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Abstract: This study aimed to investigate the effects of agnuside (AGN), a phytoestrogen in Vitex agnus-castus, on cellular and 

metabolic alterations induced by ovariectomy in rats. Ovariectomized (OVX) Wistar rats were used as an animal model of 

postmenopausal metabolic syndrome. The visceral and subcutaneous adipocyte sizes, the peripheral insulin sensitivity and the 

occurrence of nonalcoholic fatty liver disease (NAFLD) and liver oxidative damage were evaluated. The results were compared with 

those obtained from control rats (sham-operated) and OVX rats treated daily with AGN. Obese OVX rats exhibited visceral 

adipocyte hypertrophy and developed glucose intolerance, hyperinsulinemia, NAFLD and dyslipidemia. AGN exerted beneficial 

effects on several metabolic parameters in OVX rats, including the improvement in glucose intolerance, hyperinsulinemia and 

NAFLD. Besides, AGN promoted a general improvement in the liver redox state. Although the reduction of the mesenteric adipocyte 

size is very likely to be an important mode of action of AGN, some actions of AGN could also involve the interaction with estrogen 

receptors. 
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1. Introduction

 

Epidemiological data show that an estimated 1.1 

billion women worldwide will be menopausal by 2025 

[1]. Postmenopausal women are prone to fat 

metabolism disorders and obesity, with a central 

pattern of fat distribution and adipocyte hypertrophy 

[2], which are both predisposing factors for insulin 

resistance (IR) [3] and nonalcoholic fatty liver disease 

                                                           
Correspondence: Clairce Luzia Salgueiro-Pagadigorria, 

Ph.D., professor, research fields: liver, sub cellular fractions, 

metabolic syndrome, estrogen deficiency and energy 

metabolism.  
 

(NAFLD) [4, 5]. These features occur because 

hypertrophic adipocytes exhibit increased lipolysis, 

releasing fatty acids (FA) directly in the portal venous 

system. This release overloads the liver and leads to 

the accumulation of triacylglycerols (TAG) in the 

cytosol of hepatocytes [6, 7]. Liver lipid metabolism 

is regulated by estrogens through genomic actions; 

thus, under conditions of estrogen deficiency, the 

incidence of NAFLD increases considerably [8]. The 

fat accumulation in the liver, in turn, leads to 

oxidative cell damage [9-12]. 

Hormone replacement therapy has been considered 
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the standard treatment for menopausal disturbances. 

However, the risks associated with this practice for 

some groups of women [13, 14] have led to a search 

for alternative forms of treatment, including the use of 

herbal compounds containing phytoestrogens. 

Although herbal compounds are considered safe, 

hepatotoxicity induced by active natural compounds is 

not uncommon, and the alterations induced by 

estrogen deficiency could make the liver more 

vulnerable to secondary injuries. 

With this in mind, our team has investigated the 

effects of natural compounds frequently used by 

postmenopausal women by using ovariectomized 

(OVX) rats as an animal model [8, 10−12, 15, 16]. 

Approximately 6 weeks after the surgical removal of 

the ovaries, OVX rats develop several metabolic 

disturbances characteristic of postmenopausal 

metabolic syndrome, including increased adiposity, 

with a central pattern of fat distribution, IR,   

NAFLD and dyslipidemia [8, 10−12]. Focusing on 

liver lipid metabolism and toxicity, we demonstrated a 

high hepatotoxic potential for Cimicifuga racemosa 

[10], a plant widely used by women to treat 

menopausal symptoms, especially to relieve hot 

flushes. 

More recently, we investigated the effects of 

another plant extract, Vitex agnus-castus (VAC), 

which is also commonly used by postmenopausal 

women as an alternative therapy [17]. The crude 

extract of VAC contains considerable quantities of an 

iridoid glycoside, agnuside (AGN); some of the 

beneficial effects of VAC have been attributed to the 

estrogenic and antioxidant actions of AGN [18, 19]. 

Our results revealed that in OVX rats, the crude 

extract of VAC and its butanolic fraction (enriched in 

AGN) are effective in reversing several lipid 

metabolism disorders, including NAFLD and 

adiposity [12]. The AGN-enriched extract also exerted 

additional hepatoprotective effects, including a 

reduction in the mitochondrial reactive oxygen species 

(ROS) generation and a general improvement in the 

redox status. The content of pure AGN in the 

AGN-enriched extract has been demonstrated to be 

8.75% [12], meaning that other active compounds 

could also have had a role in the beneficial effects 

previously found in OVX rats. 

