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N Supplementation with Moringa oleifera leaves flour prevents fructose-based

metabolic disorders in young rats
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Abstract

Moringa oleifera leaves flour is amply used to treat metabolic conditions. The aim was to assess the M. oleifera flour (MOF)
on metabolic changes induced by fructose. Phenolic compounds were determined by LC-ESI-MS/MS. Wistar rats were
distributed in groups: 1) Control (normal-chow + water); 2) Fructose (normal-chow + fructose (20%) in water) and 3) Feed
with MOF20% + fructose (20%) in water. At the end of the 4th week of treatment, the animals were submitted to insulin
resistance (IR) test, blood collection and histological evaluation. MOF contains phenolic compounds such as quercetin
and chlorogenic acid. MOF supplementation promotes reduction in glycemia, insulin, triglycerides. The supplementation
improved the insulin sensitivity. In the histological analysis, MOF supplementation reduced the adipocyte hypertrophy and
the lipid deposition in the liver. The data obtained showed that MOF supplementation presented a protective effect against
the harmful consequences of excessive fructose consumption.
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Resumo

A farinha de folhas de Moringa oleifera ¢ amplamente utilizada para tratar condigdes metabolicas. O objetivo foi avaliar
o efeito da farinha de M. oleifera (MOF) sobre as alteragdes metabolicas induzidas pela frutose. Os compostos fenolicos
foram determinados por LC-ESI-MS/MS. Ratos Wistar foram distribuidos em grupos: 1) Controle (ragdo normal + agua);
2) Frutose (ra¢do normal + frutose (20%) em agua) e 3) Alimentacdo com MOF20% + frutose (20%) em agua. Ao final da
4* semana de tratamento, os animais foram submetidos ao teste de resisténcia a insulina (RI), coleta de sangue e avaliagdo
histologica. MOF possui compostos fenolicos como quercetina e acido clorogénico. A suplementagdo com MOF promove
reducdo na glicemia, insulina, triglicerideos. A suplementagdo melhorou a sensibilidade a insulina. Na analise histologica, a
suplementa¢do com MOF reduziu a hipertrofia dos adipdcitos e a deposi¢ao de lipidios no figado. Os dados obtidos mostraram
que a suplementagao com MOF apresentou efeito protetor contra as consequéncias nocivas do consumo excessivo de frutose.
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Introduction

Fructose is a common type of sugar in the American diet.
A major source of fructose is high fructose corn syrup
(HFCS), an inexpensive substitute for cane sugar that
was introduced in the 1970s. It is now used to sweeten
a variety of foods, including soda, candy, baked goods,
and cereals. Studies in humans have linked excessive
consumption of HFCS and other added sugars leads
to insulin resistance, lipid abnormalities, obesity,
hypertension, and renal dysfunction health (1,2).
High fructose intake was associated with higher blood
pressure and uric acid concentrations among adults in
the United States without a history of hypertension.
Furthermore, the same metabolic disease prevalence
has been observed in younger population, as well as in
children (2).

Fructose is metabolized mainly in hepatocytes by
fructokinase that rapidly phosphorylates fructose to
generate fructose-1-phosphate (2). The metabolism
pathway consists of various other steps, resulting in
primary metabolites and secondary products including
glucose, lactate, free fatty acid, very low-density
lipoprotein (VLDL) and uric acid (3).

Moringa oleifera Lam. is a specie within the
Moringaceae family, commonly known as Moringa.
The flour produced from its leaves is amply used in
folk medicine to treat diabetes and other metabolic
conditions. In fact, the Moringa leaves are the most
used part of the plant, and present a great number of
bioactive compounds, mainly phenolic compounds,
such as quercetin, chlorogenic acid and caffeic acid (4).

M. oleifera has been extensively studied in vivo in
several conditions, as it may provide hepatoprotective
(5) and hypoglycemic (6,7) effects (8), be protective
against diet-induced metabolic diseases (9), and have
anti-obesity and in vitro antioxidant effects (10).

Flavonoids and saponins present in the plant are
reported to increase HDL (High Density Lipoprotein)
and to reduce total cholesterol, LDL (Low
Density Lipoprotein), and VLDL cholesterol (11).
Phytocompounds phenolic acids, including chlorogenic
acid (CGA) identified in M. oleifera leaves (12), have
been shown to have antioxidant and anti-hyperglycemic
properties (13—15).
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Introducao

A frutose é um tipo comum de agticar na dieta americana.
Uma das principais fontes de frutose é o xarope de
milho rico em frutose (HFCS), um substituto barato
para o agucar de cana que foi introduzido na década
de 1970. Agora ¢ usado para adogar uma variedade
de alimentos, incluindo refrigerantes, doces, assados
e cereais. Estudos associaram o0 consumo excessivo
de HFCS e outros ag¢ucares adicionados a resisténcia
a insulina, anormalidades lipidicas, obesidade,
hipertensdo e disfungdo renal (1,2). A alta ingestdo de
frutose foi associada a elevagao da pressdo arterial e
concentracdes de acido urico entre adultos nos Estados
Unidos sem historico de hipertensdo. Além disso, a
mesma prevaléncia de doenga metabdlica tem sido
observada na populagdo mais jovem, bem como em
criangas (2).

A frutose é metabolizada principalmente nos hepatdcitos
pela frutosequinase que fosforila rapidamente a frutose
para gerar frutose-1-fosfato (2). A via do metabolismo
consiste em varias outras etapas e os resultados sdo
metabolitos primarios e produtos secundarios, incluindo
glicose, lactato, acidos graxos livres, lipoproteina de
muito baixa densidade (VLDL) e acido urico (3) .

Moringa oleifera Lam. é uma espécie pertencente a
familia Moringaceae, comumente conhecida como
Moringa. A farinha produzida a partir de suas folhas ¢
amplamente utilizada na medicina popular para tratar
diabetes e outras doengas metabolicas. De fato, as folhas
da Moringa sdo a parte mais utilizada da planta, que
apresenta um grande numero de compostos bioativos,
principalmente compostos fenolicos, como quercetina,
acido clorogénico e acido cafeico (4).

M. oleifera tem sido extensivamente estudada in
vivo em varias condigdes, pois pode fornecer efeito
hepatoprotetor (5), hipoglicémico (6,7,8), protetor
contra doengas metabolicas induzidas por dieta (9),
anti-obesidade e efeito antioxidante in vitro (10).

Flavonoides e saponinas presentes na planta sdo
relatados para aumentar o HDL (lipoproteina de
alta densidade) e reduzir o colesterol total, LDL
(lipoproteina de baixa densidade) e colesterol VLDL
(lipoproteina de densidade muito baixa (VLDL) (11).
Os acidos fendlicos, incluindo o acido clorogénico
(CGA) identificado nas folhas de M. oleifera (12),
demonstrou apresentar propriedades antioxidantes e
anti-hiperglicémicas (13-15).

279



Izabel Carolina Bousfield Terranova et. al.

Considering the increased prevalence of diet-induced
metabolic dysfunction by fructose consumption,
this study was designed to investigate the phenolic
compounds in Moringa oleifera leaf flour (MOF) and
the protective effects of the oral supplementation of
MOF on initial metabolic changes induced by fructose
consumption in young rats.

Material and Methods

Sample

The M. oleifera flour obtained from leaves (MOF) was
purchased from an industry in Sao Paulo, SP, Brazil
(registration number 0111.0820.08R-1). The flour was
kept in the refrigerator at 4°C in dark hermetically
sealed jars throughout the period of the experiment. To
produce the extract, the flour (200 g) was subjected to
static maceration in methanol for 7 days, and was then
subject to phytochemical profile analysis.

