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Introduction: Oxidative stress and exacerbated generation of advanced glycation end
products (AGEs) participate in the onset of diabetic complications. Lycopene is a potent
antioxidant; evidence accounts for its ability to mitigate diabetic disturbances, including the
deleterious events of advanced glycation. Therefore, this carotenoid has emerged as
a candidate to be used in combination with antidiabetic drugs, such as metformin, attempting
to counteract the glycoxidative stress. This study investigated the effects of the treatments
with lycopene or metformin, alone or in combination, on glycoxidative stress biomarkers and
antioxidant defenses in diabetic rats.

Methods: Streptozotocin-induced diabetic rats were treated for 35 days with lycopene
(45 mg/kg) or metformin (250 mg/kg), alone or as mixtures in yoghurt. Plasma levels of
glucose, triglycerides, cholesterol, thiobarbituric acid reactive substances and protein carbo-
nyl groups (biomarkers of oxidative damage), fluorescent AGEs (biomarkers of advanced
glycation), and paraoxonase 1 activity (antioxidant enzyme) were assessed. Changes in the
hepatic and renal levels of glycoxidative damage biomarkers and the activities of antioxidant
enzymes were investigated.

Results: The combination of lycopene with metformin maintained the beneficial effects of the
isolated treatments, improving the glucose tolerance and lipid profile, lessening biomarkers of
oxidative damage, and increasing the paraoxonase 1 activity. Besides, the combined therapy caused
further decreases in postprandial glycemia, plasma levels of cholesterol and AGEs, avoided lipid
peroxidation (plasma, kidney), and increased antioxidant defenses, mainly the activity of super-
oxide dismutase (liver, kidney), indicating the maintenance of the lycopene effects.
Conclusion: Lycopene combined with metformin may act synergistically in the control of
postprandial glycemia, dyslipidemia and glycoxidative stress, as well as increased antiox-
idant defenses, arising as a promising therapeutic strategy to mitigate diabetic complications.
Keywords: diabetes mellitus, combined therapy, lycopene, paraoxonase, glycoxidative stress

Introduction

In recent years, there is a growing interest from the general population and the scientific
community in the phytochemicals, which seems to be encouraged by great interest in
improving health status, as well as to bring evidence about the effectiveness and safety
of these phytochemicals as health accelerators. The pharmacological potentials of
preparations from natural origin arise from the enormous diversity of metabolites,
including polyphenols, carotenoids, terpenes, alkaloids, lignans, glucosinolates, cya-

nogenic glycosides, among others; as bioactive compounds, these metabolites have
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large spectra of physiological and biological functions.'
Advances in complementary medicine research bring evi-
dence on the effectiveness of medicinal plants and bioactive
compounds from natural origin in the treatment of diabetes
mellitus (DM), gathering information about their antihyper-
glycemic activities that result from a variety of mechanisms
of action, as well as provide clinical evidence about their
effectiveness.” In this regard, medicinal plants continue to
be recognized as an important source of new drugs obtained
directly or indirectly from them; when considering the ther-
apy for diabetes, the main example is metformin.
Metformin (dimethylbiguanide; C4H;;Ns) is a synthetic
derivative of galegine, a bioactive compound from Galega
officinalis. Chemically, galegine is an isoprenyl derivative of
guanidine, while metformin is a biguanide containing two
with
substitutions.* Metformin is the first-line drug used for the
treatment of type 2 DM. Its blood-glucose-lowering effect

occurs through the suppression of the hepatic glucose produc-

coupled molecules of guanidine additional

tion mainly involving the inhibition of gluconeogenesis; in
hepatocytes, metformin partially inhibits the mitochondrial
respiratory chain complex I, resulting in decreased levels of
adenosine triphosphate (ATP) and accumulation of adenosine
monophosphate (AMP), which in turn activates the intracellu-
lar energy sensor AMP-activated protein kinase (AMPK) that
inhibits the transcription of gluconeogenic genes.*’

Although metformin as well as other oral antidiabetic drugs
alongside insulin are usually effective, DM itself is
a progressive disorder characterized by ongoing deterioration
of energy metabolism regulation, and most therapies fail in
both to maintain the long-term glycemic control and to reverse
the course of diabetic complications. This scenario requires the
need for gradual intensification of the therapy attempting to
recover the tight glycemia management and consequently to
reduce the risk of complications.® One possibility is an increase
in the metformin dose, which in turn can contribute to increas-
ing the risk of adverse events. Metformin intolerance occurs in
up to 20% of patients, being characterized by gastrointestinal
manifestations (abdominal pain, nausea, diarrhea, and vomit-
ing) that have been cited as the main causes of therapy
discontinuation.” Because metformin is excreted by kidneys,
caution is also advised in individuals with chronic kidney
disease (CKD); the risk of adverse effects increases with
CKD,
manifestations.” Another possibility to improve blood glucose

including lactic acidosis and gastrointestinal

management is the use of strategies based on combined
therapies.

In this regard, it has gained attention the combined thera-
pies between natural bioactive compounds and conventional
antidiabetic drugs, since they could significantly improve the
glycemic control in DM as well as be helpful to mitigate the
complications that accompany this disease.®’ Additionally,
some natural bioactive compounds have antioxidant and
antiglycation activities; they act by inhibiting the formation
of reactive oxygen species (ROS) and advanced glycation
end products (AGEs) mainly through scavenging their pre-
cursors or removing their initiators, as well as stimulating
endogenous systems involved in the detoxification of ROS
and AGEs.'®" Natural compounds are also often capable of
lessening dyslipidemia in metabolic dysfunctions, including
obesity and DM.'? These actions apparently make them
interesting candidates for combined therapies approaches
attempting to mitigate the disturbances and complications
observed in diabetes.

Lycopene (C4Hse) is the major carotenoid found in
tomatoes and other red fruits and vegetables; it is a linear
polyene hydrocarbon that contains 11 conjugated and two
unconjugated double bonds."* The antioxidant properties of
lycopene are associated with its ability to deactivate (quench
and scavenge) ROS.'"* Supplementations with lycopene or
lycopene-rich foods have attracted significant attention due
to their multiple benefits to health, offering protection against
various metabolic disturbances, including cardiovascular dis-
eases and type 2 DM.'*!> There is also growing evidence
about the lycopene ability to mitigate events related to
advanced glycation.'®!” For all these reasons, lycopene has
emerged as an interesting natural bioactive compound to be
used in combination with metformin.

The current study aimed to investigate the effects of
lycopene combined with metformin on various biomarkers
related to metabolic disturbances, glycoxidative stress, and
antioxidant defenses in streptozotocin-induced diabetic rats.

Materials and Methods
Induction of Diabetes Mellitus and

Experimental Design

Male Wistar rats (Rattus norvegicus) weighing 140-160
g (6 weeks old) were maintained in polypropylene cages
throughout the experimental period, except on day 0
and day 35, where they were kept into individual meta-
bolic cages. The animals were housed under controlled
conditions of temperature (23 = 1°C) and humidity (55 +
5%) and with a 12 h light/dark cycle. Rats received water
and standard chow diet (Presence Nutricdo Animal,
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Paulinia, SP, Brazil) throughout the experimental period.
The Committee for Ethics in Animal Experimentation at
the School of Pharmaceutical Sciences, Unesp, Araraquara
approved the experimental procedures of this study
(CEUA/FCF/CAr resolution number 23/2017).

After an acclimation period, experimental type 1 DM
was induced by a single intravenous injection of 40 mg/kg
streptozotocin (STZ; Sigma Aldrich, St. Louis, MO, USA)
dissolved in 0.01 M citrate buffer (pH 4.5), in previously
12 hours fasted rats. Normal, non-diabetic rats received
only citrate buffer. For this procedure, all rats were pre-
viously anesthetized by isoflurane inhalation.

Three days after the STZ administration, rats with post-
prandial glycemia levels of approximately 400 mg/dL were
used to compose the diabetic groups. This constituted the “day
0” of the experiment, after which began the treatments with
insulin, lycopene and metformin, alone or in combination.