Therefore, on basis of the very promising properties 

of AGN in the treatment of metabolic disturbances 

associated with estrogen deficiency, this study was 

planned to investigate the effects of pure AGN on the 

metabolic disturbances of OVX rats. In addition to 

liver metabolism, adiposity and the plasma lipid 

profile, which were previously evaluated after 

treatment with a crude extract of VAC and an 

AGN-enriched extract [12] other important parameters 

related to metabolic syndrome in postmenopausal 

women were evaluated, including insulin sensitivity, 

visceral adipocyte size and the formation of advanced 

glycation end products (AGE). 

2. Materials and Methods 

2.1 Materials 

AGN and the most of substrates and reagents used 

were purchased from Sigma Chemical Co. (St. Louis, 

USA). Some other reagents were from Merck 

(Darmstadt, FRG), Carlo Erba (São Paulo, Brazil) and 

Reagen (Rio de Janeiro, Brazil). Gold Analisa
®

 (Belo 

Horizonte, Brazil) kits for measuring glucose and 

lipids were used. Sodium heparin was obtained from 

Roche (São Paulo, Brazil).  

2.2 Animals 

A total of 126 female Wistar rats (45 days old, 

130-160 g body weight (BW)) were randomly 

assigned to receive sham-operation (Control; CON 

rats) or bilateral ovariectomy (OVX rats), in a 

proportion of 1:2. Animals were anaesthetized (10 mg 

xylazine + ketamine 50 mg/kg BW, i.p.) to the 

surgical removal of the ovaries. The CON rats were 

subjected to the same procedures without ovary 

removal. Ten weeks after the ovariectomy or 

sham-operation surgical procedures, the rats were 
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subdivided into three groups: control (sham-operation, 

CON), untreated OVX rats and AGN-treated 

ovariectomized rats (OVX+AGN). 

During the entire experimental period of 13 weeks, 

the rats were maintained in polypropylene cages, at 

controlled temperature (23 °C) and a light/dark cycle 

of 12 h. The animals were fed a standard diet and 

water ad libitum. The food consumption (g/day) and 

BW were measured in the three groups of animals, 

throughout the entire experimental period. 

All experiments were conducted in strict adherence 

with the guidelines of the Ethics Committee for 

Animal Experimentation of the University of Maringá 

(Certificate No. 149/2014). 

2.3 Animal Treatment and Material Collection 

Ten weeks after the surgical procedures for 

ovariectomy, the rats of the OVX+AGN group were 

treated with daily doses of AGN (0.042 mg/kg BW) 

suspended in gum arabic (1%). The AGN dose used in 

this study was equivalent to the amount present in the 

doses of crude extracts of VAC recommended for 

postmenopausal women [17]. The CON and OVX 

(untreated) rats received daily doses of gum arabic 

(1%). The treatment was performed by gavage for a 

period of 21 days. On the day of the experiments, the 

animals were anesthetized with thiopental sodium (50 

mg/kg BW, i.p.) [10, 12] and lidocaine (4 mg/kg) [20] 

to collect blood samples and to remove the liver, 

adipose tissues and the uterus. 

Adipose tissues were collected from three visceral 

depots (retroperitoneal, mesenteric and uterine) and 

one subcutaneous depot (inguinal). These adipose 

tissues were weighed, and the values are expressed in 

g per 100 g of BW. The adiposity index was 

calculated by adding the weights of these tissues. The 

uterus was also collected and weighed, and the value 

was expressed in g per 100 g BW. 

2.4 Morphometric Analysis of Adipocytes 

The adipocytes were fixed overnight at 4 °C in 

Carnoy’s solution (ethanol:chloroform:glacial acetic 

acid 6:3:1), dehydrated in a graded series of ethanol, 

diaphanized in xylol and embedded in histological 

paraffin. The histological tranverse semiserial sections 

(5 µm thicknesses) were stained with hematoxylin and 

eosin. Morphometric analyses were carried out using 

digital images captured by a high resolution camera 

(Olympus Q Color 3—Olympus American, Burnaby, 

Canada) coupled to an Olympus BX 41 light 

microscope with ×40 objectives (Olympus, Tokyo, 

Japan) using QCapture Pro 5.1
TM

 software. The 

adipocyte sizes were measured using Image-Pro Plus 

4.5 software (Media Cybernetics, Silver Springs, USA) 

and 400 cells in different microscopic fields per tissue 

section. 