Identification of phenolic compounds by LC-ESI-
MS/MS

The analysis was performed in a high-performance
liquid chromatography (HPLC) system (Agilent
Technologies, Germany) and a Phenomenex® Synergi
4 p Polar-RP 80A column (150 mm x 2 mm ID, particle
size of 4.6 um) at a temperature of 30 °C. The mobile
phase used was composed of solvent A (95% methanol
in water) and solvent B (0.1% formic acid in water).
The separations were conducted using segmented
elution gradient as follows: 0—5 min, 10% A; 5-7 min,
90% A; 7-10 min, 90% A; 10—17 min, 10% A. The flow
rate and sample injection volume were 250 puL/min and
10 uL, respectively. The LC system was coupled to a
mass spectrometry system consisting of a hybrid triple
quadrupole/linear ion trap mass spectrometer (Qtrap®
3200, Applied Biosystems/MDS SCIEX, Waltham,
MA, USA, with Turbo Ton Spray® as the ionization
source) in negative ionization mode. The MS/MS
parameters used were: ion spray interface quadrupole at
400°C; voltage of -4500 V; curtain gas, 10 psi; nebulizer
gas, 45 psi; auxiliary gas, 45 psi; collision gas, medium.
The Multiple Reaction Monitoring (MRM) mode was
used for analysis. For the identification of phenolic
compounds, forty-five standards were dissolved in
methanol and analyzed under the same conditions
described above. The software Analyst® (version 1.5.1)
was used to record and process the data.
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Considerando o aumento da prevaléncia de disfungio
metabolica induzida pela dieta pelo consumo de frutose,
este estudo foi desenhado para investigar os compostos
fenolicos na farinha de folhas de M. oleifera (MOF) e
os efeitos protetores da suplementagao oral de MOF nas
alteracdes metabdlicas iniciais induzidas pelo consumo
de frutose em ratos jovens.

Material e Métodos

Amostras

A farinha de M. oleifera (MOF) obtida a partir das
folhas foi adquirida de uma industria em Sao Paulo,
SP, Brasil (numero de registro 0111.0820.08R-1). A
farinha foi mantida na geladeira em frascos escuros
hermeticamente fechados a 4°C durante todo o periodo
do experimento. Para obten¢do do extrato, a farinha
(200 g) foi submetida & maceragao estatica em metanol
por 7 dias e depois utilizada para analise fitoquimica.

Identificagdo de compostos fendlicos por LC-ESI-
MS/MS

A analise foi realizada em um sistema de cromatografia
liquida de alta eficiéncia (HPLC) (Agilent Technologies,
Alemanha) e uma coluna Phenomenex® Synergi 4
p Polar-RP 80A (150 mm x 2 mm ID, tamanho de
particula de 4,6 um) a temperatura de 30°C. A fase
movel utilizada foi composta por solvente A (95%
metanol em agua) e solvente B (0,1% acido formico em
agua). As separagdes foram realizadas usando gradiente
de eluicdo segmentado como segue: 0-5 min, 10% A;
5-7 min, 90% A; 7-10 min, 90% A; 10-17 min, 10%
A. A taxa de fluxo ¢ o volume de inje¢do da amostra
foram 250 uL/min e 10 pL, respectivamente. O sistema
LC foi acoplado a um sistema de espectrometria de
massa composto por um espectrometro de massa
hibrido triplo quadrupolo/linear ion trap Qtrap® 3200
(Applied Biosystems/MDS SCIEX, Waltham, MA,
EUA) com Turbo Ton Spray® como fonte de ionizagéo,
no modo de ionizagdo negativa. Os parametros MS/
MS utilizados foram quadrupolo de interface de spray
i6nico a 400°C; tensdo de -4500 V; gas de cortina, 10
psi; gas nebulizador, 45 psi; gas auxiliar, 45 psi; gas de
colisdo, médio. O modo Multiple Reaction Monitoring
(MRM) foi usado na analise. Para a identificacdo dos
compostos fendlicos, quarenta ¢ cinco padrdes foram
dissolvidos em metanol e analisados nas mesmas
condigdes descritas acima. O software Analyst® (versao
1.5.1) foi utilizado para registrar ¢ processar os dados.



Antioxidant activity

The determination of reduction potential of the MOF
extract was performed by the ferric reducing/antioxidant
power (FRAP) assay. Briefly, in a microplate well, 9 uLL
of extract at concentrations of 3, 10, 30, 100, 300 and
1000 pg/mL or 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox) (100 pg/mL) were added
to 27 pL of distilled water and 270 pL of freshly
prepared FRAP solution (acetate buffer pH 3.6
(0.3 mmol/L), 2.4,6-tripyridyl-s-triazine (10 mmol/L)
and ferric (FeCl,)). The reaction mixture was incubated
at 37 °C for 30 min, after which the absorbance was
measured at 595 nm. A standard curve for FeSO, was
plotted and used to calculate the reducing power of the
extract.

The antioxidant capacity was measured against the
2,2-diphenyl-1-picrylhydrazyl radical (DPPH). Briefly,
a reaction mixture containing 50 pL of MOF extract at
10, 30, 100, 300 and 1000 pg/mL or Trolox (100 ug/
mL) added with 150 pLL DPPH stock solution (24 pg/
mL) were incubated at room temperature in the dark
for 30 min and measured at 517 nm. All determinations
were accompanied by a control (blank) without the
antioxidant samples. The decrease in the absorbance
values of the samples was correlated to the control and
the percentage of scavenging of the DPPH radical was
expressed by the equation: % of scavenging = ((Abs_ |
- Abssample)/Abswmml) x 100. The results were expressed
as percentage of DPPH scavenging activity

Animals and treatment

Male Wistar rats, 21-day-year old, were obtained
from the vivarium of the Universidade do Vale do
Itajai. Animals were allowed free access to water and
food. The rats were housed in three animals per cage
and acclimatized to laboratory conditions (20-23 °C,
humidity 60%, 12 h light/dark cycle) for at least one
week before each study. All procedures were performed
according to the Brazilian Society of Science of
Laboratory Animals’ guidelines for the proper care
and use of experimental animals. All procedures
were approved by the local Ethics Committee of the
Universidade do Vale Do Itajai, Brazil (protocol no.
017/17).

All rats were weighed, and the consumption of water
and feeds were quantified every two days. Fructose
was supplied in the drinking water at a concentration
0f 20%. Twenty-seven rats were distributed in different
groups (n=9): (1) control: water and standard feed; (2)
water with 20% fructose solution (w/v, prepared every
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Atividade antioxidante

A determinagao do potencial redutor do extrato de MOF
foi realizada pelo ensaio de poder redutor/antioxidante
férrico (FRAP). Resumidamente, em um poco de
microplaca, 9 uL de extrato em concentracdes de 3, 10,
30, 100, 300 e 1000 pg/mL ou acido 6-hidroxi-2,5,7,8-
tetrametilcroman-2-carboxilico (Trolox) (100 pg/mL)
foram adicionados a 27 pulL de dgua destilada e 270 pL de
solucdo FRAP recém-preparada (tampao acetato pH 3,6
(0,3 mmol/L), 2,4,6-tripiridil-s-triazina (10 mmol/L) e
férrico (FeCl,). A mistura de reagdo foi incubada a 37
°C por 30 min. Em seguida, a absorbancia foi medida
a 595 nm. Uma curva padrdo para FeSO, foi plotada e
usada para calcular o poder redutor do extrato.

A capacidade antioxidante foi avaliada contra o
modelo do  2,2-difenil-1-picrilhidrazil (DPPH).
Resumidamente, uma mistura de reacao contendo 50 pulL
de extrato de MOF a 10, 30, 100, 300 e 1000 pg/mL ou
Trolox (100 pg/mL) adicionado com 150 pL de solugao
estoque DPPH (24 pg/mL) foi incubada a temperatura
ambiente no escuro por 30 min e ler a 517 nm. Todas
as determinagdes foram acompanhadas por um controle
(em branco) sem as amostras de antioxidantes. A
diminui¢do dos valores de absorbancia das amostras
foi correlacionada com o controle e a porcentagem de
eliminagdo do radical DPPH foi expressa pela equagdo:
% de eliminagdo = ((Abs = — Abssample)/Abscomwl) X
100. Os resultados foram expressos como porcentagem
de atividade de elimina¢do de DPPH

Animais e tratamento

Ratos Wistar machos, com 21 dias de idade, foram
obtidos do biotério da Universidade do Vale do Itajai. Os
animais tiveram livre acesso a dgua e comida. Os ratos
foram alojados em trés animais por gaiola e aclimatados
as condigdes de laboratorio (20-23 °C, umidade 60%,
ciclo claro/escuro de 12 h) por pelo menos uma semana
antes de cada estudo. Todos os procedimentos foram
realizados de acordo com as diretrizes da Sociedade
Brasileira de Ciéncias de Animais de Laboratorio para o
cuidado e uso adequado de animais de experimentagao.
Todos os procedimentos foram aprovados pelo Comité
de Etica local da Universidade do Vale do Itajai, Brasil
(protocolo n® 017/17).