Diabetic rats were divided into five experimental
groups (10 rats/group) by matching specimens having
similar values of body weight and glycemia, as follows:
diabetic rats treated with yoghurt (DYOG); diabetic rats
treated with 250 mg/kg metformin in yoghurt (DMET);
diabetic rats treated with 45 mg/kg lycopene in yoghurt
(DLYC); diabetic rats treated with 250 mg/kg metformin +
45 mg/kg lycopene in yoghurt (DML); diabetic rats treated
with 4U insulin (DINS). Normal rats were treated with
yoghurt (NYOG) and kept as controls.

Tomato extract powder (Lycopersicon esculentum Mill.,
10.13% lycopene, PHD Innovation Expertise Industria de
Insumos Farmacéuticos Ltda, Sdo Paulo, SP, Brazil) and met-
formin (99.56% metformin hydrochloride, Gemini Industria
de Insumos Farmacéuticos Ltda, Anapolis, GO, Brazil) were
mixed with commercial plain yoghurt (170 g of yoghurt con-
tains 9.1 g carbohydrates, 6.8 g protein, 7.0 g total fat, 126 kcal,
Nestlé"™, Brazil), alone or in combination, using a homogenizer
(27,000 rpm) for 90 seconds at a controlled ambient tempera-
ture (25 °C). All the treatments were administered by half-dose
twice a day, at 08:00 h and 17:00 h, for 35 days. Lycopene and/
or metformin were administered by gavage (22.5 mg/kg for
lycopene and 125 mg/kg for metformin) in 0.5 mL of yoghurt
(totalizing 1.0 mL/day). Doses of lycopene and metformin
were chosen according to Assis et al'® and Roxo et al'® respec-
tively. Insulin was also given twice a day, as subcutaneous
injections (2U insulin per injection, Humulin® N, U-100, Eli
Lilly do Brasil Ltda., Sdo Paulo, SP, Brazil).

During the experimental period, body weight was
assessed weekly, and postprandial glycemia at days O,
10, 20 and 35. Postprandial glycemia was considered the

glycemia monitored in non-fasted rats fed a standard chow
diet, in plasma obtained from blood samples collected 2
hours after the administration of the morning treatments.
On day 0 and day 35, food and water intake and urinary
volume were monitored for the whole 24 h.

The OGTT was performed on day 29 after the rats were
made to fast for 12 h. The blood glucose levels were mea-
sured before (0 min; fasting glycemia) and after (15, 30, 60,
90, and 120 min) the glucose challenge administered as oral
gavage with glucose (2.5 g/kg) at 9:00 a.m. Glycemia in the
OGTT and the postprandial glycemia levels monitored
throughout the experimental period were measured in plasma
obtained from blood samples collected from the tip of the tail
in heparinized tubes (Hemofol®, 5000 UI/mL, Cristalia
Produtos Quimicos Farmacéuticos Ltda, Itirapina, SP,
Brazil). Glycemia levels were measured using the glucose
oxidase method by commercial kit (Labtest Diagnostica S.
A., Lagoa Santa, MG, Brazil).

After 35 days of treatment, rats were euthanized by decap-
itation and blood samples were collected for the analysis of
plasma levels of glucose, triglycerides, total cholesterol, high-
density lipoprotein-cholesterol (HDL-cholesterol) (Labtest
Diagnostica S.A., Lagoa Santa, MG, Brazil) and for the mea-
surement of biomarkers related to glycoxidative damage: thio-
barbituric acid reactive substances (TBARS), protein carbonyl
groups (PCO), and fluorescent AGEs, as well as the activity of
the antioxidant enzyme paraoxonase 1 (PON 1). White adi-
pose tissues (retroperitoneal and epididymal) and skeletal
muscles (soleus and extensor digitorum longus, EDL) were
immediately removed and weighed. Liver and kidneys were
carefully removed and stored at —80 °C for the subsequent
analysis of the biomarkers of glycoxidative damage (TBARS,
PCO, and fluorescent AGEs), activities of antioxidants
enzymes (superoxide dismutase, SOD; catalase, CAT; glu-
tathione peroxidase, GSH-Px; glutathione reductase, GSH-
Rd), and levels of non-protein sulthydryl groups (NPSH).

Determination of Antioxidant Enzymes
and Metabolites

PON | Activity

The activity of PON 1 was measured in plasma by mon-
itoring the absorbance (405 nm) of p-nitrophenol, accord-
ing to Assis et al."® The p-nitrophenol is released from the
hydrolysis of paraoxon by the catalytic action of PON 1.
The PON 1 activity was expressed in terms of units/liter
(unit = pmoL paraoxon hydrolyzed/min).
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Sample Preparation for the Analysis of SOD, CAT,
GSH-Px, and GSH-Rd

The activities of antioxidant enzymes were measured in liver
and kidneys. Liver and kidneys (0.1 g) were homogenized in
1 mL sodium phosphate buffer (10 mmol/L, pH 7.4) at 4 °C.
The homogenates were centrifuged at 10,000 g for 10 min at
4 °C, and the supernatants were used for the analysis of the
antioxidant enzymes. The protein levels in tissue superna-
tants were determined according to Lowry et al*® for the
correction of the results related to SOD, CAT, GSH-Px, and
GSH-Rd activities.

SOD Activity

The SOD activity was measured by monitoring the inhibi-
tion of the nitroblue tetrazolium chloride (NBT) reduction.?’
Xanthine oxidation by xanthine oxidase generates superox-
ide anion radical, which reduces the NBT. The SOD enzyme
present in the sample catalyzes the dismutation of super-
oxide anion radicals, inhibiting the NBT reduction, which is
monitored spectrophotometrically at 550 nm. The results
were expressed in terms of U/mg protein. One unit of
SOD is defined as the enzyme amount required to inhibit
the rate of NBT reduction by 50%.

CAT Activity

The CAT activity was measured by monitoring the con-
sumption of hydrogen peroxide (H,O,) spectrophotometri-
cally at 230 nm.*? The results were expressed in terms of
mmol of H,O, consumed/min/mg protein.

GSH-Px Activity

The GSH-Px activity was measured by monitoring the oxida-
tion of nicotinamide adenine dinucleotide phosphate, reduced
form (NADPH) to NADP** In the presence of H,O,, GSH-
Px catalyzes the oxidation of the metabolite glutathione
(GSH). The glutathione in its oxidized form (GSSG) is reduced
to GSH by the catalytic action of GSH-Rd, with the concomi-
tant oxidation of NADPH to NADP", which is monitored
spectrophotometrically at 340 nm. The results were expressed
in terms of mmol of NADPH oxidized/min/mg protein.

GSH-Rd Activity

The GSH-Rd activity was measured by monitoring the
oxidation of NADPH to NADP*** The enzyme GSH-Rd
reduces the GSSG to GSH, with concomitant oxidation of
NADPH to NADP", which is monitored spectrophotome-
trically at 340 nm. The results were expressed in terms of
mmol of NADPH oxidized/min/mg protein.

NPSH Groups

NPSH groups represent an indirect measurement of the
antioxidant metabolite GSH. Liver and kidneys (0.1 g)
were homogenized in 1 mL ethylenediaminetetraacetic
acid (EDTA) (0.02 mol/L) at 4 °C. Proteins were precipi-
tated by adding trichloroacetic acid (5%) followed by
centrifugation at 1574 g for 15 min at 4 °C. The levels
of NPSH groups were evaluated in supernatants by the
reduction of 5,5-dithiobis-(2-nitrobenzoic acid) monitored
412 25 Results
expressed in terms of mmol/mg tissue.

spectrophotometrically nm) were

Biomarkers of Glycoxidative Stress

Sample Preparation

The levels of TBARS (biomarkers of lipid peroxidation),
PCO (biomarker of protein oxidation), and fluorescent
AGEs (biomarkers of advanced glycation) were measured
in plasma, liver and kidneys.

For liver and kidneys, samples were prepared by homo-
genization at 4 °C with the following solutions: (i) TBARS:
tissue samples (0.25 g) were homogenized in 1 mL potassium
chloride (1.15%); (ii) PCO: tissue samples (0.2 g) were homo-
genized in 1 mL sodium phosphate buffer (50 mmol/L, pH 6.7
with EDTA 1 mmol/L); (iii) fluorescent AGEs: tissue samples
(0.1 g) were homogenized in 1 mL sodium phosphate buffer
(10 mmol/L, pH 7.4). Homogenates were centrifuged at
10,000 g for 10 min at 4 °C, and the supernatants were used
for the analysis of the glycoxidative stress biomarkers. The
protein levels (plasma or tissue supernatants) were measured
according to Lowry et al* for the correction of the results
related to PCO and fluorescent AGEs.

