and hepatic damages in hyperglycemic rodents. Moreover, eugenol alleviated the weight
loss and restored the activity of the antioxidant defense system. Insulin levels was not affected by
eugenol treatment. Also, mixed model analyses revealed that the use of purified or non-purified
eugenol and the concentrations administered significantly affected the treatment outcome. In
conclusion, our findings indicate that eugenol may have potential therapeutic effects in the
treatment of diabetes. Furthermore, this study can direct future preclinical and clinical trials, with

important implications for human health.

Keywords: Syzygium aromaticum; clove; diabetes mellitus; in vivo studies; glucose; rodents.

Chemical compound studied in this article: Eugenol (PubChem CID: 3314).
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1. Introduction

Diabetes mellitus is one of the most significant health challenges of the 21st century [1].
Overall, type 1 and 2 diabetes result in high blood glucose concentrations which, in turn, cause
structural and functional changes in organs and alter the metabolism of carbohydrates, lipids, and
proteins [2,3]. Diabetes mellitus is often associated with liver dysfunction, diabetic nephropathy,
and dyslipidemia [4—6]. Hyperglycemic conditions increase the generation of reactive oxygen
species (ROS), which can also lead to tissue damage induced by oxidative imbalance [7-9].

To control glycemia is the main objective of a diabetes treatment. Although the drugs
used to treat diabetes are exceptionally effective, they cannot be administered to all patients.
Insulin treatment can cause a high degree of glucose variability, increasing the risk of
hypoglycemia [10]. Likewise, hypoglycemia, weight loss, heart failure, and intestinal disorders
are common side effects associated with continued use of medications such as biguanides,
meglitinides, and sulfonylureas [11]. Moreover, in some patients, monotherapy is not effective
in glycemic control and therefore, combined use of drugs becomes necessary [12]. With regard
to this, development of more effective and affordable therapies for the prevention and treatment
of diabetes is crucial [11,13,14].

In the context of diabetes treatments, several phenolic compounds are known to
contribute to the management of hyperglycemia and balance of redox status in individuals with
diabetes. Recently, a review of clinical studies showed that consumption of (poly) phenols
reduced glucose levels of individuals with type 2 diabetes [15]. Research on pharmacological
properties of eugenol, a polyphenol, has been the focus of recent studies [16—-19]. Eugenol is
found mainly in essential oils and clove extracts (Eugenia caryophyllata, also known as
Syzygium aromaticum).

Several in vitro studies have demonstrated that eugenol inhibits the activity of enzymes
associated with energy metabolism in assays using clove extracts [20-23] and purified eugenol

[24]. Eugenol possibly increases the uptake of 2-deoxyglucose via the phosphoinositide 3-kinase
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(PI3K)-dependent pathway [25]. Other in vitro studies have shown that clove extract may act as
an antioxidant by inhibiting of protein glycation and lipid peroxidation [26,27].

Nevertheless, there is a paucity of information regarding the therapeutic efficacy of
eugenol in clinical trials. A clinical study with type 2 patients with diabetes concluded that clove
could be used as an anti-hyperglycemic food supplement [28]. In animal studies, clove intake
showed anti-hyperglycemic, hypolipidemic, and antioxidant properties under hyperglycemic
conditions [29,30]. In addition, treatment of diabetic animals with pure eugenol also reduced
blood glucose levels, restored antioxidant potential, and attenuated oxidative damage [31,32].

Currently, to the best of our knowledge, there is no systematic review of the activity of
eugenol in experimental models of diabetes in literature. Thus, this study was designed to meta-
analytically review the in vivo preclinical effects of eugenol (including clove) in a diabetic

animal model to assess these aspects and contribute to an improvement in diabetes treatment.

2. Methods
2.1. Focus question
The main question we sought to answer in this systematic review is what the magnitude

of the effects of eugenol treatment is in a diabetic murine model.

2.2. Protocol and registration

The present review was conducted according to the Preferred Reporting Items for
Systematic Review and Meta Analyses (PRISMA) statement [33]. This meta-analysis was
registered at PROSPERO, International Prospective Register of Systematic Review with

registration number CRD 42019157503 (http://www.crd.york.ac.uk/PROSPERO).

2.3. Search strategy

This meta-analysis involved an extensive review of the effects of eugenol treatment on
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diabetic animal models. All original full-text studies published up to 2020 were included in the
review. A systematic search of the Web of Science, Scopus, and PubMed/Medline databases was
conducted. The search was performed electronically using the following terms in titles, abstracts,

2 ¢

and keywords: “diabetes,” ‘glucose,” “hyperglycemia,” and “insulin” in combination with

b

“eugenol,” “clove,” “Eugenia caryophyllata,” “Syzygium aromaticum,” and “Eugenia

aromatica.” To expand the search, the wildcard symbol “*” was used.

2.4. Studies reviewed

The following criteria were previously established for including studies in such reviews:
1) published in peer-reviewed journals, 2) published in the English language, 3) rats and mice
were used as animal models of induced diabetes , 4) experimental studies must present control
(diabetic animals) and treatment (diabetic animals treated with eugenol), and 5) studies that
reported means, sample size, and a measure of variance (standard deviation, standard error or
confidence intervals) for both control and treatment groups.

Studies with unclear sample sizes for experimental groups were excluded from this meta-
analysis. Other studies were excluded if, 1) the journal impact factor was < 1.0, 2) the study used
species other than rats and mice as animal models, 3) animals were treated with compounds or
extracts other than clove or eugenol, and 4) were secondary studies (reviews, conference
proceedings, and commentaries). The search was complemented using the reference lists of the
included studies.

Response mean values (X" and X'eatmenty " standard deviations (S and Streatmenty,
and sample size (N°"°! and N'eamenty ywere retrieved from the text, tables, or figures, or both,
from each study included in this review. Data available in figures were digitized and the means
and variances were obtained using Imagel software [34] after calibrating each picture to the
nearest 0.01 mm. Measurements of variance were all converted to standard deviations of the

mean using MetaWin statistical calculator [35].
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We performed a separate meta-analysis of each of the following nine variables affected
by eugenol in animals with diabetes: 1) glucose levels, 2) insulin levels, 3) carbohydrate-
metabolizing enzymes, 4) body weight, 5) antioxidant defense, 6) oxidative damage, 7) lipid
profile, 8) liver damage, and 9) kidney damage. The parameters included for each variable are
shown in the Table 1. Only variables that generated at least five independent comparisons were
included in the analysis. Moreover, according to the information provided by the authors, the
mixed-model effect of the meta-analysis was used to categorize the studies based on the
following methodological moderators: 1) eugenol source (purified or non-purified eugenol); ii)
concentration administered (low- or high-dose: 0.01 to 10 mg kg' and < 10 mg kg,

respectively), and iii) type of diabetes (type 1 or type 2 diabetes).

2.5. Meta-analysis

The standardized difference between control and treatment groups was used to interpret
and summarize the effects of eugenol treatment in diabetic animals. For each study, the
magnitude of effect (d) was calculated as follows: d = (X; - X&/SD) x J, where X; and, X, are the
responses of the treatment and diabetic control group, respectively, SD is the pooled standard
deviation, and J is a correction term to remove small sample size bias [35]. After Hedge’s d was
calculated for each independent comparison, the cumulative effect (d++) of each variable
surveyed was calculated using a random-effect model.

We used the mixed-effect model to analyze the methodological moderators where it
assumes that differences between studies within a class are determined by sampling errors and
random variation. Upper and lower confidence intervals (CI) were calculated according to the
average cumulative effect, and intervals that did not overlap with zero, with n-1 degrees of
freedom (df), were considered significant. Conventionally, d++ values around 0.2, 0.5, and 0.8

are considered to indicate weak, moderate, and strong effects, respectively [36]. Moreover, a
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positive and negative d ++ value indicate that the treatment effect increased and decreased the

measured variable values, respectively.

Table 1.
Parameters collected from the eligible studies and grouped into nine variables analyzed under random-

effect model for meta-analysis review.

Variables Parameters
Glucose levels Blood glucose levels.
Insulin levels Insulin levels.

Carbohydrate-metabolizing enzymes  Activity of alpha-amylase and alpha-glucosidase.

Body weight Body weight.

Antioxidant defense Activity of ascorbic acid, glutathione peroxidase, reduced
glutathione, catalase, Superoxide dismutase, glutathione—
s—transferase, glutathione reductase, thioredoxin reductase.

Oxidative damage Levels of hydroperoxides, nitric oxide, protein carbonyls,

total thiols, dichlorofluorescein, malondialdehyde.

Lipid profile Triglycerides, cholesterol, and low-density lipoprotein-
cholesterol.
Liver damage Concentrations of aspartate aminotransferase, alanine

aminotransferase, alkaline phosphatase, total-bilirubin, and
gamma-glutamyl transferase.

Kidney damage Values of blood urea nitrogen, the activity of creatine
kinase, activities and creatinine, urea, uric acid, glomerular
damage, mesangial matrix index, glomerular filtration rate,

and urine protein.