Todos os ratos foram pesados e o consumo de dgua e
racdo foi quantificado a cada dois dias. A frutose foi
fornecida na 4gua na concentragao de 20%. Vinte e sete
ratos foram distribuidos em diferentes grupos (n=9): (1)
controle: 4gua e ragdo padrdo; (2) agua com solugdo de
frutose a 20% (p/v, preparada a cada dois dias) e ragao
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two days) and normal feed; (3) water with 20% fructose
solution and standard feed supplemented with 20% of
MOF for four weeks. The methodology concerning the
amount of M. oleifera flour added to chow was based on
previous work with flour of vegetable products (16,17),
and the amount of fructose supplemented in water was
proposed by Mamikutty et al. (2014) (18).

Abdominal circumference

The abdominal circumference of animals was measured
at the beginning of the experiment and at the end of the
fourth week. The measurement was performed with the
animal in the prone position with a tape measure in the
region corresponding to the line above the iliac crest.
The initial and final measurements were considered
in the calculation of the percentage of increase in
abdominal circumference.

Insulin Resistance Test (IRT)

The ITT was performed using a method previously
described for rats (19). The food was removed from the
cages at 08:00 a.m. on the study day, and the procedure
was initiated at 1:00 p.m. Human insulin (Humulin®)
was administered intraperitoneally in rats at a dose of
0.75 U/kg body weight. Tail blood was collected at 0
(before insulin infusion), 30, 60, 90, and 120 min (post
infusion). Blood glucose levels were measured with
a glucometer (Accu-chek® Active, Roche Diagnosis,
Basel, Switzerland) at each time point. The area under
the glucose decay curve (AUC) was calculated for each
mouse and the mean was calculated for each group (20).

Biochemical parameters

The biochemical analysis was performed with the blood
samples collected at the end of the experiment. After
the fasting protocol, the animals were anaesthetized
(ketamine and xylazine) and their blood samples were
taken from the brachial artery. The samples were
centrifuged at 4,000 g, at 4 °C for 10 min to separate
the serum. The total cholesterol (CT), high density
lipoprotein-cholesterol (HDL-c), no-HDL cholesterol,
triglyceride, glucose, and the activity of aspartate
transaminase (AST), alanine transaminase (ALT)
and alkaline phosphatase (ALP) concentrations were
measured using corresponding commercial kits (Labtest,
Lagoa Santa, MG, Brazil) by spectrophotometry
and serum insulin concentration was measured by
electrochemiluminescence assay.
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normal; (3) agua com solugao de frutose a 20% e racao
padrao suplementada com 20% de MOF por 4 semanas.
A metodologia referente a quantidade de farinha de M.
oleifera adicionada a rac¢do foi baseada em trabalho
anterior com farinha de produtos vegetais (16,17),
e a quantidade de frutose suplementada em agua foi
proposta por Mamikutty et al. (2014) (18).

Circunferéncia abdominal

No inicio do experimento e no final da 4* semana foi
medida a circunferéncia abdominal dos animais. A
medida foi realizada com o animal em decubito ventral
com fita métrica na regido correspondente a linha acima
da crista iliaca. Para acessar o percentual de aumento
do ganho de circunferéncia abdominal, considerou-se a
medida inicial e final.

Teste de resisténcia a insulina (TRI)

O TRI foi realizado por um método previamente descrito
para ratos (19) O alimento foi retirado as 08h00 no dia
do estudo, e o procedimento foi iniciado as 13h00. A
insulina humana (Humulin®) foi administrada por via
intraperitoneal em ratos na dose de 0,75 U/kg de peso
corporal. O sangue da cauda foi coletado em O (antes da
infusdo de insulina), 30, 60, 90 e 120 min (pds infusao).
Os niveis de glicose no sangue foram medidos com um
glicosimetro (Accu-chek® Active, Roche Diagnosis,
Basel, Sui¢a) em cada ponto de tempo. A éarea sob a
curva de decaimento da glicose (AUC) foi calculada
para cada camundongo e a média foi calculada para
cada grupo (20).

Parametros bioquimicos

A analise bioquimica foi realizada com as amostras
de sangue coletadas ao final do experimento. Apos o
protocolo de jejum, os animais foram anestesiados
(cetamina e xilazina) e suas amostras de sangue
foram retiradas da artéria braquial. As amostras foram
centrifugadas a4.000 g, a4 °C por 10 min para separagao
do soro. As concentracdes de colesterol total (CT),
lipoproteina de alta densidade-colesterol (HDL-c),
colesterol sem HDL, triglicerideos, glicose e a atividade
da aspartato transaminase (AST), alanina transaminase
(ALT) e fosfatase alcalina (ALP) foram medida
usando kits comerciais correspondentes (Labtest,
Lagoa Santa, MG, Brasil) por espectrofotometria ¢ a
concentracgdo sérica de insulina foi medida por ensaio
de eletroquimioluminescéncia.



Histological analysis

Small samples of hepatic, pancreatic and adipose
tissues, extracted at the end of the experiment were
fixed in 10% formalin. Then, followed the dehydration
protocol, they were embedded in paraffin, sliced and
stained using hematoxylin-eosin (HE). Images of
the histological sections were taken using an optical
microscope (Olympus CBA, Bartlett, TN, USA). For
analysis of the pancreas, 15 images were captured for
each animal in each group using a 10x objective. The
image analysis was determined using Image J software,
which quantified the areas of the respective functional
units of each tissue. The results were expressed in pm/
field. For the adipose tissue, 10 images of each animal
in each group were captured using 10x objective, and
the images were analyzed using Adiposoft Software
(CIMA/Universidade de Navarra, Spain) (21)

Extraction of hepatic lipids

The liver cholesterol and triglyceride were extracted
according Folch’s method (1957) (22). At the end
of the experiment, fresh livers were extracted and
homogenized using chloroform/methanol (2:1, 3.75
mL). Chloroform and distilled water were then added
to the homogenate and the solution was vortexed.
After centrifugation (1500 g for 10 min), the lower
organic phase was transferred to a new glass tube and
lyophilized. The lyophilized powder was dissolved in
a chloroform:methanol (1:2) mixture and then stored
at —20 °C. Cholesterol and triglyceride concentrations
were determined  spectrophotometrically — using
commercial diagnostic kits (Labtest, Lagoa Santa, MG,
Brazil).

Determination of Thiobarbituric Acid Reactive
Substances (TBARS) in the liver

The evaluation of lipid peroxidation was determined by
the concentration of malondialdehyde in the liver tissue.
The amount of present TBARS were determined as
described by Uchiyama and Mihara (1978) (23). Livers
were removed and 10 % homogenates were prepared in
15 % KCl solution. To 0.5 mL of 10 % homogenate was
added 3.0 mL 1% H,PO, and 1 mL 0.6% thiobarbituric
acid solution. Each mixture was heated for 45 min,
cooled, and extracted with n-butanol and the absorbance
of the color at 535 nm was measured. The results were
expressed as nmol MDA/mg tissue.
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Andalise histologica

Pequenas amostras de tecidos hepatico, pancredtico
e adiposo, extraidas ao final do experimento, foram
fixadas em formol a 10%. Em seguida, seguindo o
protocolo de desidratagdo, foram incluidos em parafina,
fatiados ¢ corados com hematoxilina-cosina (HE). As
imagens dos cortes histoldgicos foram obtidas usando
um microscopio optico (Olympus CBA, Bartlett, TN,
EUA). Para analise do pancreas, foram capturadas 15
imagens de cada animal em cada grupo experimental
usando uma objetiva de 10x. A analise das imagens foi
determinada pelo software Image J, que quantificou
as areas das respectivas unidades funcionais de cada
tecido. Os resultados foram expressos em pm/campo.
Para o tecido adiposo, 10 imagens de cada animal
em cada grupo experimental foram capturadas com
objetiva de 10x, e as imagens foram analisadas com
Adiposoft. Software (CIMA/Universidade de Navarra,
Espanha) (21).

Extracdo de lipideos hepaticos

O colesterol e os triglicerideos do figado foram extraidos
de acordo com o método de Folch (1957) (22). No
final do experimento, figados frescos foram extraidos
e homogeneizados usando cloroférmio/metanol (2:1,
3,75 mL). Cloroférmio e agua destilada foram entio
adicionados ao homogenato e a solucao foi agitada em
vortex. Apos centrifugagdo (1500 g por 10 min), a fase
orgénica inferior foi transferida para um novo tubo de
vidro e liofilizada. O po liofilizado foi dissolvido em
uma mistura de cloroformio:metanol (1:2) e entdo
armazenado a -20°C. As concentragdes de colesterol
e triglicerideos foram determinadas por meio de kits
comerciais de diagnostico (Labtest, Lagoa Santa, MG,
Brasil) por espectrofotometria.