2.5 Serum Biochemical Analysis 

The blood was collected by cardiac puncture from 

fasted rats. Total cholesterol, high-density lipoprotein 

(HDL-cholesterol) and TAG in serum were analyzed 

by standard methods using assay kits (Gold Analisa
®
). 

The low-density lipoprotein (LDL-cholesterol) levels 

were determined by subtracting HDL and 

very-low-density lipoprotein (VLDL-cholesterol) 

from total cholesterol. 

2.6 Intravenous Glucose Tolerance Test (ivGTT) 

For ivGTT tests, animals fasted for 12 h were 

anaesthetized (10 mg xylazine + ketamine 50 mg/kg 

BW, i.p.), and a cannula was implanted into the 

jugular vein for the administration of a glucose load (1 

g/kg BW) and for blood collection during the 

experiment, which started 24 h later [21]. The animals 

were kept awake in individual cages, and blood was 

collected just before (time 0) and 5, 15 and 30 min 

after the injection of the bolus of glucose. 

The plasma glucose was measured using assay kits 

(Gold Analisa
®
) and insulin by a radioimmunoassay. 

The fasting insulin and glucose levels were used to 

evaluate IR, expressed in terms of HOMA-IR index 

[22]. 
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2.7 Liver Lipid Content Determination 

The total liver lipid content was determined by 

gravimetry [23], and the lipid contents were expressed 

in percentage terms (g/100 g liver wet weight). The 

liver total cholesterol and TAG were determined after 

the suspension of fat in 2% Triton, followed by 

vortexing and heating at 55 °C. The liver lipid content 

was measured using assay kits (Gold Analisa
®

). 

2.8 Isolation of Liver Fractions and Assays 

Liver mitochondria were isolated by differential 

centrifugation [24]. Intact mitochondria were used to 

measure β-oxidation capacity, ROS generation, 

protein carbonyl content and nicotinamide nucleotide 

transhydrogenase (NNT) activity. Freeze-thawing 

disrupted mitochondria were used to measure the 

reduced glutathione (GSH) contents, and 

sonication-disrupted mitochondria were used to 

measure the activity of glutathione peroxidase 1 

(GPx1) [25]. 

The liver cytosolic fractions were obtained by 

centrifugation of intact mitochondrial suspensions at 

15,000 × g for 15 min and were used to measure the 

activity of the glutathione peroxidase 3 (GPx3). 

To measure the activity of the glucose 6-phosphate 

dehydrogenase (G6PD), livers from fed animals were 

homogenized in a medium containing 0.1 M Tris/HCl 

buffer and 1 mM EDTA (pH 7.6) and centrifuged at 

30,000 × g for 15 min. The activity of this enzyme 

was determined in the supernatant by using traditional 

methods, as described below. 

The homogenates obtained from freeze-clamped 

liver of overnight fasted rats were used to measure 

GSH and thiobarbituric acid reactive substance 

(TBARS) levels. 

The protein concentrations in the subcellular 

fractions were determined using bovine serum 

albumin as a standard [26]. 

2.9 Liver Mitochondrial β-Oxidation Capacity 

The amount of oxygen consumed by intact 

mitochondria oxidizing FA was measured by 

polarography at 37 °C using a Clark-type oxygen 

electrode (Yellow Springs Instruments, Yellow 

Springs, OH, USA) [27]. The reactions were initiated 

by the addition of the following: (a) 20 mM 

octanoyl-CoA + 2.0 mM L-carnitine, (b) 20 mM 

palmitoyl-CoA + 2.0 mM L-carnitine or (c) 20 mM 

palmitoyl-L-carnitine. The rate of oxygen 

consumption was expressed as nmol/min × mg 

protein. 

2.10 Mitochondrial ROS Generation 

The ROS production by the mitochondrial fraction 

was evaluated using 2’,7’-dichlorofluorescein 

diacetate (DCFH-DA) oxidation assays as previously 

described [28]. After a 3-min incubation period of the 

mitochondrial suspensions (1 mg protein/mL) in a 

medium containing 250 mM mannitol, 5 mM malate, 

5 mM glutamate, 15 µM DCFH-DA and 2 mM TRIS 

(pH 7.2), the reaction was initiated by the addition of 

600 µM ADP. The mitochondrial ROS generation was 

estimated by measuring the linear increase in 

fluorescence (excitation, 495 nm; emission, 529 nm) 

recorded over a period of 5 min, and the value was 

expressed as pmol/min × mg protein. 