TBARS

Lipid peroxidation products were measured by the thiobarbi-
turic acid (TBA) test.”® TBA reacts mainly with malondial-
dehyde, which generates products (TBARS) whose levels
were measured spectrophotometrically (535 nm) in liver
and kidneys, or spectrofluorometrically (excitation and emis-
sion wavelengths of 510 nm and 553 nm, respectively) in
plasma. The results were expressed in terms of pmol/L

(plasma) and nmol/g tissue (liver and kidneys).

PCO Groups

The PCO levels were measured by monitoring the genera-
tion of 2,4-dinitrophenylhydrazone at 370 nm, after the
reaction of the carbonyl groups in the oxidized proteins
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with  2,4-dinitrophenylhydrazine.”” The results were
expressed in terms of nmol/mg protein.

Fluorescent AGEs

The fluorescent AGEs were measured according to Costa et -
al.”® Briefly, plasma and liver samples (see Sample prepara-
tion) were treated with trichloroacetic acid, chloroform, and
sodium hydroxide; kidney samples (see Sample preparation)
were treated with sodium hydroxide. After centrifugation at
10,000 g for 10 min at 10 °C, supernatants were used for the
estimation of the fluorescent AGEs, with excitation and emis-
sion wavelengths of 370 nm and 440 nm, respectively. The
results were expressed in terms of arbitrary units (AU) of

fluorescence/mg protein.

Statistical Analysis

Data were expressed as mean + standard error of mean (SEM).
One-way analysis of variance (ANOVA) followed by Student-
Newman-Keuls test was used to compare the inter-group
differences. Paired Student’s #-test was used to compare the
intra-group changes, relative to day 0. Data were considered
statistically different at p<0.05. Statistical analyses were

performed using the program GraphPad Prism 6.01
(GraphPad Software, San Diego, California, USA).

Results
Body and Tissue Weights and

Physiological Parameters

After 35 days of experiment, DYOG rats had the lowest
values of body weight (Table 1), as well as the minor
weights of skeletal muscles and white adipose tissues
(Table 2); low values of body weight gain were also
in DYOG rats.
a feature of this experimental model of type 1 DM (STZ-

observed These findings reconfirm
induced diabetic rats), the catabolic profile due to insulin
deficiency. In comparison with NYOG rats, DYOG rats
also had polyphagia, polydipsia, and polyuria (Table 1),
which are also classical features of this experimental
model of diabetes.

The treatment of diabetic rats with insulin (DINS group)
avoided the loss of weights by tissues. The values of body
weight gain, terminal body weight values (Table 1) and
weights of adipose tissues and skeletal muscles (Table 2)
of DINS group were similar to the corresponding values in
NYOG group. The values of food and water intake and

Table | Physiological Parameters (Body Weight, Body Weight Gain from Day 0 to Day 35, Food Intake, Water Intake, Urinary
Volume) of Streptozotocin-Induced Diabetic Rats Before (Day 0) and After (Day 35) Treatments with Yoghurt Enriched with
Lycopene, Alone or in Combination with Metformin

Groups
Physiological NYOG DYOG DINS DMET DLYC DML
Parameters

Day Day Day Day 35 | Day 0 | Day Day 0 | Day 35 | Day 0 | Day 35 | Day 0 | Day 35

0 35 (] 35
Body weight 164 | 301+ | 175+ | 236+ 169+ [306+ | 173z | 241+« 171 £ | 240 + 171 £ | 270 81>
(® +34 | 83" 35 10.2*% | 27 48°% |33 93> |39 9.5%<# |33 bede#
Body weight gain | 137 £ 6.7 61 9.7 136 + 5.1° 69 + 7.6 67 + 7.2°¢ 99 + 7.|3bcde
(®
Food intake 20+ |25+ |28 |40+ 28 + 25+ 27 % 25 + 28 + 26 % 26 + 26 £ 3.3°
(g/24h) 0.6 11# 1.3* 3.4 1.3* 1.6° 2.4 45° 1.3* 3.3° 0.8°
Water intake 38+ |31+ | 108% | 163+ 102+ | 452 106 £ | 158 & 106+ | 722 110+ | 49 +182>
(mL/24h) 1.7 40 6.1 19.8% | 1272 19.2°% | 165* | 234 | 165° | 21.2*® | 1417 | ¢
Urinary volume 8+ |9+ 74+ | 131 |75% 40 74 + 125+ |77+« 63 % 76 + 40 £ 19.4>
(mL/24h) 0.7 0.7 8.3? 16.6*% | 132 | 22.0*° | 159*° | 27.4*% | 10.0? 168 | 9.1 d

Notes: Values are expressed in terms of mean * standard error of the mean (SEM), n = 10. Differences between groups were analyzed using one-way ANOVA followed by
the Student-Newman-Keuls test (p < 0.05). 2 Differences to NYOG; °Differences to DYOG,; “Differences to DINS; 9Differences to DMET; ®Differences to DLYC. Differences
compared in the same group relative to day 0 were analyzed using the paired Student’s t-test (p < 0.05): “differences with day 0.

Abbreviations: NYOG, normal rats treated with yoghurt; DYOG, diabetic rats treated with yoghurt; DINS, diabetic rats treated with 4U/day insulin; DMET, diabetic rats
treated with 250 mg/kg metformin in yoghurt; DLYC, diabetic rats treated with 45 mg/kg lycopene in yoghurt; DML, diabetic rats treated with 250 mg/kg metformin +
45 mg/kg lycopene in yoghurt.
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Table 2 Weights of Skeletal Muscles (Soleus, EDL) and White Adipose Tissues (Epididymal, Retroperitoneal) of Streptozotocin-
Induced Diabetic Rats Treated for 35 Days with Yoghurt Enriched with Lycopene, Alone or in Combination with Metformin

Groups
Tissues NYOG DYOG DINS DMET DLYC DML
Soleus muscle 0.148 £ 0.011 | 0.119 + 0.006* | 0.149 £ 0.004° | 0.119 + 0.005* | 0.124 + 0.006™ | 0.130 + 0.006°
(g/100 g b.w.)
EDL muscle 0.147 £ 0.010 | 0.103 + 0.007* | 0.152 £ 0.004° | 0.109 + 0.006™ | 0.117 = 0.010> | 0.130 % 0.007°¢
(g/100 g b.w.)
Epididymal adipose tissue 3.750 £ 0.293 | 1.520 + 0.213* | 3.470 + 0.180° | 1.750 % 0.254* | 1.740 + 0.182>< | 2.730 + 0.314*P<%
(g/100 g b.w.)
Retroperitoneal adipose tissue | 3.350 + 0.286 | 0.342 + 0.105* | 3.260 + 0.264° | 0.740 + 0.234™ | 0.625 + 0.151> | 1.989 + 0.306*><<¢
(g/100 g b.w.)

Notes: Values are expressed in terms of mean * standard error of the mean (SEM), n = 10. Differences between groups were analyzed using one-way ANOVA followed by
the Student-Newman-Keuls test (p < 0.05): 2differences to NYOG; Differences to DYOG,; “Differences to DINS; 9Differences to DMET; ®Differences to DLYC.

Abbreviations: NYOG, normal rats treated with yoghurt; DYOG, diabetic rats treated with yoghurt; DINS, diabetic rats treated with 4U/day insulin; DMET, diabetic rats
treated with 250 mg/kg metformin in yoghurt; DLYC, diabetic rats treated with 45 mg/kg lycopene in yoghurt; DML, diabetic rats treated with 250 mg/kg metformin +

45 mg/kg lycopene in yoghurt.

urinary volume of DINS rats were significantly decreased
after 35 days of treatment (Table 1).

The treatments of diabetic rats with metformin (DMET
group) or with lycopene (DLYC group) did not improve
the body weight gain (Table 1), as well as did not avoid the
loss of weights by skeletal muscles and adipose tissues
(Table 2). The treatment with metformin did not reduce the
water intake and urinary volume of diabetic rats, but
reduced the food intake compared to DYOG rats (Table
1). The treatment with lycopene was more effective than
metformin in ameliorating the physiological parameters,
since reduced the water intake and urinary volume of
diabetic rats, as well as decreased the food intake
(Table 1).