Determinacdo de substdancias reativas ao dcido
tiobarbiturico (TBARS) no figado

Aavaliagdo daperoxidacao lipidica foi determinada pela
concentracdo de malondialdeido no tecido hepatico.
A quantidade de TBARS presentes foi determinada
conforme descrito por Uchiyama e Mihara (1978) (23).
Os figados foram removidos e homogeneizados a 10%
foram preparados em solucao de KCl a 15%. A 0,5 mL
de homogeneizado a 10% foram adicionados 3,0 mL de
H,PO, a 1% e 1 mL de solugao de acido tiobarbittrico a
0,6%. Cada mistura foi aquecida por 45 min, resfriada
e extraida com n-butanol e a absorbancia da cor a 535
nm foi medida. Os resultados foram expressos em nmol
de MDA/mg de tecido.
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Statistical analysis

Results are presented as mean + standard error mean
(SEM) of 9 rats per group (n=9). For weight evolution
analysis and insulin resistance tests, two-way ANOVA
was used followed by Bonferroni test. All other
statistical comparisons were performed using one-way
analyses of variance (one way-ANOVA) followed by
Tukey’s test. P-values less than 0.05 (p < 0.05) were
considered significant. All analyses were performed
using GraphPad PRISM 6® (GraphPad Software, San
Diego, CA, USA).

Results

Characterization of MOF extract by determination of
total phenol content and LC-ESI- MS/MS analysis

Total phenol content in MOF extract was 122.96 +
0.18 mg of gallic acid equivalent (GAE) per gram
of extract, showing 2.27 + 0.33 g EAG/100 g MOF.
The phytochemical profile of MOF presented several
compounds, seven of which could be identified (Figure 1
and Table 1). The seven major phenolic compounds were
identified as (1) protocatechuic acid, (2) chlorogenic
acid, (3) caffeic acid, (4) p-coumaric acid, (5) rutin,
(6) quercetin, (7) eriodictyol, and the concentration of
each was determined (Table 1). Among the identified
compounds, the major compound of the extract is the
compound 6, identified as quercetin with 103.01 mg/g,
followed by protocatechuic and chlorogenic acid with
4.03 and 1.03 mg/g, respectively.
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Andlise estatistica

Os resultados sdo apresentados como média + erro
padrao médio (SEM) de 9 ratos por grupo (n=9). Para
a analise de evolucao do peso e testes de resisténcia a
insulina, foi utilizada ANOVA de duas vias seguida do
pos-teste de Bonferroni. Todas as outras comparagdes
estatisticas foram realizadas por meio de analise de
variancia de uma via (ANOVA), seguidas do pods-
teste de Tukey. Todas as analises foram realizadas no
programa GraphPad PRISM 6® (GraphPad Software,
San Diego, CA, EUA).

Resultados

Caracterizagdo do extrato de MOF por determinagdo
do teor de fenol total e analise LC-ESI-MS/MS

O teor total de fenol no extrato de MOF foi de 122,96
+ 0,18 mg de equivalente de 4cido galico (GAE) por
grama de extrato, apresentando 2,27 + 0,33 g EAG/100
g MOF. O perfil fitoquimico do MOF apresentou
diversos compostos, dos quais foi possivel identificar
sete compostos (Figura 1 e Tabela 1). Os sete principais
compostos fenolicos detectados foram identificados
como: (1) Acido protocatecuico; (2) acido clorogénico;
(3) acido cafeico; (4) acido p-cumarico; (5) rutina; (6)
quercetina; (7) eriodictiol. As concentracdes desses
compostos foram determinadas e estdo apresentadas na
Tabela 1. Dentre os compostos identificados, o composto
majoritdrio do extrato ¢ o composto 6, identificado
como quercetina com 103,01 mg/g, seguido de acido
protocatecuico e clorogénico com 4,03 e 1,03 mg/g,
respectivamente.

Figure 1 - Total ion chromatogram
from methanolic extract of Moringa
oleiferaflour (MOF). Protocatechuic
acid (1); Chlorogenic acid (2);

Caffeic acid (3); p-Coumaric
acid (4); Rutin (5); Quercetin (6);
Eriodictyol (7).

Figura 1 - Cromatograma iénico
total do extracto metanolico da
farinha de Moringa oleifera (MOF).
Acido Protocatectiico (1); Acido
Clorogénico (2); Acido Cafeico (3);
Acido p-Cumarico (4); Rutina (5);

1.0 20 3.0

Time
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Table 1 - Content of phenolic compounds from methanolic extract of Moringa oleifera flour (MOF). LOD,
limit of detection; LOQ; limit of quantification; R?, coefficient of determination. Concentration values + SEM.
Tabela 1 - Teor de compostos fenolicos do extracto metanélico da farinha de Moringa oleifera (MOF). LOD,
limite de detecgdo; LOQ; limite de quantificagdo; R?, coeficiente de determinagdo. Valores expressos = EPM.

Linearity LOD LOQ Concentration
Compounds R?
P (mg mL™) (mg L) (mg L) (mg/g)
Protocatechuic acid (1) 0.08 - 1.00 0.996 0.021 0.068 4.03+0.47
Chlorogenic acid (2) 0.03-2.36 0.995 0.003 0.009 1.03+£0.29
Caffeic acid (3) 0.05 - 4.00 0.992 0.015 0.050 0.45+0.16
p-Coumaric acid (4) 0.31-4.08 0.994 0.001 0.005 0.02+0.01
Rutin (5) 0.05-6.24 0.998 0.032 0.108 0.11£0.02
Quercetin (6) 0.08 - 3.20 0.997 0.011 0.036 103.01 £28.70
Eriodictyol (7) 0.06 - 2.03 0.992 0.001 0.004 0.01 £0.01
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Figure 2 - Antioxidant activity of the methanolic extract of Moringa oleifera flour (MOF) in vitro. (A) MOF
was tested in the DPPH radical assay (B) and ferric reducing antioxidant power (FRAP). Experiments were
performed in triplicate. Trolox was used as standard antioxidant. ***p < 0.001 vs. respective system (reaction
medium without antioxidants).

Figura 2 - Actividade antioxidante do extracto metandlico da farinha de Moringa oleifera (MOF) in vitro.
(A) MOF foi avaliado nos testes DPPH (B) ¢ antioxidante redutor férrico (FRAP). As concentragdes sao
indicadas para as solugdes de reserva e os valores resultantes representam a média = EPM. As experiéncias
foram realizadas em triplicado. O Trolox foi utilizado como antioxidante padrdo. ***p < 0,001 vs. o respectivo
sistema (meio de reac¢do sem antioxidantes).
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In vitro antioxidant activity of MOF methanolic extract

The extract was evaluated for antioxidant activity in
vitro by the DPPH radical assay and ferric reducing
antioxidant power (FRAP) assay. Figure 2A shows that
the MOF methanolic extract significantly decreased the
DPPH radical from of 300 —1000 pg/mL. Trolox (100
pg/mL) also significantly reduced the DPPH radical in
comparison to the system. Data presented in Figure 2B
demonstrates that MOF methanolic extract significantly
increased the reducing potential from of 300-1000
pg/mL, when compared with the system. Trolox
(100 pg/mL) also presented this activity (p<0.001).
Taken together, the data shows that MOF extract has
antioxidant activity, probably due to the presence of
phenolic compounds in the plant.

Effect of MOF in weight gain and abdominal
circumference measurement

Figure 3 demonstrates that MOF and fructose
supplementation did not interfere with weight gain
after 4-week period of intervention (Figure 3A and 3B).
Additionally, abdominal circumference was unaffected
(Figure 3C).
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Atividade antioxidante in vitro do extrato metanolico MOF

O extrato foi avaliado quanto a atividade antioxidante
in vitro pelo ensaio do radical DPPH e pelo ensaio
do poder antioxidante redutor férrico (FRAP). A
Figura 2A mostra que o extrato metanolico MOF
diminuiu significativamente o radical DPPH de 300
—1000 pg/mL. Trolox (100 pg/mL) também reduziu
significativamente o radical DPPH em comparagao
com o sistema. Os dados apresentados na Figura 2B
demonstram que o extrato metandlico MOF aumentou
significativamente o potencial redutor de 300-1000 pg/
mL, quando comparado com o sistema. Trolox (100
pg/mL) também apresentou essa atividade (p<0,001).
Em conjunto, os dados mostram que o extrato de MOF
possui atividade antioxidante, provavelmente devido a
presenca de compostos fendlicos na planta.