Heterogeneity analyses (Q statistic) were used to determine whether categorical groups

in mixed models were homogeneous with respect to calculated effect sizes. We calculated the
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total heterogeneity (Qy) of all effects tested and the Q within (Qw) and between (Qg) groups. The
significance of these statistics was evaluated using a chi-square distribution with n-1 df. Our
analyses were based only on published studies; studies that show large and significant effects
may be more likely to get published than those showing weak or no effects, and this phenomenon
is referred to as the “file-drawer problem,” sensu [37]. Consequently, we calculated fail-safe
numbers for each effect tested. Fail-safe numbers indicate the number of non-significant,
unpublished, or missing studies that would need to be added to the sample to change the results
from significant to non-significant [35]. As a rule of thumb, fail-safe results are considered robust
if the fail-safe number exceeds Sk + 10 [38], where k is the number of comparisons in the analysis.
All analyses were conducted using MetaWin 2.1 software [35], whereas the graphics were

created using Sigma Plot 10.0 software [39].

3. Results

The flow diagram summarizing the literature search process is shown in Figure 1. The
initial search resulted in a collection of 774 articles from PubMed/MEDLINE, Web of science,
and Scopus databases. After removing articles that were in duplicates or met the exclusion

criteria, 16 studies were considered for meta-analysis (Fig. 1).

3.1. Qualitative data

The publication characteristics of eligible studies are summarized in Table 2. From the included
16 studies, 68.8% used laboratory animal models of induced type 1 diabetes, whereas 31.2%
used type 2 diabetes-induced models. Diabetes was mainly induced using streptozotocin (STZ,
56.3%), followed by alloxan (12.5%), or high-fat diet (HFD, 6.2%). For STZ, only one study
administered consecutive doses (45 mg kg-1 for 5 days), in contrast to the other studies which
administered single doses at concentrations between 30 and 55 mg kg™!'. Additionally, 12.5% of

the studies used STZ in combination with HFD and 12.5% used genetically modified animals.
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HFD, genetically modified diabetic animals, and STZ-HFD protocols were used to induce type
2 diabetes. Further, rat models (68.8%) were mainly used in these studies, followed by mouse
models (31.2%). Purified eugenol was tested in 50% of the studies, whereas the other 50%
investigated non-purified eugenol, of which 31.25% used extracts, 12.5% used clove powder,
and 6.25% used clove oil.

The concentration of eugenol provided varied between 2.5 and 657 mg kg™! as based on
the eugenol source, route of administration, and dosing frequency (Table 2). Eugenol was mainly
administered orally (68.8%), followed by intragastrically (18.7%), and intraperitoneally (12.5%).

The dosing frequency was daily (87.5%), twice a week (6.25%), and on alternate days (6.25%).
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Fig. 1. Flow diagram of search results to define the articles to be included in meta-analysis review,

according to PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analysis.



Table 2.

Characterization of studies used in the meta-analysis. Information on type of diabetes (TD), species and lineage, number of animals per group (N), treatment description,

and treatment time.

Authors (Year) Diabetes type Species (lineage) N Treatment type Treatment description Treatment
time (days)
Adefegha et al. (2014) T2D (35 mg STZ" + Rat (Wistar) 6 Clove powder 1.7 and 3.7 g kg'! bw; daily; 4,7, 10, 13, and
HFD) oral route. 30
Akila et al. (2018) T1D (55 mg STZ") Rat (Wistar) 8 Syzygium aromaticum 2 g kg bw; daily; gavage 7,14, 21, and
aqueous extract route. 28
Al-Trad et al. (2019) T2D (40 mg STZ" + Rat (Sprague- 10 Purified eugenol 10 mg kg™' bw; daily; oral 45
HFD) Dawley) (Sigma Aldrich) route.
Chowdhury et al. (2016)  T1D (120 mg alloxan®) Mice (Swiss) 4 Syzygium aromaticum 200 and 400 mg kg™' bw; 1,2,3,and 4
methanolic extract daily; oral route.
Garud and Kulkarni TID (55 mg STZ") Rat (Sprague 8 Purified eugenol 5 and 10 mg kg™ bw; daily; 28d
(2016) Dawley) (Sigma Aldrich) oral route.

24



Jeong et al. (2014)

Kiani et al. (2018)

Kuroda et al. (2012)

Mnafgui et al. (2013)

Nangle et al. (2006)

Prasad et al. (2016)

Sanae et al. (2014)

T2D (HFD)

T1D (55 mg STZ")

T2D (genetic mice)

T1D (150 mg alloxan®)

TID (42.5 mg STZ")

T1D (55 mg STZ")

T2D (genetic mice)

Mice (C57BL/6J)

Rat (Wistar)

Mice (KK-Ay)

Rat (Wistar)

Rat (Sprague

Dawley)

Rat (Wistar)

Mice (C57BLKS/J

db+/db+)
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CG/

44 TG

6

Purified eugenol

(Sigma Aldrich)

Syzygium aromaticum

ethanolic extract

Syzygium aromaticum

ethanolic extract
Purified eugenol
(Sigma Aldrich)
Purified eugenol

(Sigma Aldrich)

Purified eugenol

(Sigma Aldrich)

Syzygium aromaticum

ethanolic extract

20 and 40 mg kg™ bw; daily;
oral route.
75 mg kg™ bw; daily; oral
route.
657 mg kg! bw; daily; oral
route.
80 mg kg™! bw; daily; gastric
gavage route.
200 mg kg'! bw; daily; oral

route.

10 mg kg'! bw; alternate
days; intraperitoneal route.
Diets supplemented, with 5%

or 10%; daily; oral route.

105d

28d

21d

30d

14d

42d

28d
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Shukri et al. (2010) T1D (50 mg STZ") Rat (Sprague 8
Dawley)

Singh et al. (2016) T1D (45 mg STZ/ 5d) Mice (BalbC) 8

Srinivasan et al. (2013) T1D (40 mg STZ") Rat (Wistar) 6

Zari and Al-Attar (2007) T1D (30 mg STZ") Rat (Wistar) 10

STZ: Streptozotocin; HFD: High fat diet; bw: body weight; d: day(s); “Single dose. CG

Clove powder

Eugenol isolated from
Ocimum gratissimum
Purified eugenol
(Sigma Aldrich)

Clove oil

Powdered cloves (equivalent
to 100 mg kg™ bw of
eugenol); daily; oral route.
100 mg kg! bw; twice a
week; intraperitoneal route.
2.5, 5, and 10 mg Kg' bw;
daily; intragastric route.
5% clove oil in the diet;

daily; oral route.

: control group; TG: treatment group.

21,42, 63, 84,

and 105 d

14d

30d

7and 15d
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3.2. Meta-analysis
Eugenol treatment exhibited strong effects by ameliorating the liver damage, glucose
levels, lipid profile, oxidative damages, and kidney damage. It also inhibits the activity of
carbohydrates-metabolizing enzymes. Moreover, eugenol exerted a strong and positive effect on
antioxidant enzymes activity. Body weight was moderately ameliorated by treatment (Fig. 2).
Rosenthal’s fail-safe numbers for these effects were fairly high, relative to the number of
independent comparisons (Supplementary Table 1). Finally, eugenol did not significantly affect

the insulin levels (Fig. 2).
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Fig. 2. Effects of eugenol treatment on variables in diabetic animals. The cumulative effect size is reported
with its 95% confidence interval and effects are significant if confidence intervals do not overlap with

zero. (n) = number of independent comparisons.
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Eugenol source was the main methodological moderator influencing the variables
analyzed in this study, followed by eugenol concentrations and type of diabetes. Purified eugenol
showed a stronger effect in reducing liver and kidney damage than that of non-purified eugenol
(Fig. 3). Purified eugenol also exhibited a strong effect in improving the antioxidant defense,
body weight, and lipid profile (Fig. 3). Moreover, eugenol concentrations < 10 mg kg™! elicited
the strongest effects, restoring the antioxidant defense system, body weight (Fig. 3), and
increasing insulin levels (d++ =-249.45, df 3, CI =-379.44 to -119.46). Finally, treatment in type
2 diabetic animals had the strongest effect in decreasing blood glucose levels, while liver damage
was most decreased in type 1 diabetic animals (Fig. 3). The results of methodological moderators
that did not show significant effect or were not analyzed under the mixed effect model are shown

in the Supplementary Table 2.
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Fig. 3. Effects of the eugenol source (purified eugenol and non-purified eugenol), eugenol concentrations
(up to 10 or > 10 mg Kg™), and type of diabetes (type 1 and type 2) on liver damage, kidney damage,
antioxidant defense, body weight, lipid profile and glucose levels in diabetic animals. The cumulative
effect size is reported for each effect measured with its 95% confidence intervals, and effects are
significant if confidence intervals do not overlap with zero. Numbers in parentheses indicate the number

of independent comparisons for each effect. Qg indicates heterogeneity between groups.
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4. Discussion

The findings of the current review revealed that eugenol strongly attenuated functional
and structural damages caused by hyperglycemia in animal models. Herein, we observed that
eugenol ameliorated the glucose levels, lipid profile, body weight, and reestablished the
antioxidant defense. Also, eugenol decreased the markers of oxidative, hepatic, and renal damage
in rodent models with experimentally induced diabetes. These results reinforced the idea that this
polyphenol compound has promising therapeutic effects on hyperglycemia. Moreover, we
propose eugenol as a potential candidate for clinical trials targeted at improving diabetes
treatment. Undoubtedly, diabetes is a severe disease that affects millions of people worldwide
[12,40,41], and any effort to enhance its treatment is relevant. Diabetes is a chronic metabolic
disorder related to a deficiency in insulin secretion, the inability of body systems to use this
hormone efficiently, or both [42], which is associated with a wide range of additional
complications, such as renal diseases, liver diseases, infections, and cancers [43].