2.11 Determination of the GSH Contents in Liver 

Homogenates and Isolated Mitochondria 

GSH contents were measured in the presence of 

o-phthalaldehyde (OPT) [29], and the product of this 

reaction, GSH-OPT, was measured fluorimetrically 

(excitation, 350 nm; emission, 420 nm). The results 

were expressed as µg/mg protein. 

2.12 Measurements of Antioxidant Enzyme Activities 

The activities of the two isoforms of GPx were 

assessed in the cytosolic fractions (GPx3) and in the 

mitochondrial matrix (GPx1) according to their ability 

to oxidize GSH in the presence of H2O2 [30]. The 

activity of these enzymes was expressed as nmol/min 

× mg protein (ε, 6,220 M
-1

×cm
-1

). 
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The activity of G6PD was determined 

spectrophotometrically by measuring the rate of 

increasing in absorbance [31] at 340 nm from the 

conversion of β-Nicotinamide adenine dinucleotide 

2′-phosphate (NADP
+
) to NADPH by G6PD. The 

activity of this enzyme was expressed in nmol/min × 

mg protein (ε, 6,220 M
-1

×cm
-1

). 

The activity of the NNT enzyme was measured in 

isolated liver mitochondria by direct 

spectrophotometry using a combination of previously 

described methods with modifications [32, 33]. The 

enzyme activity was evaluated by the rate of increase 

in the absorbance at 375 nm, which was recorded for 3 

min; the result was expressed as mmol/min × mg 

protein (ε, 5.1 mM
-1

×cm
-1

). 

2.13 Determination of Protein Carbonyl Content and 

Lipid Peroxidation Levels 

The protein carbonyl contents were determined in 

liver homogenates and freshly isolated mitochondria 

using the 2,4-dinitrophenylhydrazine (DNPH) method 

described by Guarnier et al. [34] with modifications [35, 

36]. The protein carbonyl group levels were evaluated 

spectrophotometrically at 370 nm; the results were 

expressed in nmol/mg protein (ε, 22,000 M
-1
cm

-1
). 

The TBARS contents (predominantly 

malondialdehyde) were measured by direct 

spectrophotometry [37] and used as biomarkers of 

oxidative stress and lipid peroxidation. The results 

were expressed as nmol/mg protein (ε, 1.56 × 10
5 

M
-1
cm

-1
). 

2.14 Treatment of Data 

The data in the figures and tables are presented as 

mean ± standard error (SE) and were subjected to 

analysis of normality using the Shapiro-Wilk test. The 

experimental groups were compared using analysis of 

variance (ANOVA), followed by Newman-Keuls post 

hoc test. The compared values are provided in the text 

as probability values (p), and the minimum criterion 

of significance was p ≤ 0.05. Statistical analyses were 

performed with GraphPad Prism 5.0 software 

(GraphPad Software, Inc.). 

3. Results 

3.1 General Features 

As shown in the graph line in Fig. 1, the OVX and 

OVX+AGN rats exhibited a higher and similar BW 

gain (approximately 60%), compared to the CON 

group. Fig. 1 also shows a histogram of the BW gain 

at end of the experimental period.  
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Fig. 1  Body weight evolution. The CON, OVX and OVX+AGN rats were weighed weekly (n = 7). The graph line shows the 

body weight (g) over the time (13 weeks). The histogram represents the body weight gain of each group at the end of the 

experimental period. The results were expressed as mean ± SE (ap < 0.001 vs. CON). 
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Table 1 presents the general features of these 

animals. Among them, the uterine weight, which 

reveals uterine atrophy in the OVX and OVX+AGN 

rats, indicates estrogen deficiency. Although the OVX 

and OVX+AGN rats exhibited higher BW gain than 

CON rats, this could not be attributed to differences in 

food ingestion. The adiposity index was higher only in 

OVX rats (+29%). In these animals, with the 

exception of retroperitoneal fat, all other fat depots 

increased compared to those in CON: mesenteric by 

55%, uterine by 25% and inguinal fat by 35%. The 

treatment with AGN was effective in reducing the 

mesenteric and uterine fat depots, which became 

similar to those from CON rats, but this treatment 

failed to reduce the inguinal fat (+32%). In the 

OVX+AGN rats, the adiposity index reached 

intermediate values between those found in the CON 

and OVX rats but did not differ significantly from 

those values. 