Efeito do MOF no ganho de peso e medida da
circunferéncia abdominal

A Figura 3 demonstra que a suplementagdo com MOF e
frutose ndo interferiu no ganho de peso apos 4 semanas
de intervencao (Figura 3A e 3B). Além disso, também
ndo houve diferenca na medida da circunferéncia
abdominal (Figura 3C).

B)
800-
T 600
£
©
S S 4004
<E
2
§ 200
0_
Control Fru Fru + MOF
C)
154
Il Control WM Fru @& Fru+MOF

=
id

(3]
1

Abdominal circumference (cm)

0_
Initial Final Initial Final Initial Final

Figure 3 - Data obtained during the four-week period of intervention. (A) Weight Evolution; (B) Area under
the curve of the weight evolution chart; (C) Abdominal Circumference. The results represent the mean + SEM
of the values (n = 9 per group). Control = normal chow + drinking water; Fru = normal chow + 20% fructose
solution; Fru+MOF = M. oleifera leaves flour added to chow + 20% fructose solution.

Figura 3 - Dados obtidos durante as 4 semanas de intervengdo. (A) Evolugdo do Peso; (B) Area sob a curva
do grafico de evolugdo do peso; (C) Circunferéncia Abdominal. Os resultados representam a média = EPM dos
valores (n = 9 por grupo). Controlo = papa normal + dgua potavel; Fru = papa normal + 20% de solucdo de
frutose; Fru+MOF = farinha de M. oleifera adicionada a papa + 20% de solugao de frutose.
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Figure 4 - Effects of MOF supplementation on insulin resistance test (A) and area under curve (AUC) of
the respective line graph (B); levels of fasting glycemia (C) and insulin (D). Histomorphometric (E) and
histomorphological analysis (F) of the Langerhans islets. The results represent the mean + SEM of the values
(n =9 per group). p<0.05 #p<0.01 ¢ *p<0.001 vs. control group and *p<0.05 **p<0.01***p<0.001 vs. Fru
group. Control= Normal chow + drinking water; Fru= normal chow +20% fructose solution; Fru+MOF = chow
including M. oleifera leaves flour + 20% fructose solution. Scale bar = 100 pm.

Figura 4 - Efeitos da suplementagdo de MOF no teste de resisténcia a insulina (A) e area sob curva (AUC) do
respectivo grafico de linhas (B); niveis de glicemia de jejum (C) e insulina (D). Histomorfometia (E) e analise
histomorfologica (F) das ilhotas de Langerhans. Os resultados representam a média = EMP dos valores (n = 9
por grupo). #p<0.05 ##p<0.01 e ####p<0.001 vs. grupo de controlo e *p<0.05 **p<0.01***p<0.001 vs. grupo
Fru. Control= papa normal + adgua potavel; Fru= papa normal +20% de solugdo de frutose; Fru+MOF = papa
incluindo farinha de folhas de M. oleifera +20% de solugdo de frutose. Escala = 100 um.
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Effect of MOF on insulin and glucose sensitivity, fasting
blood glucose, and pancreatic parameters

The results obtained showed that rats supplemented with
fructose for four weeks developed insulin resistance
(Figure 4A and 4B) with increased fasting blood glucose
(Figure 4C). Corroborating to this data, the animals
also presented increased insulin levels (Figure 4D) and
Langerhans islets hypertrophy (Figure 4F), which was
confirmed by the measurement of Langerhans islets
area (Figure 4E). On the other hand, the animals that
received MOF supplementation presented a reduction
in the glucose levels, without other metabolic changes
correlated to insulin metabolism (Figure 4A, 4B and
4D). In fact, the histological evaluation of the pancreas
in MOF-treated animals was very similar the animals
from control group (Figure 4F). Moreover, in this
group, the Langerhans islets cell volume remained
close to normal (Figure 4E and F).

Effect of MOF on serum lipid profile

The effect of the MOF supplementation on serum lipid
profile is demonstrated in Figure 5. The triglycerides
(TGL) concentration was significantly decreased
(p<0.05) (Figure 5A), while high density lipoprotein
cholesterol ~ (HDL-C)  concentration  increased
significantly compared to fructose group (p<0.01)
(Figure 5C). The fructose group demonstrated a decrease
in HDL values, as expected, and had a considerable
increase in TGL when compared to both groups (Figure
5A). Total cholesterol and non-HDL cholesterol values
did not show differences between groups (Figures 5B
and 5D respectively).

Characterization of liver tissue lipids

The data presented in Figure 6 shows the hepatic lipid
profile following the four-week period of intervention.
The histological analysis of H&E-stained hepatocytes
(magnification x 400) demonstrated lower deposition of
lipids in the hepatic tissue in animals that received MOF
supplementation (Figure 6A). The hepatocytes from the
fructose-treated group presented plaques separated by
irregular blood sinusoids. The areas were characterized
as histological manifestation of intracytoplasmic lipids,
close to the central lobular vein (Figure 6A). No such
abnormalities were found in the MOF supplementation
group, indicating that MOF supplementation prevented
the deleterious effect of fructose on hepatic lipid
storage. In fact, the biochemical analysis demonstrated
that MOF supplementation prevented the increase of
hepatic cholesterol and TGL concentrations (Figures
6B and C).
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Efeito do MOF na sensibilidade a insulina e a glicose,
glicemia de jejum e parametros do pancreas

Os resultados obtidos mostraram que ratos
suplementados com frutose por quatro semanas
desenvolveram resisténcia a insulina (Figura 4A e
4B) com aumento da glicemia em jejum (Figura 4C).
Corroborando com esses dados, os animais também
apresentaram aumento do nivel de insulina (Figura 4D)
e hipertrofia das ilhotas de Langerhans (Figura 4F), o
que foi confirmado pela medida da area das ilhotas de
Langerhans (Figura 4E). Por outro lado, os animais
que receberam suplementagdo com MOF apresentaram
reducdo nos niveis de glicose, sem outra alteracao
metabolica correlacionada ao metabolismo da insulina
(Figura 4A, 4B e 4D). De fato, a avaliag¢ao histologica
do pancreas em animais tratados com MOF foi muito
semelhante aos animais do grupo controle (Figura 4F).
Além disso, neste grupo, as ilhotas de Langerhans
mantiveram o volume celular proximo da normalidade
(Figura 4E e F).

Efeito do MOF no perfil lipidico sérico

O efeito da suplementagdo de MOF no perfil lipidico
sérico ¢ demonstrado na Figura 5. A concentracdo de
triglicerideos (TGL) foi significativamente diminuida
(p <0,05) (Figura 5A), enquanto a concentragdo de
colesterol de lipoproteina de alta densidade (HDL-C)
aumentou significativamente em comparagdo com
grupo frutose (p<0,01) (Figura 5C). O grupo frutose
apresentou diminui¢do dos valores de HDL, como
esperado, e teve aumento consideravel de TGL
quando comparado aos dois grupos (Figura 5A). Os
valores de colesterol total e colesterol ndo HDL nao
mostraram diferengas entre os grupos (Figuras 5B e 5D
respectivamente).

Caracterizagdo dos lipidios do tecido hepdtico

Os dados apresentados na Figura 6 mostram o perfil
lipidico hepatico apés o periodo de quatro semanas
de intervenc¢do. A anélise histologica dos hepatdceitos
corados por H.E. (ampliagdo x 400) demonstrou menor
deposi¢ao de lipidios no tecido hepatico em animais que
receberam suplementagao de MOF (Figura6A). O figado
do grupo tratado com frutose, os hepatocitos, apresentou
placas separadas por sinusoides sanguineos irregulares.
As areas foram caracterizadas como manifestacdo
histologica de lipidios intracitoplasmaticos, proximo
a veia lobular central (Figura 6A). A suplementagdo
com MOF foi capaz de prevenir o efeito da frutose
no armazenamento de lipidios hepaticos e ndo
foram encontradas anormalidades. De fato, a analise



In addition, the lipid peroxidation was evaluated
according to  appropriate  methods  through
malondialdehyde (MDA) measurement. As expected,
liver tissue samples from rats that consumed only
fructose revealed increase in MDA compared to both
other groups. Moreover, MOF addition improved
oxidative stress, reducing hepatic MDA formation
(Figure 6D).
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bioquimica demonstrou que a suplementagdo com
MOF preveniu o aumento das concentragdes hepaticas
de colesterol e TGL (Figuras 6B ¢ C).