In this study, we showed that eugenol reduced glucose levels of diabetic animals. The
effect of eugenol on the activity of carbohydrate-metabolizing enzymes, such as alpha-amylase
and alpha-glucosidase, may have contributed to this finding (Fig. 4a). Eugenol can inhibit
glucose uptake by intestinal cells, which decreases postprandial hyperglycemia [44] and prevents
the onset of late diabetic complications [45]. This inhibition occurs due to the ability of its
hydroxyl groups to interact with active sites of enzymes and delay the carbohydrate absorption
[21,46-50]. Notably, in the small intestine, pancreatic alpha-amylase is related to the breakdown
of long-chain carbohydrates, whereas intestinal alpha-glucosidase ends this digestive process by
transforming these oligosaccharides into monosaccharide glucose [51,52]. Accordingly,
enterocytes can uptake glucose by the sodium-glucose cotransporter 1, which is constitutively
localized to the apical brush border membrane [53]. Therefore, inhibition of carbohydrate-
metabolizing enzymes may be the first effect of eugenol on glucose metabolism in treated

diabetic animals.
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In addition to the above, eugenol may reduce the glucose levels in hyperglycemic rodents
by acting on the phosphorylation of Ca*?-calmodulin-dependent protein kinase kinase (CAMKK)
and AMP-activated protein kinase (AMPK). On the one hand, the activation of the CAMKK-
AMPK pathway can inhibit glucose production in the liver, suppressing the CREB-regulated
transcription coactivator 2 — cAMP-response element-binding protein complex (CRTC2-CREB)
activation, and decreasing the expression of gluconeogenic enzymes [54,55] (Fig. 4b). Hepatic
glucose production is increased under diabetic conditions, leading to progressive hyperglycemia
[54,56]. Thus, the inhibition of this glucose pathway is an efficient mode of action of eugenol to
ameliorate the glycemia in diabetic animals. On the other hand, this compound may stimulate
glucose uptake by an insulin-independent pathway. Eugenol stimulates glucose transporter-
4 (GLUT4) translocation from the intracellular storage depots to the plasma membrane of
skeletal muscle cells by AMPK phosphorylation, promoting glucose transport [32,57] (Fig. 4b).
GLUTH4 is the main protein involved in glucose uptake influenced by insulin. In the case of
insulin resistance, glucose uptake may be disturbed in muscle cells increasing serum glucose
levels [57]. It is noteworthy that the glycemia reported in eugenol-treated diabetic animals
reached similar levels than those observed in their controls, as well as the levels exhibited by
diabetic animals treated with metformin that has been the mainstay of therapy for diabetes
mellitus [32]. Fortunately, this glucose reduction by eugenol did not cause hypoglycemia in
treated-diabetic animals [31,58], which could be a side effect. Altogether, our findings indicate
that eugenol plays an anti-hyperglycemic role by decreasing serum glucose levels probably
involving three modes of action.

This meta-analytical review showed that eugenol enhanced the lipid profile of diabetic
animals. Serum levels of cholesterol, triglyceride, and low-density lipoprotein (LDL) are known
to increase in diabetic animals [29,32,59]. Studies have shown that phenolic groups, such as those
in the chemical structure of eugenol, modulate the activity of different kinases, such as protein

kinase A (PKA) [60]. Under hyperglycemic or insulin-deficient conditions, PKA activates the
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hormone-sensitive intracellular lipase and promotes the release of non-esterified fatty acids from
triglycerides stored in adipose tissue. As a result, there is an increase in the production of hepatic
triglycerides [61-63]. Eugenol, in turn, may bind to proline-rich regions of the 3 subunits of PKA
and inhibit its activity by decreasing that of hormone-sensitive intracellular lipase [64].
Consequently, low levels of non-esterified fatty acids are available for triglycerides production
by the liver, influencing the serum lipid profile (Fig. 4c).

Moreover, eugenol restored the activity of antioxidants and mitigated oxidative damages,
which are both mediated by the cellular redox process. Studies included in this review reported
an increase in the activity of enzymatic (e.g., superoxide dismutase [SOD], catalase [CAT],
thioredoxin reductase, and reduced glutathione [GSH]-related enzymes) and non-enzymatic
antioxidants (e.g. ascorbic acid) analyzed in blood samples and pancreatic, brain, cardiac, renal,
and hepatic tissues of diabetic animals after eugenol treatment. By contrast, the latter decreases
the generation of oxidative byproducts, such as hydroperoxides, protein carbonyls and
malondialdehyde [29,32,65,66]. Typically, hyperglycemia elevates ROS production and inhibits
the activity of antioxidants through non-enzymatic glycation of some protein regions of enzymes
such as CAT and SOD, contributing to the progression and development of diabetes and its
complications [7,67-72]. In the polyol pathway, glucose is reduced to sorbitol by the enzyme
aldose reductase in a reduced nicotinamide adenine dinucleotide phosphate (NADPH)-dependent
manner. Thus, high glycemic levels decrease the availability of NADPH, which is essential for
GSH production [72]. Once eugenol acts as an anti-hyperglycemic agent, low levels of glucose
might inhibit the occurrence of non-enzymatic glycation and restore SOD and CAT activity. This
anti-hyperglycemic action also affects negatively the glucose reduction within the polyol
pathway, increasing the levels of NADPH used for GSH production (Fig. 4d). Aside from the
anti-hyperglycemic activity, eugenol acts as a potent antioxidant [73]. Its phenolic hydroxyl

groups bind to free radicals generated during the oxidative stress by donating a hydrogen
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molecule (Fig. 4e). Hence, it promotes the stability of these radicals, minimizing their damage
[74-76].

Our findings demonstrated that eugenol attenuated the deleterious effects of
hyperglycemia on liver tissue (Fig. 4). This effect was determined by measuring biochemical
parameters such as alanine transaminase, aspartate transaminase, and alkaline phosphatase,
which are commonly assessed to evaluate hepatic function. In hyperglycemic animals, serum
levels of aminotransferases may increase due to cellular damage, because subtle changes in the
membrane may cause the intracellular enzymes to pass to the extracellular space [46,77,78]. In
addition, elevations in the serum levels of bilirubin and gamma-glutamyl transferase reflect
hepatocyte damage caused by diabetes [79,80]. Studies have reported that eugenol protected
hepatic tissue against injury induced by thioacetamide [18], hepatic steatosis [81], and
hypercholesterolemia [82]. Additionally, among antioxidant compounds, phenolic compounds
protect the liver and reduce liver enzyme levels in diabetes [83]. Therefore, the antioxidant
activity of eugenol as reported here, appears to be the mechanism mediating its protection of the
liver tissue. This effect was also observed as a reduction of histopathological damage of the liver
of diabetic animals treated with eugenol [59].

With regard to kidney damage, diabetes commonly causes disturbance in homeostasis of
glucose and insulin, which may be aggravated by oxidative stress and other disease-related
factors [65,84,85]. The amelioration of kidney function related to renal clearance, urea levels,
and creatinine parameters may be a consequence of the reestablishment of glucose levels and
redox status by eugenol [65,86—89] (Fig. 4). Therefore, the therapeutic effect of eugenol has once
again been confirmed by the reduction in these parameters. In addition, the reduction in

histopathological kidney damage also suggests an improvement in renal function [65].
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Fig. 4. Schematic representation of potential biological pathways of eugenol in the treatment of diabetes.
Eugenol reduces serum glucose levels in diabetic animals by a) inhibition of carbohydrate-metabolizing
enzymes that, in turn, reduces carbohydrate absorption by intestinal cells; b) activation of the CAMKK-
AMPK pathway that inhibits the glucose production in the liver via suppression of the CRTC2-CREB
complex. The CAMKK-AMPK pathway can also stimulate GLUT4 translocation, which results in higher
glucose uptake by skeletal muscle cells. In the end, low levels of glucose ameliorate the body weight loss
and kidney damages of diabetic animals. Moreover, eugenol ameliorates c) the serum lipid profile of
diabetic animals by inhibiting PKA activity and decreasing hormone-sensitive intracellular lipase activity.
The latter decreases the non-esterified fatty acids release by adipose tissue, which reduces the production
of hepatic triglycerides. d) The reduced glycemia prevents the glycation of antioxidant enzymes, as well
as reduces the glucose flow in the polyol pathway, with a consequent increase of NADPH levels required
for GSH production. These both pathways enhance the activity of antioxidant enzymes. In addition, e)
phenolic hydroxyl groups from eugenol molecule can bind to oxygen-derived free radicals by donation
of a hydrogen molecule, which promotes the stability of these free radicals. Altogether, the mode of action
of eugenol on the antioxidant defense system reduces oxidative damages caused by oxidative stress,
alleviating the damages on liver and kidney tissues. Dashed red lines: inhibition via; Solid blue lines:
activation; CAMKK: Ca*?-calmodulin-dependent protein kinase kinase; AMPK: AMP-activated protein
kinase; CRTC2-CREB: CREB-regulated transcription coactivator 2- cAMP-response element-binding
protein complex; GLUT4: glucose transporter-4; PKA: protein kinase A; NADPH: nicotinamide adenine

dinucleotide phosphate; GSH: reduced glutathione.
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Eugenol treatment ameliorated the body weight probably due to its activity in the
glycemic control (Fig. 4). Weight loss in experimental diabetes can be due to the unavailability
of carbohydrates for energy metabolism or the loss and degradation of selected proteins [90].
Additionally, excessive protein catabolism to provide amino acids for gluconeogenesis during
insulin reduction is known to result in muscle mass and weight loss in non-obese diabetic rats
[58]. In these processes, eugenol appears to promote the restoration of efficient metabolic
homeostasis and improve the health of animals.