Many benefits were reached by combining metformin
and lycopene to treat diabetic rats (DML group). The
treatment of diabetic rats with metformin + lycopene
reduced the loss of weights by EDL muscles and white
adipose tissues (Table 2), although with less efficiency
compared to the insulin treatment. The improvements in
the tissue weights caused a marginal increase in the body
weight gain, leading to an increase in the terminal values
of body weight of DML rats, which was higher than the
values of DMET and DLYC rats but lower than those of
DINS rats (Table 1). Rats of DML group had a reduction
in the food intake, in a similar way to the corresponding
values in rats treated with metformin or lycopene alone
(Table 1). The treatment with metformin + lycopene pro-
moted further reductions in the water intake and urinary

volume of diabetic rats, and reached values similar to
those of DINS rats (Table 1).

Postprandial and Fasting Glycemia and

Glucose Tolerance

At day 0, ie, before the beginning of the treatments and 3
days after the STZ administration, all groups composed
of diabetic rats started the experiment with medium
postprandial glycemia values of approximately 400 mg/
dL (Figure 1A). Throughout the experimental period,
DYOG rats had significant increases in the glycemia,
reaching medium values of 550 mg/dL after 35 days
(Figure 1A), evidencing the worsening of DM (Figure
1B). After 29 days of experiment, DYOG rats had fast-
ing glycemia values 4-fold higher than those of NYOG
rats (Figure 1C). In addition, after 29 days of experi-
ment, it can be observed that DYOG rats had glucose
intolerance (Figure 1E). In the OGTT, 30 minutes after
the glucose overload, the hyperglycemia peak developed
by the DYOG group was significantly higher (4-fold;
Figure 1D) than that of the NYOG group. After 120
minutes, DYOG rats did not correct the glycemia
(390.5 £ 15 mg/dL) with the same efficiency as the
NYOG rats (79.9 + 4 mg/dL) (Figure 1D).

The treatment of diabetic rats with insulin significantly
reduced the postprandial glycemia (Figure 1A), whose
levels were similar to those of NYOG rats (Figure 1B).
Insulin also improved the fasting glycemia (Figure 1C)
and the glucose tolerance (Figure 1E) of diabetic rats,
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A | DML vs NYOG, DYOG, DINS, DMET, DLYC, p<0.05 B
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Figure | Postprandial glycemia, fasting glycemia and glucose tolerance of streptozotocin-induced diabetic rats treated for 35 days with yoghurt enriched with lycopene,
alone or in combination with metformin. Temporal responses of postprandial glycemia (A), area under the curve (AUC) of postprandial glycemia (B), fasting glycemia (C),
oral glucose tolerance test (OGTT) (D), AUC of glycemia in OGTT (E). Values are expressed in terms of mean * standard error of the mean (SEM), n = 10. Differences
between groups were analyzed using one-way ANOVA followed by the Student-Newman-Keuls test (p < 0.05). *Differences to NYOG; ®Differences to DYOG; “Differences
to DINS; “Differences to DMET; ®Differences to DLYC. Differences compared in the same group relative to day 0 were analyzed using the paired Student’s t-test (p < 0.05):
#differences with day 0.

Abbreviations: NYOG, normal rats treated with yoghurt; DYOG, diabetic rats treated with yoghurt; DINS, diabetic rats treated with 4U/day insulin; DMET, diabetic rats
treated with 250 mg/kg metformin in yoghurt; DLYC, diabetic rats treated with 45 mg/kg lycopene in yoghurt; DML, diabetic rats treated with 250 mg/kg metformin +

45 mg/kg lycopene in yoghurt.

since the glycemia values after the glucose challenge were
significantly decreased in DINS group (Figure 1D).

The treatments of diabetic rats with metformin or with
lycopene, individually, lessened the progressive increase in
the postprandial glycemia levels compared to DYOG rats
(Figure 1A), showing that both treatments improved the
glycemia control, although less efficiently than the treat-
ment with insulin (Figure 1B). The treatments with met-
formin or lycopene alone also reduced the fasting
glycemia levels (Figure 1C) and promoted decreases in
the glucose intolerance (Figure 1D and E).

By combining metformin and lycopene, improvements
were reached in the glycemia management, mainly the
postprandial glycemia. The treatment of diabetic rats
with metformin + lycopene promoted a significant reduc-
tion in the postprandial glycemia, whose levels were minor
than those of DYOG, DMET and DLYC rats (Figure 1A),
which represents a synergistic effect on the glycemia

reduction (Figure 1B) and demonstrates that the combined
therapy was more effective than the isolated treatments.
Fasting glycemia levels were decreased in DML rats,
whose levels were similar to the corresponding values in
DMET and DLYC groups (Figure 1C). In the OGTT, the
glycemia profile of diabetic rats treated with metformin +
lycopene was improved in comparison to DYOG rats,
being the combined therapy as efficiently as the treatments
with metformin or lycopene alone (Figure 1D), suggesting
maintenance of the effects of the isolated therapies
(Figure 1E).

The synergistic effect of metformin + lycopene was
observed in the postprandial glycemia of STZ-induced
diabetic rats, but not in the glycemia monitored during
OGTT. Postprandial hyperglycemia is often assumed in
individuals with high glucose excursions during OGTT;
however, the relationship between the glucose levels mon-
itored after the OGTT and after the ingestion of a mixed
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meal remains unclear. According to Meier et al*’ a great
variety of influencing factors must be considered when
glucose excursions post-OGTT are used to access the
postprandial hyperglycemia, including: (i) the gastric emp-
tying of liquid meals, such as the glucose solution used in
the OGTT, which is more rapid than that of a solid meal,;
the oral glucose overload generates a non-physiological
inflow of glucose into the duodenum and causes a peak
glucose excursion greater than that of a mixed meal inges-
tion; (ii) the relative protein and fat contents of a mixed
meal delay the glucose intestinal absorption, producing
a shallow pattern of postprandial glucose excursions; (iii)
the secretion of gastrointestinal incretin hormones, which

is faster and more pronounced after an isolated glucose
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challenge than after the ingestion of a mixed meal.
Collectively, these factors may help explain, at last par-
tially, the different glycemic response profiles between the
OGTT and the monitoring of the postprandial glycemia in
diabetic rats, the latter favored the observation of the
synergistic effects of metformin + lycopene on the glyce-
mia management.

Lipid Profile

After 35 days of experiment, dyslipidemia was observed in
DYOQG rats, since they had increased plasma levels of trigly-
cerides (Figure 2A) and total cholesterol (Figure 2B).
Although the HDL-cholesterol levels were decreased in
DYOG rats after 35 days of experiment, the same occurred
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Figure 2 Lipid profile of streptozotocin-induced diabetic rats before (day 0) and after (day 35) treatments with yoghurt enriched with lycopene, alone or in combination
with metformin. Triglycerides (A), total cholesterol (B), HDL-cholesterol (C). Values are expressed in terms of mean * standard error of the mean (SEM), n = 10.
Differences between groups were analyzed using one-way ANOVA followed by the Student-Newman-Keuls test (p < 0.05); *Differences to NYOG; ®Differences to DYOG;
“Differences to DINS; “Differences to DMET; ®Differences to DLYC. Differences compared in the same group relative to day 0 were analyzed using the paired Student’s
t-test (p < 0.05): *differences with day 0.

Abbreviations: NYOG, normal rats treated with yoghurt; DYOG, diabetic rats treated with yoghurt; DINS, diabetic rats treated with 4U/day insulin; DMET, diabetic rats
treated with 250 mg/kg metformin in yoghurt; DLYC, diabetic rats treated with 45 mg/kg lycopene in yoghurt; DML, diabetic rats treated with 250 mg/kg metformin +
45 mg/kg lycopene in yoghurt.
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with normal, NYOG rats, as well as with all groups of
treated-diabetic rats (Figure 2C) in comparison with values
of day 0, which can be interpreted as a change probably
related to the age of the animals.