Além disso, a peroxidag@o lipidica foi avaliada de
acordo com métodos apropriados através da dosagem
de malondialdeido (MDA). Como esperado, amostras
de tecido hepatico de ratos que consumiram apenas
frutose revelaram aumento no MDA em comparagdo
com os outros dois grupos. Além disso, a adi¢do de
MOF melhorou o estresse oxidativo, reduzindo a
formag@o de MDA hepatico (Figura 6D).
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Figure 5 - Lipid profile of animals treated with MOF. (A) Measurement of triglycerides; (B) Total cholesterol;
(C) Non-HDL cholesterol; (D) HDL cholesterol. The results represent the mean = SEM of the values (n =9 per
group). ##p<0.01 vs. control group and *p<0.05 **p<0.01 vs. Fru group. Control = Normal chow + drinking
water; Fru = normal chow +20% fructose solution; Fru+MOF = chow including M. oleifera leaves flour + 20%

fructose solution.

Figura 5 - Perfil lipidico dos animais tratados com MOF. (A) Medigao de triglicéridos; (B) colesterol total;
(C) colesterol nao-HDL; (D) colesterol HDL (D). Os resultados representam a média + EMP dos valores (n =9
por grupo). ##p<0,01 vs. grupo de controlo e *p<0,05 **p<0,01 vs. grupo Fru. Controlo = papa normal + agua
potavel; fruta = papa normal +20% de solugao de frutose; frutatMOF = papa incluindo farinha de folhas de M.

oleifera + 20% de solugdo de frutose.
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Effect of MOF on adipose tissue parameters

The fructose group presented an increase in the
absolute weight of visceral and epididymal adipose
tissue (Figures 7A and 7D) after 4-week treatment
period, as shown in Figure 7. However, no significant
difference was observed between the relative weight
for both tissues (Figures 7B and 7E). Noteworthy, the
histology (Figure 7C) and morphometry (Figure 7F)
from epididymal adipose tissue showed that fructose
induces a higher cellular volume in the adipocytes.
However, animals treated with MOF exhibited cellular
area size similar to the control group.

Efeito do MOF nos pardmetros do tecido adipose

Os dados apresentados na Figura 7 mostram que o
grupo Frutose apresentou aumento no peso absoluto
do tecido adiposo visceral e epididimal (Figuras 7A e
7D) apos 4 semanas de tratamento. No entanto, nao foi
observada diferenca significativa entre o peso relativo
para ambos os tecidos (Figuras 7B e 7E). Destaca-se
que a histologia (Figura 7C) e morfometria (Figura 7F)
do tecido adiposo do epididimo mostraram que a frutose
induz maior volume celular nos adipécitos. No entanto,
os animais tratados com MOF exibiram tamanho de
area celular semelhante ao grupo controle.
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Figure 6 - Characterization of liver tissue from animals submitted to MOF treatment: (A) [llustrative histological
images of the liver; (B) levels of triglycerides, (C) cholesterol, and (D) Evaluation of MDA dosage by the
TBARS test (Thiobarbituric Acid Reactive Substances). The values express the mean = S.E. M. (9 animals per
group). p <0.01 e *p <0.001 vs. Control group **p<0.01 e ***p<0.001 vs. Fru group. Control= normal chow
+ drinking water; Fru= normal chow +20% fructose solution; Fru+MOF= chow including M. oleifera leaves
flour + 20% fructose solution. The red arrow indicates an area of hepatic steatosis. Scale bar = 100 pm.
Figura 6 - Caracterizacdo do tecido hepatico de animais submetidos ao tratamento MOF: (A) Imagens
histolégicas ilustrativas do figado; (B) niveis de triglicéridos, (C) colesterol, ¢ (D) Avaliagdo da dosagem de
MDA pelo teste TBARS (Thiobarbituric Acid Reactive Substances). Os valores expressam a média + S.E. M.
(9 animais por grupo). ##p <0.01 e ####p <0.001 vs. Grupo de controlo **p<0.01 ¢ ***p<0.001 vs. Grupo
Fru. Control= papa normal + dgua potavel; Fru= papa normal +20% de solugao de frutose; Fru+MOF= papa
incluindo farinha de folhas de M. oleifera + 20% de solug@o de frutose. A seta vermelha indica uma area de
esteatose hepatica. Escala = 100 pm.
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Figure 7 - Effects of MOF supplementation in adipose tissue parameters. (A) Absolute weight of visceral
adipose tissue; (B) Relative weight of visceral adipose tissue; (D) Absolute weight of epididymal adipose tissue;
(E) Relative weight of epididymal adipose tissue; (C) Illustrative images of adipocites stained by hematoxylin
and eosin; and (F) measurement of adipocyte cells area. The values express the mean = SEM. (9 animals per
group). #p<0.05 and ###p<0.001 vs. control group and ***p<0.01 vs Fru group. Control = normal chow +
drinking water; Fru =normal chow +20% fructose solution; Fru+MOF= chow including M. oleifera leaves flour
+ 20% fructose solution. Scale bar = 100 pm

Figura 7 - Efeitos da suplementagdo de MOF nos parametros do tecido adiposo. (A) Peso absoluto do
tecido adiposo visceral; (B) Peso relativo do tecido adiposo visceral; (D) Peso absoluto do tecido adiposo do
epididimo; (E) Peso relativo do tecido adiposo do epididimo; (C) Imagens ilustrativas de adipdcitos corados por
hematoxilina e eosina; e (F) medi¢ao da area de células adipocitarias. Os valores expressam a média = EPM (9
animais por grupo). #p<0,05 e ####p<0,001 vs. grupo de controlo e ***p<0,01 vs. grupo Fru. Controlo = papa
normal + dgua potavel; fru = papa normal +20% de solugdo de frutose; frutatMOF= papa incluindo farinha de
folhas de M. oleifera + 20% de solucao de frutose. Escala =100 um.
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Discussion

M. oleifera is an edible plant and contains not only
nutrients, but also bioactive compounds such as
alkaloids, sterols, glucosinolates, isothiocyanates,
phenolic glycosides and flavonoids (24,25). In fact,
our results showed that MOF extract is rich in phenolic
compounds, as previously published (26). LC-ESI-
MS/MS profile analysis enabled the identification
of various active compounds within the extract. The
detection of quercetin, as the majority compound,
followed by protocatechuic, chlorogenic acid, caffeic
acid, p-coumaric acid, rutin and eriodictyol in MOF
agrees with previous studies (27).

Antioxidants are not only reducing agents used as
preventatives to inhibit the oxidation of other molecules,
but they may also be used to treat health complications
from metabolic conditions caused by oxidative stress
(3). MOF phytochemical analysis demonstrated the
presence of phenolics compounds and flavonoids,
which are known to be efficient antioxidants (28). In this
context, the presence and synergy of these compounds
in MOF explains the efficient antioxidant properties in
vitro and in vivo.

Several researchers have demonstrated that excessive
fructose consumption can lead to metabolic
disturbances, especially related to insulin metabolism
and metabolic syndrome (29,30). In fact, our data
demonstrates that adding 20% fructose in the water
given to the animals for four weeks promotes metabolic
changes, mainly related to insulin resistance and liver
lipid accumulation, without promoting alterations in the
weight gain, abdominal circumference, and abdominal
visceral fat deposition. Additionally, the data obtained
in the histological analysis of the adipose tissue showed
that the adipocyte’s area increased in the fructose-
treated animals. This data corroborates with the
literature, which shows that the fructose consumption
is associated with the adipocyte hypertrophy (31). In
contrast, adipocyte hypertrophy was prevented with the
incorporation of MOF into the diet, when compared to
fructose treated animals.
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Discussao

A M. oleifera ¢ uma planta comestivel e contém
ndo apenas nutrientes, mas também compostos
bioativos como alcaldides, esterdis, glucosinolatos,
isotiocianatos, glicosideos fendlicos e flavonodides
(24,25). De fato, nossos resultados mostraram que
o extrato de MOF ¢ rico em compostos fenolicos,
conforme previamente publicado (26). Para identificar
os diferentes compostos ativos do extrato de MOF,
utilizou-se a analise do perfil LC-ESI-MS/MS. A
detec¢do de quercetina, como composto majoritario,
seguida de protocatecuico, acido clorogénico, acido
cafeico, acido p-cumarico, rutina e eriodictiol no MOF
concorda com estudos anteriores (27).