The non-significant effect of eugenol on insulin levels indicated that it may not directly
affect insulin. Although the random model did not show significant differences with insulin
concentrations. Although STZ and alloxan are highly toxic to 3 cells, the effect is short-lived and
when there are surviving cells, chronic hyperglycemia can be a toxic factor [91]. The increase in
insulin levels in diabetic animals treated with eugenol may be due to the anti-hyperglycemic
potential of eugenol, mediated by its enhancement of increased secretion of existing residual -
cells [32,59,92]. However, we believe that this effect does not occur in human diabetes because
while experimental diabetes provides models for studying the disease, it is not equivalent to the

human disease condition.

4.1. The influence of methodological moderators on eugenol effects

According to our mixed-effect model, the variables were mostly influenced by eugenol
source, followed by eugenol concentrations and type of diabetes. In the first methodological
moderator, the purified eugenol caused beneficial effects in diabetic animals on their body
weight, antioxidant defense, lipid profile, liver damage, and kidney damage. Indeed, non-purified
eugenol and purified eugenol exhibit differences in their content. While non-purified eugenol is
a mixture of several bioactive molecules, the purified eugenol is the isolated molecule from those
extracts. In this study, non-purified eugenol comprised extracts obtained from natural sources,

such as clove oil, clove extracts, and powdered cloves [29,30,93-98]. Different therapeutical
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activity between these extracts may be related to the synergistic, additive, or unknown effects of
their compounds [99]. Clove extracts, for instance, contain significant amounts of eugenol beside
other compounds, such as eugenyl acetate and B-caryophyllene [100]. The isolation of
compounds from plant material such as eugenol is crucial to lead discovery and drug screening.
Accordingly, it is possible to determine their therapeutic function specifically [101]. Due to its
separation and purification, it was possible to identify the eugenol role as an antidiabetic,
antioxidant, and anti-inflammatory agent whose potential to abrogate oxidative stress is well
established [66].

Moreover, low doses of eugenol induced significant responses in the insulin levels, body
weight, and antioxidant activity. Of note, most part of the experiments tested the purified eugenol
at low concentrations [32,58,65,66]. Once purified eugenol exhibits high potency, low doses are
necessary to treat diabetes in murine. By contrast, studies evaluating non-purified eugenol
administered extract at high concentrations [29,30,93-96,98], probably to achieve the
concentration desirable of eugenol.

Finally, the type of diabetes influenced two variables in murine models. While type 2
diabetic animals showed a reduction in their glucose levels after eugenol treatment, the latter
mitigated the liver damage in type 1 diabetic rodents. In the first case, eugenol was capable to
activate the AMPK-GLUT4 pathway because type 2 diabetic animals have active pancreatic -
cells, which were responsive to the treatment and consequently produced insulin. Differently, in
type 1 diabetic animals, the diabetogenic drugs STZ and alloxan destroyed their pancreatic f3-
cells, inactivating this pathway [102]. STZ is an antibiotic agent analog of N-acetylglucosamine,
which is transported into pancreatic -cells by GLUT2 and causes p-cell toxicity, generating free
radicals and DNA damages [103]. Alloxan, in turn, is a pyrimidine nucleic acid that induces ROS
formation and selectively inhibits glucose-induced insulin secretion through specific inhibition
of glucokinase, the glucose sensor of pancreatic B-cells [102,104]. Unfortunately, none of the

currently used medications reverse ongoing failure of 3-cell function [29]. In this meta-analytical
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review, beneficial effect of eugenol on liver damage was stronger in type 1 diabetic animals. Of
note, only one study reported data on liver damage in type 2 diabetic animals [29], whereas other
three studies evaluated the same parameters in type 1 diabetic rodents [58,59,95]. Thus, the
number of studies evaluating this variable in type 1 diabetes may have influenced this finding.
From those studies, two of them evaluated the effect of non-purified eugenol at 20 g/Kg [29] and
75 mg [95], and the others evaluated the purified eugenol at 2.5 mg [58] and 80 mg [59]. Despite
the differences in the methodology of those studies, the mixed-model effect detected the
influence of the type of diabetes on this variable. This fact might be better explored in future

studies.

4.2. Limitations

In this review, the eligible studies show many differences in methodology such as various
animal models used, different methods of inducing diabetes, and treatment (such as pure eugenol
or not, and treatment time). It turns difficult to analyze the influence of each methodological
parameter properly. For instance, a limitation of our review is that the studies were grouped into
two categories of administered concentration since the intake range was very wide between
groups. This might prevent definitive conclusions about the effect and the ideal dose to be
administered. Even though, systematic reviews are considered high-level studies that allow
individual assessment of studies in a blind manner, using specific tools [105]. Such
characteristics lead to a more inclusive and reliable approach, providing a broad understanding

of the included studies.

5. Conclusions and perspectives
To the best of knowledge, this meta-analysis provides the first compilation of information
on the use of eugenol as a therapeutic compound against hyperglycemia. We have summarized

the effects of eugenol by highlighting the key points of its effect on diabetes and also
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complications associated with it. Undoubtedly, the decrease in glycemic levels by eugenol has
been demonstrated through the inhibition of carbohydrate-metabolizing enzymes, and the
possible inhibition of glucose production by the liver and the glucose uptake by skeletal muscle
cells. The increase in antioxidant defense markers and the decrease in oxidative damage markers
showed that eugenol could have potent effects on diabetic oxidative stress, restoring redox status
and slowing the disease progression. As a result, eugenol also appears to regulate lipid profile
and has a protective effect on liver and kidney tissues and, consequently, modulates body weight.
Eugenol is probably more effective in its purified form than in mixtures such as extracts, clove
oil, and powdered cloves. Nevertheless, studies evaluating the potential of eugenol as a
complementary therapy to insulin treatment in type 1 diabetes or in association with other known
antidiabetic drugs in type 2 diabetes could produce better results, leading to reduction of the side
effects of current therapies. Thus, we believe that our findings may provide a baseline for further

preclinical and clinical studies with important implications for human health.

Declaration of competing interest

No conflict of interest to declare.

Acknowledgments

We are profoundly thankful to Tatiana Cornelissen for all her teaching and support.

Funding sources

This work was supported by Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) [master fellowship to RPRC], Fundacdo de Amparo a Pesquisa de Minas Gerais
(FAPEMIG; grant number PPM-00621-18), and Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq; grant number 420077/2018-9 and 302088/2018-0 to MM-N,

and 431330/2018-2 to GDAL).



39

6. References

[1]

P.Z. Zimmet, D.J. Magliano, W.H. Herman, J.E. Shaw, Diabetes: A 21st century challenge, Lancet

Diabetes Endocrinol. 2 (2014) 56—64. https://doi.org/10.1016/S2213-8587(13)70112-8.

American Diabetes Association, Standards of medical care in diabetes - 2012, Diabetes Care. 35

(2012). https://doi.org/10.2337/dc12-s011.

A.B. Shori, Screening of antidiabetic and antioxidant activities of medicinal plants, J. Integr. Med.

13 (2015) 297-305. https://doi.org/10.1016/S2095-4964(15)60193-5.

M.R. Taskinen, Diabetic dyslipidaemia: From basic research to clinical practice, Diabetologia. 46

(2003) 733-749. https://doi.org/10.1007/s00125-003-1111-y.

M.J. Chapman, H.N. Ginsberg, P. Amarenco, F. Andreotti, J. Borén, A.L. Catapano, O.S.
Descamps, E. Fisher, P.T. Kovanen, J.A. Kuivenhoven, P. Lesnik, L. Masana, B.G. Nordestgaard,
K.K. Ray, Z. Reiner, M.R. Taskinen, L. Tokgozoglu, A. Tybjerg-Hansen, G.F. Watts,
Triglyceride-rich lipoproteins and high-density lipoprotein cholesterol in patients at high risk of
cardiovascular disease: Evidence and guidance for management, Eur. Heart J. 32 (2011) 1345—

1361. https://doi.org/10.1093/eurheartj/ehr112.