3.2 Morphometric Analysis of Adipocytes 

Fig. 2 shows the representative photomicrographs 

of the retroperitoneal (panels A, B, C), mesenteric 

(panels D, E, F), uterine (G, H, I) and inguinal (J, K, L) 

fat depots from the CON, OVX and OVX+AGN rats, 

respectively. Panels 1a, 1b, 1c and 1d show the 

average adipocyte sizes in these depots. The adipocyte 

sizes were significantly higher in the OVX rats, except 

in the retroperitoneal fat. The treatment with AGN 

reduced the adipocyte sizes in the mesenteric and 

uterine fat depots; these adipocyte sizes became 

similar to those of the CON rats. However, the 

treatment was not effective in reducing the adipocyte 

sizes in the inguinal fat. 

3.3 Serum Biochemical Analysis 

Table 2 shows the lipid profile of these animals. 

The TAG and total cholesterol were directly measured 

by biochemical methods. As the animals of all groups 

presented values of total cholesterol lower than 100 

mg/dL, the Friedewald formula could be used reliably 

to calculate the VLDL-cholesterol levels [38]. 

Compared with the CON rats, the OVX rats presented 

higher TAG and VLDL levels (approximately 29% 

higher for both). The treatment with AGN further 

increased the TAG and VLDL serum levels, which 

were both 53% higher than those of CON. The total, 

HDL-, and LDL-cholesterol levels did not differ 

between the groups; neither did the HDL/LDL ratio.  

3.4 Intravenous Glucose Tolerance Test (ivGTT) 

Fig. 3 shows the time course of glucose (panel A) 

and insulin (panel B) levels. Although the glycemic 

responses of the animals did not differ between groups, 

the insulin peak at 5 min was significantly higher in 

OVX rats than in CON and OVX+AGN rats. These 

results were corroborated by the histograms of the 

areas under the curves (AUCs) of glucose (panel C) 

and insulin (panel D) levels. The HOMA-IR index 

(panel E) did not differ between the groups. 
 

Table 1  General features.  

 CON OVX OVX+AGN 

Uterine weight  0.25 ± 0.02 0.04 ± 0.01a 0.04 ± 0.01a 

Food consumption  20.21 ± 0.42 21.90 ± 0.38 21.59 ± 0.89 

Adiposity index  7.88 ± 0.47 10.23 ± 0.75b 9.39 ± 0.20 

Retroperitoneal fat  2.37 ± 0.24 2.28 ± 0.16 2.33 ± 0.10 

Mesenteric fat  1.42 ± 0.11 2.20 ± 0.19c 1.76 ± 0.07 

Uterine fat  2.15 ± 0.14 2.68 ± 0.15c 2.14 ± 0.07 

Inguinal fat  2.06 ± 0.16 2.78 ± 0.12d 2.72 ± 0.14d 

The uterine and fat depot weights were expressed in g/100 g BW (n = 6-8). Food consumption was expressed in g/day (n = 3). The 

adiposity index was expressed as g/100 g BW (n = 6). The results were expressed as mean ± SE (ap <0.001 vs.CON; bp < 0.05 vs. 

CON; cp < 0.05 vs. CON and OVX+AGN; dp < 0.01 vs. CON).  
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Fig. 2  Adipocyte size of retroperitoneal, mesenteric, uterine and inguinal fat depots. Representative photomicrographs of 

adipose tissues of CON, OVX and OVX+AGN rats, from retroperitoneal (panels A, B, C, respectively), mesenteric (panels D, 

E, F), uterine (panels G, H, I) and inguinal (J, K, L) fat depots. Below these photomicrographs, are presented the 

morphometric analysis of the adipocyte size from CON, OVX and OVX+AGN rats, performed for all these fat depots (panel 

1a, n = 5; panel 1b, n = 4; panel 1c, n = 5 and panel 1d, n = 5). The scale bar is of 50 μm. The results were expressed as mean ± 

SE (ap < 0.05 vs. CON and OVX+AGN; bp < 0.05 vs. CON). 
 

Table 2  Serum biochemical analysis. 