Os antioxidantes ndo sdo apenas agentes redutores
que inibem a oxidacao de outras moléculas, usados na
prevengdo, mas também podem tratar complicagdes
de satide, como condi¢des metabdlicas causadas pelo
estresse oxidativo (3).A analise fitoquimica do MOF
demonstrou a presenga de compostos fenolicos e
flavonoides, que sao antioxidantes eficientes (28). Nesse
contexto, a presenca e sinergia desses compostos no
MOF explica as eficientes propriedades antioxidantes
in vitro € in vivo.

Varios pesquisadores apontaram que o0 consumo
excessivo de frutose pode levar a distarbios metabdlicos,
especialmente relacionados ao metabolismo da insulina
e a sindrome metabdlica (29,30). De fato, nossos dados
demonstram que a adi¢do de 20% de frutose na agua
fornecida aos animais por quatro semanas promove
alteracdes metabolicas, principalmente relacionadas
a resisténcia a insulina e acimulo de lipidios no
figado, sem promover alteragcdes no ganho de peso,
circunferéncia abdominal e deposicdo de gordura
visceral abdominal. Além disso, os dados obtidos na
analise histologica do tecido adiposo mostraram que
a area do adipdcito aumentou nos animais tratados
com frutose. Esses dados corroboram com a literatura,
que mostra que o consumo de frutose esta associado
a hipertrofia de adipodcitos (31). Em contrapartida, o
grupo que teve MOF incorporado a dieta preveniu a
hipertrofia de adipdcitos quando comparado aos animais
tratados com frutose. Esses achados sdo consistentes
com dados anteriores que relataram que o tratamento
com M. oleifera regulou negativamente a expressao de
mRNA de leptina e resistina e a expressao de mRNA de
adiponectina regulada positivamente em tecido visceral
de ratos obesos, atenuando a sindrome metabdlica (32).



From the above findings, the insulin resistance was
observed in animals that received fructose. The insulin
resistance is a fundamental aspect of the etiology of
type 2 diabetes and plays important role not only in
the development of hyperglycemia of non-insulin
dependent diabetes but also in the pathogenesis of long-
term complications such as hypertension, nephropathy,
and hyperlipidemia. The high consumption of
large(r) amounts of fructose facilitates the hepatic
triacylglycerol production, in a process called de novo
lipogenesis. This process leads to a “selective insulin
resistance”, in which the inhibited-glucose metabolism
by insulin signaling pathways is impaired while those
that stimulates lipid metabolism are preserved, resulting
in the devastating co-existence of hyperglycemia and
hypertriglyceridemia (33,34).

Corroborating, our results show that fructose
consumption promotes high triglycerides and insulin
levels, increases the Langerhans islets area, altering
glycemic behavior in response to exogenous insulin
administration and fasting hyperglycemia, moving
towards the impairment of insulin signaling cascade.
In contrast, rats that received MOF incorporated to
their diet presented normalized triglycerides, glucose
metabolism and normal Langerhans islets area in the
histopathological analysis. These results are consistent
with recent studies that demonstrated the role of M.
oleifera leaves in modulating hepatic key genes of
the insulin signaling, reducing the hyperglycemia
by minimizing gluconeogenesis, up-regulating the
expression of hepatic IR and IRS-1, supporting the
regeneration of damaged hepatocytes and pancreatic
cells in rats (35,36). This effect could be in part related
to the presence of chlorogenic acid that enhances
insulin activity by triggering the AMP-activated protein
kinase (AMPK) and by flavonoids that can promote the
glucose uptake stimulation in peripheral tissues (37).

As previously cited, the liver histological analysis
demonstrates that fructose promotes accumulation
of triglycerides and cholesterol. This effect was
previously reported by other studies (38,39) However,
interestingly, triglyceride accumulation in the liver
of fructose treated rats occurred in the absence of
increased body weight or adiposity. According to
Fabbrini ez al. (2009) (40), intra-hepatic lipid content is
a better predictor of metabolic abnormalities than body
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Dos achados acima, a resisténcia a insulina foi
observada em animais que receberam frutose. A
resisténcia a insulina ¢ um aspecto fundamental da
etiologia do diabetes tipo 2 e desempenha papel
importante nao apenas no desenvolvimento da
hiperglicemia do diabetes nao insulino-dependente,
mas também na patogénese de complicacdes a longo
prazo, como hipertensao, nefropatia e hiperlipidemia.
O alto consumo de maiores quantidades de frutose
facilita a producdo de triacilglicerol hepatico, em
um processo chamado de lipogénese de novo. Esse
processo leva a uma “resisténcia seletiva a insulina”,
na qual o metabolismo da glicose inibida pelas vias de
sinalizag@o da insulina ¢ prejudicado enquanto aquelas
que estimulam o metabolismo lipidico sdo preservadas,
resultando na coexisténcia devastadora de hiperglicemia
e hipertrigliceridemia (33,34).

Corroborando, nossos resultados mostram que o
consumo de frutose promove niveis elevados de
triglicerideos e insulina, aumenta a area das ilhotas
de Langerhans, altera o comportamento glicémico
em resposta a administracdo de insulina exodgena
e hiperglicemia de jejum, caminhando para o
comprometimento da cascata de sinalizacdo da
insulina. Em contrapartida, os ratos que receberam
MOF incorporado a dieta apresentaram triglicerideos
normalizados, metabolismo da glicose e area normal
das ilhotas de Langerhans na analise histopatologica. E
consistente com estudos recentes que demonstraram o
papel das folhas de M. oleifera na modulacao de genes-
chave hepaticos da sinalizagdo da insulina, reduzindo
a hiperglicemia minimizando a gliconeogénese,
regulando positivamente a expressdo de IR e IRS-
1 hepaticos, auxiliando na regeneragdo de células
danificadas. hepatdcitos e células pancreaticas em ratos
(35,36). Esse efeito pode estar em parte relacionado a
presencga de acido clorogénico que aumenta a atividade
da insulina ao desencadear a proteina quinase ativada
por AMP (AMPK) e por flavondides que podem
promover a estimulagdo da captagdo de glicose nos
tecidos periféricos (37)

Conforme citado anteriormente, a analise histologica
do figado demonstra que a frutose promove acumulo
de triglicerideos e colesterol. Esse efeito foi relatado
anteriormente por outros estudos (38,39). No entanto,
curiosamente, o acumulo de triglicerideos no figado de
ratos tratados com frutose ocorreu na auséncia de maior
peso corporal ou adiposidade. De acordo com Fabbrini
etal. (2009) (40), o conteudo lipidico intra-hepatico ¢ um
melhor preditor de anormalidades metabodlicas do que
a adiposidade corporal. A deposicdo lipidica ectopica
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adiposity. Ectopic lipid deposition induced by fructose
is attributed to the activation of the transcription factor
ChREBP and SREBPIlc, which occurs during the
fructose metabolism, and these transcription factors
regulate the expression of several enzymes responsible
for the fatty acid synthesis (41). It is believed that
elevation in hepatic diacylglycerol (DAG) levels lead
to protein kinase C (PKC) activation and its consequent
translocation to the cell membrane, which results in
inhibition of hepatic insulin signaling and development
of hepatic insulin resistance.

In contrast, MOF diet supplementation was able to
prevent the effect of fructose on hepatic lipid stores,
probably due to its bioactive compounds such as
quercetin which have been shown to alter gene
expression of major regulators of hepatic cholesterol and
triglycerides synthesis and uptake. The accumulation
of liver lipids overloads the mitochondrial electron
transportchain, whichin turnleads to the increase of ROS
and lipid peroxidation products. The increase of these
mediators impairs mitochondrial function and reduces
lipid B-oxidation, promoting even greater hepatic lipid
deposition from this vicious cycle, creating a state of
oxidative stress as a result of free radical production
(42). Our results have shown an elevation in the hepatic
MDA, an important biomarker of lipid peroxidation,
and an impairment in the antioxidant defense system.
As expected, the MOF supplementation induced lower
levels of hepatic MDA, being itself a key antioxidant at
the hub of numerous competing reactions.