Once again, the treatment of diabetic rats with insulin
showed its effectiveness on improve the metabolic distur-
bances in STZ-induced diabetic rats, since DINS rats had
low levels of triglycerides (Figure 2A) and total choles-
terol (Figure 2B), reaching values similar to the corre-
sponding values in NYOG rats.

In comparison with DYOG rats, low plasma levels of
triglycerides (Figure 2A) and total cholesterol (Figure 2B)
were found in diabetic rats treated with metformin or
lycopene, alone, although these levels still remained
higher than those of DINS and NYOG rats.

The effects of the combined therapy between metfor-
min and lycopene on plasma lipid levels were interesting:
while the treatment with metformin + lycopene reduced
the triglycerides levels in a similar extend to the isolated
treatments (Figure 2A), its effect on decreasing the total
cholesterol levels was better than those of the isolated
treatments (Figure 2B), suggesting a synergistic effect,
which was sufficient to reduce the total cholesterol levels
with the same efficiency as the insulin treatment.

Biomarkers of Glycoxidative Damage and

Antioxidant Defenses in Plasma

After 35 days of experiment, DYOG rats had increases in the
plasma levels of TBARS (Figure 3A), PCO (Figure 3B), and
fluorescent AGEs (Figure 3C), as well as a decrease in the
activity of the antioxidant enzyme PON 1 (Figure 3D),
suggesting the onset of the glycoxidative stress in STZ-
induced diabetic rats. The treatment of diabetic rats with
insulin prevented all these changes.

Although the treatments of diabetic rats with metfor-
min or lycopene, individually, were not able to reduce the
plasma levels of TBARS (Figure 3A), they reduced the
plasma levels of PCO (Figure 3B) and AGEs (Figure 3C),
and also increased the activity of PON 1 (Figure 3D) in
a similar magnitude to that of insulin.

The combined therapy of metformin and lycopene
aggregated benefits on lessening the glycoxidative stress
in STZ-induced diabetic rats, since the plasma levels of
TBARS were decreased in DML rats, a beneficial effect
that was not observed when diabetic rats were treated with
metformin or lycopene alone (Figure 3A). In addition,
a further decrease was observed in the plasma levels of

fluorescent AGEs in DML rats, whose levels were lower
than those of DMET or DLYC rats (Figure 3C). Lastly, the
beneficial effects of metformin or lycopene alone were
maintained in the combined therapy, ie, metformin + lyco-
pene reduced the plasma levels of PCO (Figure 3B) and
increased the PON 1 activity (Figure 3D).

Antioxidant Defenses in Liver and Kidney
Besides the impairments in the activity of PON 1 in
plasma, the levels of enzymes and metabolites that parti-
cipate in the detoxification of ROS were affected in liver
and kidneys of STZ-induced diabetic rats, suggesting the
onset of oxidative stress in these tissues. After 35 days of
experiment, DYOG rats had decreases in the activities of
the antioxidant enzymes SOD (liver and kidney, Figures
4A and 5A, respectively) and CAT (liver and kidney,
Figures 4B and 5B, respectively). DYOG rats also had
decreases in the hepatic (Figure 4E) and renal (Figure
5E) levels of NPSH, which indirectly estimate the levels
of GSH, an antioxidant metabolite. Notably, DYOG rats
had increases in the activities of GSH-Px and GSH-Rd in
liver (Figure 4C and 4D, respectively) and kidney (Figure
5C and, respectively) compared to the corresponding
values in NYOG rats, which could be a compensatory
mechanism against oxidative stress. The treatment with
insulin avoided all these alterations in the antioxidant
defenses in liver and kidneys of diabetic rats (Figures 4
and 5, respectively).

When considering the efficacies of the isolated treat-
ments with metformin or lycopene, it can be observed that
lycopene was better than metformin in mitigating the
oxidative stress in diabetic rats. The treatment of diabetic
rats with metformin alone did not improve the activity of
SOD in liver (Figure 4A) or kidney (Figure 5A), but
increased the activity of CAT (liver and kidney, Figures
4B and 5B, respectively) and the levels of NPSH (liver
and kidney, Figures 4E and SE, respectively). On the other
hand, the treatment with lycopene alone increased the
activities of both enzymes SOD (liver and kidney,
Figures 4A and 5A, respectively) and CAT (liver and
kidney, Figures 4B and 5B, respectively) in tissues of
diabetic rats, as well as caused increases in NPSH levels
(liver and kidney, Figures 4E and SE, respectively).

The combination of metformin and lycopene main-
tained the best effects of the isolated treatments on coun-
teracting the oxidative stress in liver and kidneys of
diabetic rats. The treatment of diabetic rats with metformin
+ lycopene caused increases in the activity of SOD (liver
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Figure 3 Glycoxidative stress biomarkers and antioxidant defenses in plasma of streptozotocin-induced diabetic rats treated for 35 days with yoghurt enriched with
lycopene, alone or in combination with metformin. Levels of TBARS (A), PCO (B), fluorescent AGEs (C), PCO (C), activity of PON | (D). Values are expressed in terms of
mean * standard error of the mean (SEM), n = 10. Differences between groups were analyzed using one-way ANOVA followed by the Student-Newman-Keuls test (p <
0.05): 2Differences to NYOG; "Differences to DYOG; “Differences to DINS; 9Differences to DMET; ®Differences to DLYC.

Abbreviations: NYOG, normal rats treated with yoghurt; DYOG, diabetic rats treated with yoghurt; DINS, diabetic rats treated with 4U/day insulin; DMET, diabetic rats
treated with 250 mg/kg metformin in yoghurt; DLYC, diabetic rats treated with 45 mg/kg lycopene in yoghurt; DML, diabetic rats treated with 250 mg/kg metformin +

45 mg/kg lycopene in yoghurt.

and kidney, Figures 4A and 5A, respectively), which
represents the maintenance of the lycopene effects, as
well as increased the activity of CAT (liver and kidney,
Figures 4B and 5B, respectively) and the NPSH levels
(liver and kidney, Figures 4E and 5E, respectively), these
findings indicate the maintenance of the metformin and
lycopene effects.

The activities of GSH-Px and GSH-Rd in liver (Figure
4C and D, respectively) and kidneys (Figure 5C and D,
respectively) were similar among all treatments (insulin,
metformin, lycopene, and metformin + lycopene). It must
be highlighted that the activities of GSH-Px in liver and
kidneys of diabetic rats under all treatments were
increased and similar to the corresponding values of
DYOG rats, while the activities of GSH-Rd were
decreased by all treatments and reached values similar to
those of NYOG rats.

Biomarkers of Oxidative Damage in Liver
and Kidney

In agreement with the changes observed in the activities of
the antioxidant defenses, the levels of biomarkers related
to glycoxidative damage were increased (in different
ways) in liver and kidneys of STZ-induced diabetic rats.
Interestingly, while in the liver of DYOG rats there were
increases in the levels of PCO (biomarker of protein oxi-
dation; Figure 6B) and fluorescent AGEs (biomarkers of
advanced glycation; Figure 6C), in the kidneys there were
increases in the levels of TBARS (biomarkers of lipid
7A) and PCO (Figure 7B).
Conversely, TBARS levels were decreased in the liver of
DYOG rats (Figure 6A), while in the kidneys there were
decreases in the levels of AGEs (Figure 7C). The treat-
ment with insulin reduced the levels of PCO (Figure 6B)
and AGEs (Figure 6C) in liver of diabetic rats, while

peroxidation; Figure
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Figure 4 Antioxidant defenses in liver of streptozotocin-induced diabetic rats treated for 35 days with yoghurt enriched with lycopene, alone or in combination with
metformin. Activities of the enzymes SOD (A), CAT (B), GSH-Px (C), and GSH-Rd (D), levels of NPSH groups (E). Values are expressed in terms of mean # standard error
of the mean (SEM), n = 10. Differences between groups were analyzed using one-way ANOVA followed by the Student-Newman-Keuls test (p < 0.05): Differences to
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Abbreviations: NYOG, normal rats treated with yoghurt; DYOG, diabetic rats treated with yoghurt; DINS, diabetic rats treated with 4U/day insulin; DMET, diabetic rats
treated with 250 mg/kg metformin in yoghurt; DLYC, diabetic rats treated with 45 mg/kg lycopene in yoghurt; DML, diabetic rats treated with 250 mg/kg metformin +
45 mg/kg lycopene in yoghurt.
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Figure 5 Antioxidant defenses in kidney of streptozotocin-induced diabetic rats treated for 35 days with yoghurt enriched with lycopene, alone or in combination with
metformin. Activities of the enzymes SOD (A), CAT (B), GSH-Px (C), and GSH-Rd (D), levels of NPSH groups (E). Values are expressed in terms of mean * standard error
of the mean (SEM), n = 10. Differences between groups were analyzed using one-way ANOVA followed by the Student-Newman-Keuls test (p < 0.05): *Differences to
NYOG; "Differences to DYOG; “Differences to DMET.