 CON OVX OVX+AGN 

Triacylglycerols  31.58 ± 2.29 40.62 ± 2.04a 48.29 ± 1.79b 

Total cholesterol  65.67 ± 3.61 72.12 ± 2.86 70.86 ± 1.62 

HDL-cholesterol  32.15 ± 2.88 35.11 ± 1.59 34.14 ± 1.75 

LDL-cholesterol  28.50 ± 2.24 30.44 ± 1.97 26.64 ± 1.58 

VLDL-cholesterol  6.32 ± 0.46 8.12 ± 0.41a 9.66 ± 0.36b 

HDL/LDL ratio 1.17 ± 0.14 1.18 ± 0.16 1.43 ± 0.16 

Triacylglycerols (mg/dL; n = 12), total cholesterol (mg/dL; n = 7), high-density lipoprotein (HDL-cholesterol; mg/dL; n = 7), 

low-density lipoprotein (LDL-cholesterol; mg/dL; n = 6), very low density lipoprotein (VLDL-cholesterol; mg/dL; n = 12) and 

HDL/LDL ratio (n = 5) were expressed as mean ± SE (ap < 0.05 vs. CON; bp < 0.05 vs. CON and OVX). 
 

3.5 Liver Lipid Content Determination 

To evaluate the occurrence of NAFLD, the total 

liver lipid contents were measured (Fig. 4A); the 

livers of CON rats presented a normal total lipid 

content (4.39 ± 0.27 g/100 g liver wet weight), while 

the livers of OVX rats exhibited significantly higher 

amount of total lipids (+38%), indicating extensive 

NAFLD. This condition was partially reversed by 

treatment with AGN. In the OVX+AGN rats, the liver 

lipid contents were between the values in the OVX 

and CON rats and differed significantly from the 

values in those groups. 

The amounts of TAG (Fig. 4B) and total cholesterol 

(Fig. 4C) in the liver were also quantified. The TAG 

contents were higher in the OVX rats (+40%) than in 

the CON rats, and the treatment reduced these values 

to close to those found in CON. The amount of total  
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Fig. 3  Plasma glucose and insulin concentrations from intravenous glucose tolerance test (ivGTT). Time course of glycemia 

(Panel A, mg/dL; n = 7-8), time course of insulinemia (Panel B, ng/mL; n = 5-6), the areas under the curves (AUC) of 

glycemia (panel C) and insulinemia (panel D), and HOMA-IR index (Panel E, n = 5-6) are presented. The results were 

expressed as mean ± SE (ap < 0.05 vs. CON and OVX+AGN). 
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Fig. 4  Liver lipid content. The liver total lipid content (Panel A, g/100 g wet liver weight; n = 14), the liver TAG (Panel B, 

mg/100 g wet liver weight; n = 13) and in the liver total cholesterol (Panel C, mg/100 g wet liver weight; n = 12) are presented. 

The results were expressed as mean ± SE (ap < 0.01 vs. CON; bp < 0.05 vs. CON and OVX; cp < 0.05 vs. CON and 

OVX+AGN). 
 

cholesterol in the liver was not different between 

groups. 

3.6 Liver Mitochondrial β-Oxidation Capacity 

The ability of isolated liver mitochondria to oxidize 

octanoyl- and palmitoyl-CoA (in the presence of 

L-carnitine) and palmitoyl-L-carnitine was measured, 

and the results are shown in Fig. 5. The oxidation of 

octanoyl-CoA and palmitoyl-L-carnitine in isolated 

liver mitochondria was not different between groups, 

but less oxidation of palmitoyl-CoA was found in the 

OVX and OVX+AGN rats than in the CON rats. 

3.7 Liver Mitochondrial Redox State 

Mitochondrial ROS generation and the activity of 

mitochondrial antioxidant enzymes were also 

evaluated in this work, and the results are shown in 

Fig. 6. As shown in Panel A, the liver mitochondrial 

H2O2 production from OVX rats was significantly 

higher than that of the CON rats (+238%), and the 

treatment partially reduced this production by 

approximately 30%. Panel B shows the carbonyl 

protein contents in mitochondria, which were higher 

in the OVX rats (+98%) than in the CON rats and 

were completely restored in the OVX+AGN rats. The 

mitochondrial GSH contents, which were reduced in 

the OVX rats (Panel C), were not significantly 

restored in the OVX+AGN rats. The activities of the 

following mitochondrial antioxidant enzymes were 

also assessed in isolated mitochondria: GPx1 (Panel D) 

and NNT (Panel E). Similar results were found for 

these two enzymes: both were lower in the liver 

mitochondria of the OVX rats than in those of the 

CON rats (-28% and -29%, respectively). The 

treatment with AGN completely restored the GPx1 

activity, but did not significantly alter the NNT 

activity, which reached intermediate values between 

CON and OVX rats, but did not differ to them. 
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Fig. 5  Liver mitochondrial β-oxidation. The liver mitochondrial β-oxidation capacity in rats was determined by 

polarography as described in the Material and Methods section. Reactions were initiated by the addition of the octanoyl-CoA 