A.G. Miranda-Diaz, J. Jankowski, J. Pedraza-Chaverri, P. Evenepoel, Oxidative Stress in Chronic

Kidney Disease, Oxid. Med. Cell. Longev. 2016 (2016). https://doi.org/10.1155/2016/8375186.

J.L. Rains, S.K. Jain, Oxidative stress, insulin signaling, and diabetes, Free Radic. Biol. Med. 50

(2011) 567-575. https://doi.org/10.1016/j.freeradbiomed.2010.12.006.

S. Cernea, M. Dobreanu, Diabetes and beta cell function: From mechanisms to evaluation and
clinical implications, Biochem. Medica. 23 (2013) 266-280.

https://doi.org/10.11613/BM.2013.033.

H. Yaribeygi, S.L. Atkin, A. Sahebkar, A review of the molecular mechanisms of hyperglycemia-
induced free radical generation leading to oxidative stress, J. Cell. Physiol. 234 (2019) 1300-1312.

https://doi.org/10.1002/jcp.27164.



[14]

40
C.S. Frandsen, T.F. Dejgaard, S. Madsbad, Non-insulin drugs to treat hyperglycaemia in type 1
diabetes mellitus, Lancet Diabetes Endocrinol. 4 (2016) 766—780. https://doi.org/10.1016/S2213-

8587(16)00039-5.

D.M. Nathan, Diabetes: Advances in diagnosis and treatment, JAMA - J. Am. Med. Assoc. 314

(2015) 1052-1062. https://doi.org/10.1001/jama.2015.9536.

IDF, Eighth edition 2017, 2017. https://doi.org/http://dx.doi. org/10.1016/S0140-6736(16)31679-

8.

C. Ding, M.K. -S. Leow, F. Magkos, Oxytocin in metabolic homeostasis: implications for obesity

and diabetes management, Obes. Rev. 20 (2019) 22—40. https://doi.org/10.1111/0br.12757.

J.T. Warshauer, J.A. Bluestone, M.S. Anderson, New Frontiers in the Treatment of Type 1

Diabetes, Cell Metab. 31 (2020) 46—61. https://doi.org/10.1016/j.cmet.2019.11.017.

A.F. Raimundo, F. Félix, R. Andrade, M.T. Garcia-Conesa, A. Gonzalez-Sarrias, J. Gilsa-Lopes,
D. do O, A. Raimundo, R. Ribeiro, A. Rodriguez-Mateos, C.N. Santos, M. Schir, A. Silva, 1. Cruz,
B. Wang, P. Pinto, R. Menezes, Combined effect of interventions with pure or enriched mixtures
of (poly)phenols and anti-diabetic medication in type 2 diabetes management: a meta-analysis of
randomized controlled human trials, Eur. J. Nutr. 59 (2020) 1329-1343.

https://doi.org/10.1007/s00394-020-02189-1.

A. Musenga, A. Ferranti, M.A. Saracino, S. Fanali, M.A. Raggi, Simultaneous determination of
aromatic and terpenic constituents of cloves by means of HPLC with diode array detection, J. Sep.

Sci. 29 (2006) 1251-1258. https://doi.org/10.1002/jssc.200600023.

K. Pramod, S.H. Ansari, J. Ali, Eugenol: A natural compound with versatile pharmacological

actions, Nat. Prod. Commun. 5 (2010) 1999-2006. https://doi.org/10.1177/1934578x1000501236.

B. Yogalakshmi, P. Viswanathan, C.V. Anuradha, Investigation of antioxidant, anti-inflammatory
and DNA-protective properties of eugenol in thioacetamide-induced liver injury in rats,

Toxicology. 268 (2010) 204-212. https://doi.org/10.1016/j.tox.2009.12.018.



[19]

[26]

41

K. Singletary, Clove: Overview of potential health benefits, Nutr. Today. 49 (2014) 207-224.

https://doi.org/10.1097/N'T.0000000000000036.

S.A. Adefegha, G. Oboh, Inhibition of key enzymes linked to type 2 diabetes and sodium
nitroprusside-induced lipid peroxidation in rat pancreas by water extractable phytochemicals from
some tropical spices, Pharm. Biol. 50 (2012) 857-865.

https://doi.org/10.3109/13880209.2011.641022.

S.A. Adefegha, G. Oboh, In vitro inhibition activity of polyphenol-rich extracts from Syzygium
aromaticum (L.) Merr. & Perry (Clove) buds against carbohydrate hydrolyzing enzymes linked to
type 2 diabetes and Fe2+-induced lipid peroxidation in rat pancreas, Asian Pac. J. Trop. Biomed.

2 (2012) 774-781. https://doi.org/10.1016/S2221-1691(12)60228-7.

H.U. Tahir, R.A. Sarfraz, A. Ashraf, S. Adil, Chemical Composition and Antidiabetic Activity of
Essential Oils Obtained from Two Spices ( Syzygium aromaticum and Cuminum cyminum ), Int.

J. Food Prop. 19 (2016) 2156-2164. https://doi.org/10.1080/10942912.2015.1110166.

G. Oboh, I.LA. Akinbola, A.O. Ademosun, D.M. Sanni, O. V. Odubanjo, T.A. Olasehinde, S.I.
Oyeleye, Essential Oil from Clove Bud (Eugenia aromatica Kuntze) Inhibit Key Enzymes
Relevant to the Management of Type-2 Diabetes and Some Pro-oxidant Induced Lipid
Peroxidation in Rats Pancreas in vitro, J. Oleo Sci. 64 (2015) 775-782.

https://doi.org/10.5650/jos.ess14274.

L. Jelenkovi¢, V.S. Jovanovi¢, L. Pali¢, V. Miti¢, M. Radulovi¢, In vitro screening of a-amylase
inhibition by selected terpenes from essential oils, Trop. J. Pharm. Res. 13 (2014) 1421-1428.

https://doi.org/10.4314/tjpr.v13i9.7.

P.K. Prabhakar, M. Doble, Interaction of phytochemicals with hypoglycemic drugs on glucose
uptake in L6 myotubes, Phytomedicine. 18 (2011) 285-291.

https://doi.org/10.1016/j.phymed.2010.06.016.

T. Suantawee, K. Wesarachanon, K. Anantsuphasak, T. Daenphetploy, S. Thien-Ngern, T.

Thilavech, P. Pasukamonset, S. Ngamukote, S. Adisakwattana, Protein glycation inhibitory



[29]

42

activity and antioxidant capacity of clove extract, J. Food Sci. Technol. 52 (2014) 3843—-3850.

https://doi.org/10.1007/s13197-014-1452-1.

H.K.I. Perera, D.C.R. Wijetunge, Strong Protein Glycation Inhibitory Potential of Clove and

Coriander, Br. J. Pharm. Res. (2015) 306-312.

A. Khan, S.S. Qadir, K.N. Khattak, R.A. Anderson, Cloves improve glucose, cholesterol and

triglycerides of people with type 2 diabetes mellitus, (2006).

S.A. Adefegha, G. Oboh, O.M. Adefegha, A.A. Boligon, M.L. Athayde, Antihyperglycemic,
hypolipidemic, hepatoprotective and antioxidative effects of dietary clove (Szyzgium aromaticum)
bud powder in a high-fat diet/streptozotocin-induced diabetes rat model, J. Sci. Food Agric. 94

(2014) 2726-2737. https://doi.org/10.1002/jsfa.6617.

G. Akila, K. Djamil, D. Nawal, B. Saadia, Comparative study of antihypertensive and antioxidant
effects of clove and metformin on renal dysfunction in streptozotocin-induced diabetic rats,

PharmaNutrition. 6 (2018) 37—44. https://doi.org/10.1016/j.phanu.2018.01.001.

P. Singh, R.H. Jayaramaiah, S.B. Agawane, Potential Dual Role of Eugenol in Inhibiting
Advanced Glycation End Products in Diabetes : Proteomic and Mechanistic Insights, Nat. Publ.

Gr. (2016) 1-13. https://doi.org/10.1038/srep18798.

B. Al-Trad, H. Alkhateeb, W. Alsmadi, M. Al-Zoubi, Eugenol ameliorates insulin resistance,
oxidative stress and inflammation in high fat-diet/streptozotocin-induced diabetic rat, Life Sci.

216 (2019) 183—188. https://doi.org/10.1016/].1f5.2018.11.034.

D. Moher, L. Shamseer, M. Clarke, D. Ghersi, A. Liberati, M. Petticrew, P. Shekelle, L.A. Stewart,
P.-P. Group, Preferred reporting items for systematic review and meta-analysis protocols

(PRISMA-P) 2015 statement, Syst. Rev. 4 (2015) 1. https://doi.org/10.1186/2046-4053-4-1.

C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH Image to ImagelJ: 25 years of image analysis,

Nat. Methods. 9 (2012) 671-675. https://doi.org/10.1038/nmeth.2089.

M.S. Rosenberg, D.C. Adams, J. Gurevitch, MetaWin: Statistical Software for Meta-Analysis:



[37]

[44]

43

Version 2.0, Sinauer Associates, 2000.

J. Cohen, A power primer, Psychol. Bull. 112 (1992) 155-159. https://doi.org/10.1037/0033-

2909.112.1.155.