As quercetin is the major compound of MOF, it is
important to mention that according to literature data,
only 5.3% of unchanged quercetin is bioavailable.
Quercetin is ingested in the form of glycosides, and
the glycosyl groups are released during mastication,
digestion, and absorption. Afterwards, quercetin
glycosides are converted to aglycone in the intestine
before being absorbed into enterocytes by the action
of glycosidases enzymes. Furthermore, more recent
studies demonstrate that the biotransformation
products of polyphenols can reach the tissues, and these
metabolites are indeed found in higher concentrations
than their “parent compounds” (43).
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induzida pela frutose ¢ atribuida a ativagdo do fator de
transcrigdo ChREBP e SREBPIc, que ocorre durante o
metabolismo da frutose, e esses fatores de transcrigao
regulam a expressdo de varias enzimas responsaveis
pela sintese de acidos graxos (41). Acredita-se que a
elevacdo dos niveis hepaticos de diacilglicerol (DAG)
leve a ativagdo da proteina quinase C (PKC) e sua
consequente translocagdo para a membrana celular,
0 que resulta na inibicdo da sinalizagdo hepatica da
insulina e no desenvolvimento de resisténcia hepatica
a insulina.

Em contraste, a suplementacdo da dieta com MOF
foi capaz de prevenir o efeito da frutose nos estoques
de lipidios hepaticos, provavelmente devido aos
seus compostos bioativos, como a quercetina, que
demonstraram alterar a expressdo génica dos principais
reguladores da sintese e captagdo hepatica de colesterol
e triglicerideos. O acumulo de lipidios no figado
sobrecarrega a cadeia mitocondrial de transporte de
elétrons, o que, por sua vez, leva ao aumento de EROs
e produtos da peroxidagdo lipidica. O aumento desses
mediadores prejudica a fungdo mitocondrial e reduz a
B-oxidag¢do lipidica, promovendo ainda maior deposigdo
hepatica de lipidios a partir desse ciclo vicioso, criando
um estado de estresse oxidativo como resultado da
producgdo de radicais livres (42). Nossos resultados
mostraram uma elevagdo do MDA hepatico, um
importante biomarcador da peroxidagao lipidica, e um
comprometimento do sistema de defesa antioxidante.
Como esperado, a suplementagdio de MOF induziu
niveis mais baixos de MDA hepatico, sendo ele proprio
um antioxidante chave no centro de inimeras reacdes.

Sendo a quercetina o principal composto do MOF,
¢ importante mencionar que, de acordo com dados
da literatura, apenas 5,3% da quercetina inalterada
¢ biodisponivel. A quercetina ¢ ingerida na forma de
glicosideos e os grupos glicosil sdo liberados durante
a mastigacdo, digestdo e absorc¢ao. Posteriormente, os
glicosideos de quercetina sdo convertidos em aglicona
no intestino antes de serem absorvidos pelos enterdcitos
pela acdo das enzimas glicosidases. Além disso,
estudos mais recentes demonstram que os produtos
de biotransformacao dos polifendis podem atingir os
tecidos. E, de fato, esses metabolitos sdo encontrados
em concentragdes mais altas do que seus “compostos
originais” (43).



Together, these findings demonstrated an efficient
protective effect of MOF supplementation against
adverse effects of fructose diet-induced metabolic
syndrome and its first initial metabolic changes,
like insulin resistance and associated cardiovascular
disorders. The present results also highlight the
deleterious effects of fructose consumption in early
life which may lead to adults with severe metabolic
syndrome and co-morbidities.

Strengths and limitations of the study

Although there are different murine models to mimic
the metabolic syndrome, the decision about which
model to use for a particular experiment is often
multifactorial. The advantage of the model used in our
study (over the genetic models) is that not the entire
population is genetically affected and will develop
metabolic syndrome. Another important point is
the type of sugar used in the diet. We decided to use
fructose because many studies have reported that the
chronic consumption is strongly associated with a
variety of related metabolic diseases, including obesity,
systemic insulin resistance, metabolic syndrome, and
type 2 diabetes mellitus.

The (unfortunately) wide consumption of soft drinks,
which are mostly sweetened with high fructose syrup
(60% + 40% sucrose), was another determinant in our
selection of fructose.

Although this study was focused on the evaluation of
MOF supplementation to prevent fructose metabolic
disorders, one of the limitations of this work is the lack
of knowledge of the mechanism through which MOF
can modulate the metabolism to avoid the effects of
high fructose diet. Another limitation of the study is
related to the lack of quantification of sugars in the diet.
In this context, is important to mention that the data
here obtained in vitro and in vivo are preliminary, and
further research is required to elucidate these points.

In addition, there is a lack of knowledge about the
pharmacokinetics of MOF compounds to better
understanding the metabolization and the delivery
of metabolites to the tissues. In this context, further
analyses are necessary to elucidate this point.
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Juntos, esses achados demonstraram um efeito protetor
eficiente da suplementacdo de MOF contra os efeitos
adversos da sindrome metabolica induzida pela dieta de
frutose e suas primeiras alteragdes metabolicas iniciais,
como resisténcia a insulina e distirbios cardiovasculares
associados. Os presentes resultados também destacam
os efeitos deletérios da frutose consumo no inicio
da vida, o que pode levar a adultos com sindrome
metabdlica grave e comorbidades.

Pontos fortes e limitagdes do estudo

Embora existam diferentes modelos murinos para
mimetizar a sindrome metabodlica, a decisdo sobre
qual modelo usar para um determinado experimento ¢é
muitas vezes multifatorial. A vantagem deste modelo
sobre os modelos genéticos ¢ que nem toda a populacao
¢ geneticamente afetada e pode desenvolver sindrome
metabdlica. Outro ponto importante € o tipo de agucar
utilizado na dieta. Decidimos usar frutose porque
muitos estudos relataram que o consumo cronico esta
fortemente associado a uma variedade de doencas
metabolicas  relacionadas, incluindo obesidade,
resisténcia sistémica a insulina, sindrome metabodlica e
diabetes mellitus tipo 2.

Infelizmente, no mundo ha um alto consumo de
refrigerantes, que em sua maioria sdo adogados com
xarope rico em frutose (60% + 40% sacarose). Esta ¢
uma das razdes pelas quais decidimos usar este modelo
de frutose.

Embora este estudo esteja focado em avaliar se
a suplementacio com MOF previne distarbios
metabolicos da frutose, uma das limitagdes deste
trabalho é a falta de conhecimento do mecanismo
pelo qual a suplementagdo com MOF pode modular
o metabolismo para evitar os efeitos da dieta rica em
frutose. Outra limitacdo do estudo esta relacionada
a falta de quantificagdo de aglcares na dieta. Nesse
contexto, ¢ importante mencionar que os dados aqui
obtidos in vitro e in vivo sdo preliminares, sendo
necessarias mais pesquisas para elucidar esses pontos.

Além disso, ha uma falta de conhecimento sobre a
farmacocinética dos compostos presentes na MOF para
melhor compreensdo da metabolizacdo e entrega de
metabolitos aos tecidos. Nesse contexto, mais analises
s30 necessarias para elucidar esse ponto.
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Conclusion

Taken together, the data herein presented show that
Moringa oleifera flour prevents the high-fructose
intake-initiated metabolic disorders. Phytochemical
study of MOF demonstrated a series of phenolic
compounds, which can be correlated with its in vitro
antioxidant activity. /n vivo, MOF prevented insulin
resistance, dyslipidemia, and adipocyte hypertrophy.
However, more studies are necessary to elucidate the
mechanisms involved.
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Conclusao

Em conjunto, os dados aqui apresentados mostram que
a farinha de Moringa oleifera previne os distirbios
metabolicos iniciais induzidos pela ingestdo de frutose.
O estudo fitoquimico do MOF demonstrou uma série
de compostos fendlicos, o que esta correlacionado
com a atividade antioxidante apresentada nos estudos
in vitro. In vivo, o MOF preveniu a resisténcia a
insulina, dislipidemia e hipertrofia de adipocitos. No
entanto, mais estudos sdo necessarios para elucidar os
mecanismos envolvidos.
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