Abbreviations: NYOG, normal rats treated with yoghurt; DYOG, diabetic rats treated with yoghurt; DINS, diabetic rats treated with 4U/day insulin; DMET, diabetic rats
treated with 250 mg/kg metformin in yoghurt; DLYC, diabetic rats treated with 45 mg/kg lycopene in yoghurt; DML, diabetic rats treated with 250 mg/kg metformin +
45 mg/kg lycopene in yoghurt.

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13 submit your manuscript 3127

Dove


http://www.dovepress.com
http://www.dovepress.com

Figueiredo et al Dove

250+ 2000+
200 € &= 1500
[ ] O .=
? kS <8
0 o 150 = - O
= o2 Sa
32 e g 2 1000
Fs 100 s £
)
£ E Sz ]
50- £ 22 500

NYOG DYOG DINS DMET DLYC DML NYOG DYOG DINS DMET DLYC DML

NYOG DYOG DINS DMET DLYC DML

Figure 6 Glycoxidative stress biomarkers in liver of streptozotocin-induced diabetic rats treated for 35 days with yoghurt enriched with lycopene, alone or in combination
with metformin. Levels of TBARS (A), PCO (B), fluorescent AGEs (C). Values are expressed in terms of mean * standard error of the mean (SEM), n = 10. Differences
between groups were analyzed using one-way ANOVA followed by the Student-Newman-Keuls test (p < 0.05): *Differences to NYOG; PDifferences to DYOG.
Abbreviations: NYOG, normal rats treated with yoghurt; DYOG, diabetic rats treated with yoghurt; DINS, diabetic rats treated with 4U/day insulin; DMET, diabetic rats
treated with 250 mg/kg metformin in yoghurt; DLYC, diabetic rats treated with 45 mg/kg lycopene in yoghurt; DML, diabetic rats treated with 250 mg/kg metformin +
45 mgl/kg lycopene in yoghurt.
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Figure 7 Glycoxidative stress biomarkers in kidney of streptozotocin-induced diabetic rats treated for 35 days with yoghurt enriched with lycopene, alone or in
combination with metformin. Levels of TBARS (A), PCO (B), fluorescent AGEs (C). Values are expressed in terms of mean * standard error of the mean (SEM), n =
10. Differences between groups were analyzed using one-way ANOVA followed by the Student-Newman-Keuls test (p < 0.05): *Differences to NYOG; °Differences to
DYOG,; “Differences to DINS; 9Differences to DMET; ®Differences to DLYC.

Abbreviations: NYOG, normal rats treated with yoghurt; DYOG, diabetic rats treated with yoghurt; DINS, diabetic rats treated with 4U/day insulin; DMET, diabetic rats
treated with 250 mg/kg metformin in yoghurt; DLYC, diabetic rats treated with 45 mg/kg lycopene in yoghurt; DML, diabetic rats treated with 250 mg/kg metformin +

45 mg/kg lycopene in yoghurt.

reduced the levels of TBARS (Figure 7A) and PCO
(Figure 7B) in kidneys.

In liver, the treatments with metformin and lycopene,
alone, significantly reduced the levels of PCO (Figure 6B)
and fluorescent AGEs (Figure 6C). The treatment with
metformin + lycopene reduced the hepatic levels of PCO
(Figure 6B) and AGEs (Figure 6C), whose levels were
similar to those of DINS, DMET and DLYC rats. The
treatments with metformin and lycopene, alone or in com-
bination, maintained the hepatic levels of TBARS similar
to those of DYOG rats (Figure 6A).

In kidneys, the treatments with metformin or lycopene,
individually, reduced the levels of TBARS (Figure 7A)
and PCO (Figure 7B), being the lycopene effect on
decreasing the PCO better than that of metformin. In this
tissue, the combined therapy added benefits on dampening
the oxidative stress. The levels of TBARS were further

decreased in DML rats (Figure 7A) in comparison with the
corresponding values in DMET and DLYC rats, suggesting
the reaching of additive effects. Diabetic rats treated with
metformin + lycopene had low levels of PCO (Figure 7B)
that were similar to those of DLYC rats, suggesting the
maintenance of the beneficial effects of lycopene. The
levels of fluorescent AGEs were low in kidneys of diabetic
rats treated with metformin or lycopene, alone or in com-
bination, and were similar to the AGEs levels of DYOG
rats (Figure 7C).

Discussion

A previous study from our laboratory showed that the
treatment with lycopene-enriched yoghurt improved var-
ious biochemical parameters and biomarkers of oxidative
stress in diabetic rats, mainly causing decreases in glyce-
mia and dyslipidemia, as well as decreased biomarkers of
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oxidative damage and increased the endogenous antioxi-
dant defenses in plasma and liver. Besides, the combina-
tion between lycopene and curcumin aggregates benefits to
diabetes therapy, maintaining the beneficial effects of the
isolated phytochemicals and also favored the reach of
additive effects, mainly those related to dampen the oxi-
dative stress.'® These findings motivated the continuation
of studies about the benefits of combined therapies with
natural bioactive substances, investigating the co-
administration with antidiabetic drugs. The first studies
by combining curcumin with metformin'® and curcumin
with insulin in a minor dose®® were very promising and
showed the achievement of best management of glycemia,
lipid profile, and diabetic complications resulting from
oxidative stress. The present study provides insights
regarding the potential of lycopene used in an approach
of combined therapy with metformin. The benefits of this
combined therapy were mainly centered on the reach of
additive effects on the glycemia management, as well as
by promoting further decreases in the plasma levels of
total cholesterol and biomarkers of glycoxidative stress,
including TBARS and AGEs. The treatment of diabetic
rats with metformin + lycopene in yoghurt also increased
the endogenous antioxidant defenses, including PON 1
(plasma), SOD and CAT (liver and kidneys), these benefits
indicate the maintenance of the effects observed with the
isolated treatments, mainly the lycopene. In view of these
findings, the combined therapy of metformin with lyco-
pene arises as an interesting strategy for the management
of DM and to prevent its long-term complications resulting
from glycoxidative stress.

Studies have demonstrated the benefits of yoghurt in
the

. . 31 . . . 2 .
dyslipidemia®' and insulin resistance.*> However, previous

attenuation of metabolic dysfunctions, mainly
studies from our laboratory demonstrated that the treat-
ment of STZ-induced diabetic rats with yoghurt alone did
not alter physiological and biochemical parameters® in
normal, non-diabetic rats or in STZ-induced diabetic rats.

In addition, the administration of phytochemicals'®~®

or
antidiabetic drugs'® with yoghurt did not impair their
benefits against the symptoms of diabetes. For all these
reasons, studies of our laboratory have been used yoghurt
as a vehicle for the oral administration of bioactive com-
pounds having low solubilities in water, including lyco-
pene and other natural antioxidants. Furthermore, normal
and diabetic rats treated with vehicle (yoghurt) have been
considered the control groups for the absence (NYOG

group) or presence (DYOG group) of metabolic

disturbances due to insulin deficiency. DYOG group also
showed various features associated with the onset of gly-
coxidative stress, including the low activities of antioxi-
dant enzymes (PON 1, SOD, CAT) and increased levels of
biomarkers related to oxidative (TBARS, PCO) and gly-
cative (AGEs) damage.