R. Rosenthal, The file drawer problem and tolerance for null results, Psychol. Bull. 86 (1979) 638—

641. https://doi.org/10.1037/0033-2909.86.3.638.

A.P. Mgller, M.D. Jennions, Testing and adjusting for publication bias, Trends Ecol. Evol. 16

(2001) 580-586. https://doi.org/10.1016/S0169-5347(01)02235-2.

SigmaPlot | Systat Software, Inc, (n.d.). https://systatsoftware.com/products/sigmaplot/ (accessed

August 19, 2020).

G. Danaei, M.M. Finucane, Y. Lu, G.M. Singh, M.J. Cowan, C.J. Paciorek, J.K. Lin, F. Farzadfar,
Y .H. Khang, G.A. Stevens, M. Rao, M.K. Ali, L.M. Riley, C.A. Robinson, M. Ezzati, National,
regional, and global trends in fasting plasma glucose and diabetes prevalence since 1980:
Systematic analysis of health examination surveys and epidemiological studies with 370 country-
years and 2-7 million participants, Lancet. 378 (2011) 31-40. https://doi.org/10.1016/S0140-

6736(11)60679-X.

A. Trikkalinou, A.K. Papazafiropoulou, A. Melidonis, Type 2 diabetes and quality of life, World

J. Diabetes. 8 (2017) 120. https://doi.org/10.4239/wjd.v8.i4.120.

ADA, Diagnosis and classification of diabetes mellitus, Diabetes Care. 37 (2014) S81-S90.

https://doi.org/10.2337/dc14-S081.

S.R.K. Seshasai, S. Kaptoge, A. Thompson, E. Di Angelantonio, P. Gao, N. Sarwar, P.H.
Whincup, K.J. Mukamal, R.F. Gillum, I. Holme, I. Njglstad, A. Fletcher, P. Nilsson, S. Lewington,
R. Collins, V. Gudnason, S.G. Thompson, N. Sattar, E. Selvin, F.B. Hu, J. Danesh, Diabetes
Mellitus, Fasting Glucose, and Risk of Cause-Specific Death, N. Engl. J. Med. 364 (2011) 829—

841. https://doi.org/10.1056/NEJMoa1008862.

M. Ali Asgar, Anti-Diabetic Potential of Phenolic Compounds: A Review, Int. J. Food Prop. 16



[46]

[49]

44

(2013) 91-103. https://doi.org/10.1080/10942912.2011.595864.

S. Kumar, S. Narwal, V. Kumar, O. Prakash, o-glucosidase inhibitors from plants: A natural

approach to treat diabetes, Pharmacogn. Rev. 5 (2011) 19.

F. Chaudhry, S. Choudhry, R. Huma, M. Ashraf, M. al-Rashida, R. Munir, R. Sohail, B. Jahan,
M.A. Munawar, M.A. Khan, Hetarylcoumarins: Synthesis and biological evaluation as potent a-
glucosidase inhibitors, Bioorg. Chem. 73 (2017) 1-9.

https://doi.org/10.1016/j.bioorg.2017.05.009.

S. Burmaoglu, A.O. Yilmaz, M.F. Polat, R. Kaya, I. Gulcin, O. Algul, Synthesis and biological
evaluation of novel tris-chalcones as potent carbonic anhydrase, acetylcholinesterase,
butyrylcholinesterase and a-glycosidase inhibitors, Bioorg. Chem. 85 (2019) 191-197.

https://doi.org/10.1016/j.bioorg.2018.12.035.

H. Geng Bilgigli, A. Kestane, P. Taslimi, O. Karabay, A. Bytygi-Damoni, M. Zengin, 1. Gulgin,
Novel eugenol bearing oxypropanolamines: Synthesis, characterization, antibacterial, antidiabetic,
and anticholinergic potentials, Bioorg. Chem. 88 (2019).

https://doi.org/10.1016/j.bioorg.2019.102931.

F. Tiirker, D. Barut Celepci, A. Aktas, P. Taslimi, Y. Gok, M. Aygiin, I. Giilgin, meta-Cyanobenzyl
substituted benzimidazolium salts: Synthesis, characterization, crystal structure and carbonic
anhydrase, a-glycosidase, butyrylcholinesterase, and acetylcholinesterase inhibitory properties,

Arch. Pharm. (Weinheim). 351 (2018) 1-11. https://doi.org/10.1002/ardp.201800029.

P. Taslimi, E. Koksal, A.C. Goren, E. Bursal, A. Aras, O. Kilig, S. Alwasel, I. Giil¢in, Anti-
Alzheimer, antidiabetic and antioxidant potential of Satureja cuneifolia and analysis of its phenolic

contents by LC-MS/MS, Arab. J. Chem. (2019). https://doi.org/10.1016/j.arabjc.2019.10.002.

S.S. Nair, V. Kavrekar, A. Mishra, In vitro studies on alpha amylase and alpha glucosidase

inhibitory activities of selected plant extracts, Eur. J. Exp. Biol. 3 (2013) 128-132.

R. Tundis, M.R. Loizzo, F. Menichini, Natural products as a-amylase and a-glucosidase inhibitors

and their hypoglycaemic potential in the treatment of diabetes: an update, Mini-Reviews Med.



45

Chem. 10 (2010) 315-331. https://doi.org/10.2174/138955710791331007.

S. Ussar, M.F. Haering, S. Fujisaka, D. Lutter, K.Y. Lee, N. Li, G.K. Gerber, L. Bry, C. Ronald
Kahn, Regulation of glucose uptake and enteroendocrine function by the intestinal epithelial

insulin receptor, Diabetes. 66 (2017) 886—896. https://doi.org/10.2337/db15-1349.

M. Krssak, A. Brehm, E. Bernroider, C. Anderwald, P. Nowotny, C. Dalla Man, C. Cobelli, G.W.
Cline, G.I. Shulman, W. Waldhdusl, M. Roden, Alterations in postprandial hepatic glycogen
metabolism in type 2 diabetes, Diabetes. 53 (2004) 3048-3056.

https://doi.org/10.2337/diabetes.53.12.3048.

K.J. Jeong, D.Y. Kim, H.Y. Quan, H.K. Jo, G.W. Kim, S.H. Chung, Effects of eugenol on hepatic
glucose production and AMPK signaling pathway in hepatocytes and C57BL/6J mice, Fitoterapia.

93 (2014) 150-162. https://doi.org/10.1016/j.fitote.2013.12.023.

C. Bogardus, S. Lillioja, B. V Howard, G. Reaven, D. Mott, Relationships between insulin
secretion, insulin action, and fasting plasma glucose concentration in nondiabetic and noninsulin-

dependent diabetic subjects., J. Clin. Invest. 74 (1984) 1238-1246.

S. Huang, M.P. Czech, The GLUT4 Glucose Transporter, Cell Metab. 5 (2007) 237-252.

https://doi.org/10.1016/j.cmet.2007.03.006.

S. Srinivasan, G. Sathish, M. Jayanthi, J. Muthukumaran, U. Muruganathan, V. Ramachandran,
Ameliorating effect of eugenol on hyperglycemia by attenuating the key enzymes of glucose
metabolism in streptozotocin-induced diabetic rats, Mol. Cell. Biochem. 385 (2014) 159-168.

https://doi.org/10.1007/s11010-013-1824-2.

K. Mnafgui, F. Kaanich, A. Derbali, K. Hamden, F. Derbali, S. Slama, N. Allouche, A. Elfeki,
Inhibition of key enzymes related to diabetes and hypertension by Eugenol in vitro and in alloxan-
induced diabetic rats, Arch. Physiol. Biochem. 119 (2013) 225-233.

https://doi.org/10.3109/13813455.2013.822521.

J.0. Moskaug, G.I. Borge, A.M. Fagervoll, I. Paur, H. Carlsen, R. Blomhoff, Dietary polyphenols

identified as intracellular protein kinase A inhibitors, Eur. J. Nutr. 47 (2008) 460—469.



[65]

[67]

46

https://doi.org/10.1007/s00394-008-0749-0.

M.W. Anthonsen, L. Ronnstrand, C. Wernstedt, E. Degerman, C. Holm, Identification of novel
phosphorylation sites in hormone-sensitive lipase that are phosphorylated in response to
isoproterenol and govern activation properties in vitro, J. Biol. Chem. 273 (1998) 215-221.

https://doi.org/10.1074/jbc.273.1.215.

T. Kitamura, Y. Kitamura, S. Kuroda, Y. Hino, M. Ando, K. Kotani, H. Konishi, H. Matsuzaki,
U. Kikkawa, W. Ogawa, M. Kasuga, Insulin-Induced Phosphorylation and Activation of Cyclic
Nucleotide Phosphodiesterase 3B by the Serine-Threonine Kinase Akt, Mol. Cell. Biol. 19 (1999)

6286—6296. https://doi.org/10.1128/mcb.19.9.6286.

P. Morigny, M. Houssier, E. Mouisel, D. Langin, Adipocyte lipolysis and insulin resistance,

Biochimie. 125 (2016) 259-266. https://doi.org/10.1016/j.biochi.2015.10.024.

S. Kosuge, T. Maekawa, C. Saito, T. Tanaka, I. Kouno, K. Ohtsuki, Biochemical characterization
of galloyl pedunculagin (Ellagitannin) as a selective inhibitor of the B-regulatory subunit of A-
kinase in vitro, J. Biochem. 129 (2001) 403-409.

https://doi.org/10.1093/oxfordjournals.jbchem.a002871.

M.S. Garud, Y.A. Kulkarni, Eugenol ameliorates renal damage in streptozotocin-induced diabetic

rats, Flavour Fragr. J. 32 (2017) 54-62. https://doi.org/10.1002/{fj.3357.

S.N. Prasad, M.M.S. Bharath, Muralidhara, Neurorestorative effects of eugenol, a spice bioactive:
Evidence in cell model and its efficacy as an intervention molecule to abrogate brain oxidative
dysfunctions in the streptozotocin diabetic rat, Neurochem. Int. 95 (2016) 24-36.

https://doi.org/10.1016/j.neuint.2015.10.012.

A.C. Maritim, R.A. Sanders, J.B. Watkins, Diabetes, oxidative stress, and antioxidants: A review,

J. Biochem. Mol. Toxicol. 17 (2003) 24-38. https://doi.org/10.1002/jbt.10058.

F. Giacco, M. Brownlee, Oxidative stress and diabetic complications, Circ. Res. 107 (2010) 1058—

1070. https://doi.org/10.1161/CIRCRESAHA.110.223545.



[69]

47
R. Schmatz, L.B. Perreira, N. Stefanello, C. Mazzanti, R. Spanevello, J. Gutierres, M. Bagatini,
C.C. Martins, F.H. Abdalla, J. Daci Da Silva Serres, D. Zanini, J.M. Vieira, A.M.H. Cardoso, M.R.
Schetinger, V.M. Morsch, Effects of resveratrol on biomarkers of oxidative stress and on the

activity of delta aminolevulinic acid dehydratase in liver and kidney of streptozotocin-induced

diabetic rats, Biochimie. 94 (2012) 374-383. https://doi.org/10.1016/j.biochi.2011.08.005.

S.D.M. Bandeira, G.D.S. Guedes, L.J.S.D. Fonseca, A.S. Pires, D.P. Gelain, J.C.F. Moreira, L.A.
Rabelo, S.M.L. Vasconcelos, M.O.F. Goulart, Characterization of blood oxidative stress in type 2

diabetes mellitus patients: Increase in lipid peroxidation and SOD activity, Oxid. Med. Cell.

Longev. 2012 (2012). https://doi.org/10.1155/2012/819310.

A.C.F. Salgueiro, C.Q. Leal, M.C. Bianchini, I.O. Prado, A.S.L. Mendez, R.L. Puntel, V. Folmer,
F.A. Soares, D.S. Avila, G.O. Puntel, The influence of Bauhinia forficata Link subsp. pruinosa
tea on lipid peroxidation and non-protein SH groups in human erythrocytes exposed to high
glucose concentrations, J. Ethnopharmacol. 148 (2013) 81-87.

https://doi.org/10.1016/j.jep.2013.03.070.

Z. Doddigarla, 1. Parwez, J. Ahmad, Correlation of serum chromium, zinc, magnesium and SOD
levels with HbAlc in type 2 diabetes: A cross sectional analysis, Diabetes Metab. Syndr. Clin.

Res. Rev. 10 (2016) S126-S129. https://doi.org/10.1016/j.dsx.2015.10.008.

L. Giil¢in, Antioxidant activity of eugenol: A structure-activity relationship study, J. Med. Food.

14 (2011) 975-985. https://doi.org/10.1089/jmf.2010.0197.

M. Ito, K. Murakami, M. Yoshino, Antioxidant action of eugenol compounds: Role of metal ion
in the inhibition of lipid peroxidation, Food Chem. Toxicol. 43 (2005) 461-466.

https://doi.org/10.1016/j.fct.2004.11.019.

E. Vamanu, S. Nita, Antioxidant capacity and the correlation with major phenolic compounds,
anthocyanin, and tocopherol content in various extracts from the wild edible boletus edulis

mushroom, Biomed Res. Int. 2013 (2013). https://doi.org/10.1155/2013/313905.

V.P. Bulgakov, Y.V. Vereshchagina, G.N. Veremeichik, Anticancer Polyphenols from Cultured



[83]

48

Plant Cells: Production and New Bioengineering Strategies, Curr. Med. Chem. 25 (2018) 4671—

4692. https://doi.org/10.2174/092986732536181029111002.

I. Degirmenci, M.C. Ustuner, Y. Kalender, S. Kalender, H.V. Gunes, The effects of acarbose and
Rumex patientia L. on ultrastructural and biochemical changes of pancreatic B cells in
streptozotocin-induced  diabetic  rats., J.  Ethnopharmacol. 97  (2005) 555-9.

https://doi.org/10.1016/j.jep.2005.01.002.

A.C.F. Souza, D.S.S. Bastos, F.C. Santos, M.N. Sertorio, L.O.G. Ervilha, R.V. Gongalves, L.L.
de Oliveira, M. Machado-Neves, Arsenic aggravates oxidative stress causing hepatic alterations
and inflammation in diabetic rats, Life Sci. 209 (2018) 472-480.

https://doi.org/10.1016/j.1fs.2018.08.054.

V.U. Nna, A.B.A. Bakar, M. Mohamed, Malaysian propolis, metformin and their combination,
exert hepatoprotective effect in streptozotocin-induced diabetic rats, Life Sci. 211 (2018) 40-50.

https://doi.org/https://doi.org/10.1016/j.1fs.2018.09.018.

A.A. Abolfathi, D. Mohajeri, A. Rezaie, M. Nazeri, Protective Effects of Green Tea Extract against
Hepatic Tissue Injury in Streptozotocin-Induced Diabetic Rats, Evidence-Based Complement.

Altern. Med. 2012 (2012) 740671. https://doi.org/10.1155/2012/740671.

A.A. Harb, Y.K. Bustanji, .M. Almasri, S.S. Abdalla, Eugenol Reduces LDL Cholesterol and
Hepatic Steatosis in Hypercholesterolemic Rats by Modulating TRPV1 Receptor, Sci. Rep. 9

(2019) 14003. https://doi.org/10.1038/s41598-019-50352-4.

K. Venkadeswaran, A.R. Muralidharan, T. Annadurai, V.V. Ruban, M. Sundararajan, R. Anandhi,
P.A. Thomas, P. Geraldine, Antihypercholesterolemic and Antioxidative Potential of an Extract
of the Plant, Piper betle, and Its Active Constituent, Eugenol, in Triton WR-1339-Induced
Hypercholesterolemia in Experimental Rats, Evid. Based. Complement. Alternat. Med. 2014

(2014). https://doi.org/10.1155/2014/478973.

G.. Dehghan, N. Tahmasebpour, M. Hosseinpour Feizi (, S. Banan, F. Sheikhzadeh, H.

Monirinasab, Effects of Methanol Extract of Teucrium Orientale on the Serum Levels of Glucose



[92]

49

and Lipids in Diabetic Rats, J. Babol Univ. Med. Sci. 16 (2014) 44-49.

https://doi.org/10.18869/ACADPUB.JBUMS.16.1.44.

S. Mathur, D.K. Mehta, S. Kapoor, S. Yadav, Liver Function in Type-2 Diabetes Mellitus Patients,

Int. J. Sci. Study. 3 (2016) 43—47. https://doi.org/10.17354/ijss/2016/09.

J. Mohamed, A.H. Nazratun Nafizah, A.H. Zariyantey, S.B. Budin, Mechanisms of diabetes-
induced liver damage: The role of oxidative stress and inflammation, Sultan Qaboos Univ. Med.

J. 16 (2016) e132—e141. https://doi.org/10.18295/squm;j.2016.16.02.002.

M.R. Hayden, S.C. Tyagi, Intimal redox stress: Accelerated atherosclerosis in metabolic syndrome
and type 2 diabetes mellitus. Atheroscleropathy, Cardiovasc. Diabetol. 1 (2002).

https://doi.org/10.1186/1475-2840-1-3.

M.H. Rosner, W.K. Bolton, Renal function testing, Am. J. Kidney Dis. 47 (2006) 174—183.

A. Kamal, Estimation of blood urea (BUN) and serum creatinine level in patients of renal disorder,

Indian J Fundam Appl Life Sci. 4 (2014) 199-202.

C. Markakis, A. Tsaroucha, A.E. Papalois, M. Lambropoulou, E. Spartalis, C. Tsigalou, K.
Romanidis, C. Simopoulos, The Role of Eugenol in the Prevention of Acute Pancreatitis-Induced
Acute  Kidney  Injury:  Experimental  Study, @ HPB Surg. 2016  (2016).

https://doi.org/10.1155/2016/3203147.

G. Saravanan, P. Ponmurugan, G.P. Senthilkumar, T. Rajarajan, Modulatory effect of S-
allylcysteine on glucose metabolism in streptozotocin induced diabetic rats, J. Funct. Foods. 1

(2009) 336-340. https://doi.org/10.1016/j.j£.2009.09.001.