Lycopene has gained significant attention due to its
multiple effects against the abnormalities of metabolic
syndrome and its complications.'>”'* In agreement with
this tendency, many benefits were observed when STZ-
induced diabetic rats were treated with lycopene, indivi-
dually. The treatment with lycopene for 35 days avoided
the progressive increase in the postprandial glycemia,
which could be a consequence, at least in part, of the
the

Supporting this hypothesis, studies have found that sup-
135

improvements observed in glucose tolerance.
plementations with lycopene®* or with dry tomato pee
reduced both the glucose intolerance and the insulin resis-
tance in high-fat diet-fed mice. In addition, a recent review
by Zhu et al*® supports evidence of the lycopene beneficial
effects on maintaining the pancreatic function in in vivo
models of metabolic dysfunctions. Evaluating the pancrea-
tic function of STZ-induced diabetic rats treated with
lycopene for 30 days, Ozmen et al*’ found that lycopene
reduced both the vacuolization and the loss of insulin-
secreting cells in the Langerhans islets of diabetic rats.
Consequently, lycopene-treated rats had increased circulat-
ing levels of insulin, along with decreased levels of gly-
cemia. Both studies suggested that the antioxidant
potential of lycopene is important to confer protective
effects on the pancreatic function. Therefore, the improve-
ments observed in the glycemia management of diabetic
rats treated with lycopene may be also a consequence, at
least partially, of the beneficial effects of this carotenoid
on the pancreatic function, which deserves further atten-
tion in future studies.

Lycopene treatment partially attenuated dyslipidemia,
as observed in previous studies focusing on the benefits of
the consumption of tomato-based products.>® The
improvements in the metabolic control caused by the treat-
ment with lycopene also reflected in minor values of
urinary volume and water intake, which can be also
a consequence of the lycopene beneficial effects on the
pancreatic function and insulin sensitivity. Lycopene also
showed to be effective on dampening oxidative stress,
since low levels of biomarkers related to lipid peroxidation
(TBARS; liver and kidneys) and protein oxidative damage
(PCO; plasma, liver, and kidneys) were found in lycopene-
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treated diabetic rats. As a well-known natural antioxidant,
lycopene has been cited as an efficient scavenger of ROS,
including the hydroxyl radical®® and hypochlorous acid,*
both considered potent oxidants whose levels are often
increased in DM and closely associated with pathogenic
events.*'*> Therefore, the per se antioxidant power of
lycopene may explain its ability to lessen the oxidation
of lipids and proteins in STZ-induced diabetic rats.
Furthermore, lycopene also stimulated the endogenous
antioxidant defenses, including PON 1 (plasma), SOD
and CAT (liver and kidneys), as previously observed.*’

It is noteworthy that lycopene alone mitigated various
metabolic disturbances in STZ-induced diabetic rats in
a similar extent to that of metformin alone. Metformin
improved dyslipidemia, since caused decreases in trigly-
cerides and total cholesterol levels as well as the treatment
with lycopene alone, but the lipid levels remained higher
than those of diabetic rats treated with insulin. The
mechanisms by which metformin improves the lipid meta-
bolism have been well documented.** The levels of bio-
markers related to oxidative damage were also decreased
in liver and kidneys of diabetic rats treated with metfor-
min, as previously observed by others.*>*® However, dif-
ferent from lycopene, metformin alone did not improve the
activity of SOD in these tissues, only caused increases in
the activity of CAT. It can be inferred that the improve-
ment in the activity of CAT was sufficient to mitigate the
oxidative stress in tissues of diabetic rats treated with
metformin. Alhaider et al*’ suggested that metformin can
protect STZ-induced diabetic rats against nephropathy via
restoration of antioxidant defenses, increasing the expres-
sion of antioxidant enzymes, including CAT. According to
our findings, metformin alone also increased the activity of
PON 1 in diabetic rats, in a similar extent of the treatments
with lycopene or insulin, as previously observed.'” PON 1
is a functional constituent of HDL and exerts a primordial
role against lipid peroxidation of membranes and low-
density lipoprotein-cholesterol (LDL-cholesterol); PON 1
has peroxidase activity that neutralizes hydrogen peroxide
and hydroperoxides of fatty acids and cholesteryl esters.*®
It has been shown that PON 1 activity can be affected by
post-translational modifications, including glycation.*’
Therefore, considering that the treatment with metformin
reduced the plasma levels of AGEs, it can be suggested
that metformin inhibited the glycation of PON 1, main-
taining its activity. Meaney et al>® observed that patients
with metabolic syndrome and treated with metformin had
increases in the activity of PON 1, when compared with

control patients. Authors observed that the increases in the
PON 1 activity were independent of increases in the HDL
levels, suggesting that metformin caused improvements in
the lipoprotein quality, which reinforces the vascular pro-
tective effects of metformin on subclinical atherosclerosis.
Lastly, the treatment of diabetic rats with metformin
reduced the postprandial glycemia levels and the glucose
intolerance, similarly to the lycopene effects, but in
a lesser extent than the insulin therapy. This decrease in
the glycemia may be helpful to explain the low levels of
AGEs in plasma and liver, although it is known that
metformin also scavenges methylglyoxal (a dicarbonyl
compound that acts as a precursor of AGEs) producing
imidazolinone metabolites.”’ In an attempt to improve the
glycemic control of STZ-induced diabetic rats treated with
metformin, as well as trying to reach better responses in
the mitigation of glycoxidative stress, the present study
explored the efficacy of the combination between metfor-
min and lycopene.

It has been proposed that one main benefit by combin-
ing natural bioactive compounds with classical therapeutic
agents for DM is the potential to aggregate capacity to
counteract the metabolic memory. Metabolic memory is
a phenomenon related to the detrimental impacts of hyper-
glycemia that contribute to the development of long-term
diabetic complications, which may persist even after the
achievement of the glycemic control. The underlying
cause of the metabolic memory includes a great variety
of modifications in biochemical processes that result in
inflammation, epigenetic changes, and the overproduction
of ROS and advanced glycation products.’® An early and
intensive treatment that attempts to dampen hyperglycemia
and to achieve the metabolic control in diabetic individuals
is fundamental to minimize the detrimental impacts in
tissues. Additionally, it has been proposed that the intro-
duction of therapeutic agents capable of inhibiting the
biochemical cascades triggered by advanced glycation,
ROS, and inflammation, can be helpful to minimize the
diabetic complications.>*>>

Considering this, lycopene appears as an interesting
option to be used in strategies of combined therapies to
contrast the complications of DM resulting from glycox-
idative stress. In this regard, the present study provides
evidence about the beneficial effects of the combined
therapy of metformin and lycopene on diabetes, which
can be achieved via two strategies: ({) maintenance of
the best effects of the isolated treatments, including the
improvement in glucose tolerance, the reduction in plasma
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triglycerides, and the increase in the activities of PON 1 in
plasma and CAT in liver and kidneys (lycopene and met-
formin effects), the increase in the activity of SOD in liver
and kidneys and the decrease in PCO levels in kidneys
(lycopene effects); (if) favoring the reach of synergistic
effects, mainly by causing further decrease in postprandial
glycemia, as well as leading to decreases in plasma levels
of total cholesterol, TBARS and AGEs, and lessening
TBARS in tissues (kidneys), in which levels were minor
than those of the isolated treatments. Considering these
findings, it can be argued that the main benefits achieved
by the combined therapy of metformin and lycopene were
the improvement in the glycemia management (mainly the
postprandial glycemia) and the reach of best efficacies on
stimulating the antioxidant defenses.

One important achievement of the combined therapy
metformin + lycopene was the management of the post-
prandial glycemia. It can be noted that, from the 10" day
of treatment and until the end of the experiment, the
postprandial glycemia levels of diabetic rats treated with
metformin and lycopene were minor than values found in
animals treated with the bioactives alone. A plausible
explanation for the synergistic effects of the combined
therapy on decreasing the postprandial glycemia levels is
the combination of the well-known metformin effects on
reducing the glycemia (mainly involving the inhibition of
the hepatic glucose production) and the beneficial effects

34,35

of lycopene on the insulin peripheral sensitivity and

protecting the pancreatic beta-cell function,*®-’

as pre-
viously described. This hypothesis reinforces the need for
further studies attempting to investigate the insulin sensi-
tivity and the pancreatic function in diabetic rats treated
with metformin and lycopene. In addition, the synergistic
effects of metformin and lycopene on the postprandial
glycemia may help explain the synergistic effects of this
combined therapy on decreasing the plasma levels of
AGEs and TBARS; a significant decrease in the postpran-
dial glycemia may have contributed to decreasing the post-
translational modifications of circulating biomolecules,
mainly those related to glycative and oxidative events.