J. Wu, LJ. Yan, Streptozotocin-induced type 1 diabetes in rodents as a model for studying
mitochondrial mechanisms of diabetic 3 cell glucotoxicity, Diabetes, Metab. Syndr. Obes. Targets

Ther. 8 (2015) 181-188. https://doi.org/10.2147/DMSO.S82272.

S. Srinivasan, L. Pari, Antihyperlipidemic effect of diosmin: A citrus flavonoid on lipid

metabolism in experimental diabetic rats, J. Funct. Foods. 5 (2013) 484-492.



[94]

[100]

50

https://doi.org/10.1016/j.jf£.2012.12.004.

R. Shukri, S. Mohamed, N.M. Mustapha, Cloves protect the heart, liver and lens of diabetic rats,

Food Chem. 122 (2010) 1116-1121. https://doi.org/10.1016/j.foodchem.2010.03.094.

M. Kuroda, Y. Mimaki, T. Ohtomo, J. Yamada, T. Nishiyama, T. Mae, H. Kishida, T. Kawada,
Hypoglycemic effects of clove (Syzygium aromaticum flower buds) on genetically diabetic KK-
A y mice and identification of the active ingredients, J. Nat. Med. 66 (2012) 394-399.

https://doi.org/10.1007/s11418-011-0593-z.

Z. Kiani, M. Hassanpour-Fard, Z. Asghari, M. Hosseini, Experimental evaluation of a polyherbal
formulation (Tetraherbs): antidiabetic efficacy in rats, Comp. Clin. Path. 27 (2018) 1437-1445.

https://doi.org/10.1007/s00580-018-2755-9.

T.A. Zari, A.M. Al-Attar, Effects of ginger and clove oils on some physiological parameters in
streptozotocin-diabetic and non-diabetic rats, J. Med. Sci. 7 (2007) 267-275.

https://doi.org/10.3923/jms.2007.267.275.

F. Sanae, O. Kamiyama, K. Ikeda-Obatake, Y. Higashi, N. Asano, I. Adachi, A. Kato, Effects of
eugenol-reduced clove extract on glycogen phosphorylase b and the development of diabetes in

db/db mice, Food Funct. 5 (2014) 214-219. https://doi.org/10.1039/c3fo60514k.

M.A.R. Chowdhury, Manirujjama, M. Basak, M.H. Rahman, S. Sultana, Qualitative and
quantitative screening of Syzygium aromaticum (Myrtaceae) and evaluation of anti-hyperglycemic

effect, Int. J. Pharmacogn. Phytochem. Res. 8 (2016) 1209—-1217.

D. Yilmaz-Oral, A. Onder, S. Gur, A.A. Carbonell-Barrachina, E. Kaya-Sezginer, C.V. Oztekin,
M. Zor, The beneficial effect of clove essential oil and its major component, eugenol, on erectile

function in diabetic rats, Andrologia. 52 (2020). https://doi.org/10.1111/and.13606.

K. Chaieb, H. Hajlaoui, T. Zmantar, A. Ben Kahla-Nakbi, M. Rouabhia, K. Mahdouani, A.
Bakhrouf, The chemical composition and biological activity of clove essential oil, Eugenia
caryophyllata (Syzigium aromaticum L. Myrtaceae): a short review, Phyther. Res. An Int. J.

Devoted to Pharmacol. Toxicol. Eval. Nat. Prod. Deriv. 21 (2007) 501-506.



[101]

[102]

[103]

[104]

[105]

51
S. Gothai, P. Ganesan, S.Y. Park, S. Fakurazi, D.K. Choi, P. Arulselvan, Natural phyto-bioactive

compounds for the treatment of type 2 diabetes: Inflammation as a target, Nutrients. 8 (2016).

https://doi.org/10.3390/nu8080461.

S. Lenzen, The mechanisms of alloxan-and streptozotocin-induced diabetes, Diabetologia. 51

(2008) 216-226.

C.O. Eleazu, K.C. Eleazu, S. Chukwuma, U.N. Essien, Review of the mechanism of cell death
resulting from streptozotocin challenge in experimental animals, its practical use and potential risk

to humans, J. Diabetes Metab. Disord. 12 (2013) 60.

M. Radenkovi¢, M. Stojanovi¢, M. Prostran, Experimental diabetes induced by alloxan and
streptozotocin: The current state of the art, J. Pharmacol. Toxicol. Methods. 78 (2016) 13-31.

https://doi.org/10.1016/j.vascn.2015.11.004.

S.C. Landis, S.G. Amara, K. Asadullah, C.P. Austin, R. Blumenstein, E.-W. Bradley, R.G. Crystal,
R.B. Darnell, R.J. Ferrante, H. Fillit, R. Finkelstein, M. Fisher, H.E. Gendelman, R.M. Golub, J.L.
Goudreau, R.A. Gross, A K. Gubitz, S.E. Hesterlee, D.W. Howells, J. Huguenard, K. Kelner, W.
Koroshetz, D. Krainc, S.E. Lazic, M.S. Levine, M.R. Macleod, J.M. McCall, R.T. Moxley III, K.
Narasimhan, L.J. Noble, S. Perrin, J.D. Porter, O. Steward, E. Unger, U. Utz, S.D. Silberberg,
R.T.M. Iii, K. Narasimhan, L.J. Noble, S. Perrin, J.D. Porter, O. Steward, E. Unger, U. Utz, S.D.
Silberberg, A call for transparent reporting to optimize the predictive value of preclinical research,

Nature. 490 (2012) 187—-191. https://doi.org/10.1038/nature11556.



7. Supplementary Tables

Supplementary Table 1. Fail-safe numbers of eugenol meta-analysis.

Variables

Liver damage
Glucose levels
Lipid profile
Oxidative damage
Kidney damage
Body weight
Antioxidant defense
Insulin levels

Carbohydrates-metabolizing enzymes

Number of

comparisons (k)

17
42
23
41
31
18
67

8

8

Rosenthal’s
method (N = 5k +
10)

334.9
1,103.5
175.7
290.6
2534
153.0
675.7
66.5
232.6
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Supplementary Table 2. Summary of the results from mixed-effect model of meta-analysis showing the influence of methodological

moderators on parameters.

Moderators Influence’

Type of diabetes Glucose levels

Liver damage

Eugenol source
Liver damage
Kidney damage
Antioxidant defense

Body weight

Lipid profile
Concentration Body weight
administered Antioxidant defense

Insulin levels

Non-influence NVG

Insulin levels (O = 0.32; p = 0.57) Kidney damage™”
Carbohydrates-metabolizing enzymes (Qs = 0.45; p = 0.50)
Body weight (O = 2.20; p=0.13)
Antioxidant defense (Qg = 0.46; p = 0.49)
Oxidative damage (Qp = 2.25.; p=0.13)

Lipid profile (O = 2.86; p = 0.09)

Glucose levels (Qg = 1.90; p = 0.16) Insulin levels”
Carbohydrates-metabolizing enzymes (Qg = 0.45; p = 0.50)

Oxidative damage (Qg = 1.57; p = 0.21)

Liver damage (QOs = 0.69; p = 0.40) Carbohydrates-
Glucose levels (QOg = 0.44; p = 0.50) metabolizing
Lipid profile (Qs = 0.26; p = 0.60) enzymes

Oxidative damage (Qp = 1.57; p = 0.21)
Kidney damage (O = 0.64; p = 0.42)

Influence: methodological moderators influenced variables (p < 0.05); non-influence: methodological moderators did not influence
variables (p > 0.05). *Detailed results are shown in the Fig. 3. NVG: There were not enough valid groups to perform the mixed-effect model

because: there are available data of non-purified eugenol”, concentrations > 10 mg Kg'**, and type 1 diabetes™ only.
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3 CONCLUSAO GERAL

Os resultados desta dissertacdo indicam que o eugenol é um composto com potencial
efeito positivo no tratamento do diabetes. Com base nos resultados da meta-anélise,
demonstramos que o eugenol possui um efeito negativo sobre a hiperglicemia diabética. Os
efeitos positivos na defesa antioxidante e efeitos negativos nos marcadores de dano oxidativo
mostram o potencial do eugenol como aliado contra o estresse oxidativo causado pelo diabetes,
restaurando o status redox e retardando a progressdo da doenca. Devido a esses efeitos, o
eugenol também parece regular o perfil lipidico e ter um efeito protetor nos tecidos hepaticos e
renais e, consequentemente, modular o peso corporal. Além disso, mesmo o eugenol sendo o
principal composto bioativo do cravo, a administracdo do eugenol puro € mais eficaz no
tratamento, quando comparada ao uso de extratos, 6leos essenciais ou do cravo triturado.
Portanto, mais estudos sdo necessarios para se compreender melhor o mecanismo de acdo do
eugenol no tratamento do diabetes, seja em modelos animais ou em estudos clinicos. Nossos
proximos estudos se concentrardo em estudar o efeito do eugenol no sistema reprodutor
masculino e também do uso do eugenol como terapia complementar a insulina e/ou drogas

antidiabéticas em animais induzidos experimentalmente ao diabetes.