It becomes very interesting to apply the combination of
metformin and lycopene in the context of metabolic mem-
ory, considering evidence that the postprandial hypergly-
cemia favors the exacerbated formation of both ROS and
AGEs not only in the plasma but also intracellularly.>*
Furthermore, postprandial hyperglycemia has been cited
as an independent risk factor for cardiovascular diseases,
since has toxic effects mediated by oxidative stress that

contributes to the onset of endothelial dysfunction.’ In
this
a promising therapeutic strategy against disturbances that

sense, metformin and lycopene appear to be
accompany diabetes, with emphasis on cardiovascular dis-
eases, since this combination significantly reduced the
postprandial hyperglycemia, as well as caused further
decreases in plasma levels of total cholesterol and biomar-
kers of oxidative (TBARS) and glycative (fluorescent
AGESs) stress. Besides, the activity of PON 1 was pre-
served, which represents an additional protection against
the oxidative modifications in LDL that participate in
cardiovascular events. Recent studies from our laboratory
have observed the benefits of combining natural bioactive
compounds with antidiabetic drugs in achieving better
glycemia management’® as well as decreasing dyslipide-
mia and oxidative stress,'’ providing insights regarding
the potential of combined therapies of natural antioxidants
and antidiabetic drugs for the management of DM com-
plications, including cardiovascular events.

It must be highlighted the ability of lycopene, alone or
combined with metformin, to decrease the levels of fluores-
cent AGEs in plasma and liver of STZ-induced diabetic rats,
which may be a consequence of its effects on decreasing
glycemia. Corroborating our findings, Tabrez et al'’ found
that the treatment with lycopene reduced the renal AGEs
levels in rats under an experimental model of ribose-
induced glycation; the authors suggested that this effect
may be related to the lycopene ability of scavenge ROS,
since the exacerbated formation of AGEs and ROS during
conditions of glycoxidative stress occurs as a vicious cycle.
Therefore, by combining the metformin effects (decreasing
the glycemia and scavenging methylglyoxal) and the lyco-
pene effects (decreasing the glycemia and acting as a potent
antioxidant), synergistic effects may be occurring to cause
the decrease in plasma AGEs levels. This same study
explored the lycopene ability to halt the deleterious effects
of AGE-RAGE axis, which deserves to be further explored in
the context of the combination with metformin. Zeng et al>®
demonstrated that endothelial progenitor cells (which differ-
entiate into endothelial cells and promote angiogenesis) were
protected by lycopene against apoptosis and oxidative autop-
hagy induced by AGEs, preserving the function of these
cells, which reinforce the protective role of lycopene against
cardiovascular complications resulting from advanced glyca-
tion events. Lastly, the beneficial consequences of the lyco-
pene effects on PON 1 activity had already been noticed in an
interesting clinical study. McEneny et al®’ investigated the
benefits of lycopene on the PON 1 activity in moderately
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obese individuals, after interventions for 12 weeks with
lycopene-rich foods (224-350 mg lycopene/week) or with
lycopene (70 mg lycopene/week). Both treatments were cap-
able of increase the activity of PON 1; authors concluded that
lycopene promoted improvements in the HDL functionality,
favoring an antiatherogenic phenotype.

In addition to the favorable effects on mitigating the
macrovascular complications, the combination between
lycopene and metformin has also added benefits to counteract
the oxidative stress in liver and kidneys of STZ-induced
diabetic rats. In these tissues, the combined therapy main-
tained the lycopene effects on increasing the activity of SOD,
as well as the metformin and lycopene effects on increasing
the activity of CAT and the levels of the antioxidant metabo-
lite GSH (in this study represented by NPSH groups). As
a consequence, significant decreases in PCO (liver and kid-
neys) and TBARS (kidneys) were observed in diabetic rats
treated with metformin and lycopene. The fluorescent AGEs
levels were also significantly decreased in liver of diabetic
rats treated with this combined therapy. The treatment with
metformin + lycopene did not promote synergistic effects on
the levels of glycoxidative stress biomarkers (AGEs and
PCO) and antioxidant defenses in liver and kidneys of STZ-
induced diabetic rats. However, it is important to emphasize
that the levels of these biomarkers in DLYC rats (ie, diabetic
rats treated with lycopene alone) were mostly identical to the
corresponding values in NYOG and DINS groups, which
represent the non-occurrence of oxidative stress due to dia-
betes (NYOG group) and the most effective therapeutic
intervention for rats with type 1 DM (DINS group).
Therefore, the maintenance of the lycopene effects seems to
be an interesting strategy of the combined therapy, since it
seemed to have avoided the oxidative stress onset in the liver
and kidneys of diabetic rats.

However, it is interesting to note that the responses
found in some biomarkers of glycoxidative stress in liver
and kidneys of STZ-induced diabetic rats do not appear to
be a consequence of the treatments, but rather a possible
compensatory mechanism due to DM itself. In the kidneys,
AGE:s levels were decreased in diabetic rats, treated or not
with insulin, metformin or lycopene. The reduction in the
renal AGEs levels in diabetic rats deserves to be further
explored, and may be related to increases in the expres-
sion/activity of components belonging to systems that
detoxify AGEs or their precursors, including AGE-R1
receptor and the glyoxalase system. In the liver, TBARS
levels were decreased in all groups having diabetic rats,
treated or not. The decrease in the hepatic TBARS levels

in diabetic rats may have been a consequence of the
increases observed in the activities of GSH-Px and GSH-
Rd, enzymes that belong to the glutathione redox system,
which should be a compensatory response to the increase
in the oxidative damage on lipids,”® considering that GSH-
Px has lipid peroxides as substrates. Conversely, this com-
pensatory response of the glutathione redox system also
occurred in the kidneys of STZ-induced diabetic rats,
however without the subsequent decrease in TBARS
levels. Elegant study by De Haan et al>® explored if GSH-
Px 1 (an isoform highly expressed in kidneys) has
a protective role against the renal injury due to oxidative
stress caused by hyperglycemia in STZ-induced diabetic
mice. In this study, changes in kidneys of mice deficient in
GSH-Px 1 (named Gpxl-/-) or intact animals (named
Gpx1+/+) were analyzed, in mice having or not diabetes
(induced by STZ). Authors found that DM caused signifi-
cant increases in the renal levels of ROS (accessed by the
fluorescence of 2',7'-dichlorofluorescein) and malondialde-
hyde (accessed as TBARS), in a similar extent between
Gpx1-/- and Gpx1+/+ mice. Authors concluded that oxi-
dative stress in kidneys was unaltered by the absence of
GSH-Px 1, and that this enzyme seems not to have
a protective role against the development of diabetic
nephropathy in type 1 diabetic animals. Therefore, extra-
polating these findings to our study, it can be inferred that
the compensatory response that occurred in the glutathione
redox system in kidneys of diabetic rats does not have an
important contribution in the detoxification of lipid per-
oxides, as occurred in liver.

Conclusion
that
a contributing factor to the onset of diabetic complications

Knowing postprandial ~ hyperglycemia s
by mechanisms involving the exacerbated formation of
ROS and AGEs, the present study provides evidence
that the combination of lycopene and metformin arises
as an interesting strategy to counteract the impairments
related to the metabolic memory, since this combined
therapy significantly reduced the postprandial glycemia
levels of diabetic rats, in comparison with the isolated
treatments. Furthermore, lycopene and metformin attenu-
ated dyslipidemia, reduced plasma AGEs levels, and
maintained the activity of PON 1, highlighting the effec-
tiveness of this combined therapy against cardiovascular
complications in diabetes. Lastly, lycopene and metformin
activated the antioxidant defenses in tissues targeted by
the deleterious impacts of ROS and AGEs during diabetes
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(liver, kidney). The beneficial effects of the combination
between lycopene and metformin in diabetes reinforce the
promising potential of natural bioactive compounds hav-
ing antioxidant and anti-AGE properties to be used as
a complementary therapeutic option with antihyperglyce-
mic drugs to contrast the diabetic complications resulting
from glycoxidative stress.
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