+ L-carnitine (Oct-CoA), palmitoyl-CoA + L-carnitine (Palm-CoA) or palmitoyl-L-carnitine (Palm-L-Carn). The values are 

expressed as the means of 3 to 6 individual experiments with different mitochondrial preparations (nmol/min × mg protein). 

The results were expressed as mean ± SE (ap < 0.05 vs. CON). 
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Fig. 6  Mitochondrial ROS generation and ROS scavenger systems. The liver mitochondrial oxidative status was evaluated 

by assessing mitochondrial ROS generation and the ROS scavenging system. Mitochondrial H2O2 generation (Panel A, 

pmol/min × mg protein; n = 5); mitochondrial protein carbonyl (Panel B, nmol/mg protein; n = 8); mitochondrial GSH levels 

(Panel C, µg/mg protein; n = 8); GPx1 activity (Panel D, nmol/min × mg protein; n = 8) and NNT activity (Panel E, mmol/min 

× mg protein; n = 6) were evaluated. The results were expressed as mean ± SE (ap < 0.05 vs. CON; bp < 0.05 vs. CON and 

OVX+AGN). 
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Fig. 7  Evaluation of the liver redox status. The liver oxidative status was evaluated by assessing the liver GSH levels (Panel 

A, µg/mg protein; n = 7); G6PD activity (Panel B, nmol/min×mg protein; n = 7); GPx3 activity (Panel C, nmol/min × mg 

protein; n = 9); protein carbonyl (Panel D, nmol/mg protein; n = 7) and liver lipid peroxidation using the TBARS method 

(Panel E, nmol/mg protein; n = 8). The results were expressed as mean ± SE (ap < 0.05 vs. CON; bp < 0.05 vs. CON and 

OVX+AGN). 
 

3.8 Liver Redox State 

The increased ROS generation found in the liver 

mitochondria from the OVX rats could induce 

alterations in the general redox state, a possibility that 

was evaluated in this work through GSH and TBARS 

measurements. The activities of cytosolic antioxidant 

enzymes were also measured, and the results are 

presented in Fig. 7 (panels A to E). The GSH levels 

(panel A) were significantly reduced in the OVX rats 

(-33%) and were not significantly restored by 

treatment with AGN. The level of G6PD enzyme, 

(panel B), which provides the reducing equivalents to 

glutathione reductase, was reduced (-54%) in the 

OVX rats and was partially recovered by treatment. 

The GPx3 activities (panel C) were reduced (-39%) in 

the OVX rats and were completely restored in the 

OVX+AGN rats. The carbonyl protein content in the 

liver homogenate (panel D) was significantly higher 

(+33%) in the OVX rats and was completely 

recovered in the OVX+AGN rats; similar results were 

found for the lipid peroxidation levels (panel E). 

4. Discussion and Conclusions 

The results presented here demonstrated that the 

OVX rats exhibited increases in almost all fat depots 

and in the adiposity index. The adipocytes in two 

visceral depots (mesenteric and uterine) became 

hypertrophic in OVX rats, a phenomenon that was 

accompanied by glucose intolerance, NAFLD and 

dyslipidemia. Additionally, fat in the liver led to 

worsening of the general redox state of this organ. The 

treatment of OVX rats with AGN reduced the visceral 

adipocyte size, improved the glucose tolerance, 

reduced the liver fat accumulation and improved the 

liver redox state. 

Among all the adipocytes, the mesenteric 

adipocytes in the CON rats exhibited the smallest 

diameters in the CON rats, and the mesenteric 

adipocytes in the OVX rats exhibited the largest size 

increases. On the other hand, the largest adipocytes of 

the CON rats either did not become hypertrophic 

(retroperitoneal depot) or exhibited a small increase in 

size (subcutaneous depot). These same features were 
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reported for comparisons of lean premenopausal and 

obese postmenopausal women [2], as well as for 

comparisons of healthy and unhealthy, severely obese 

men [3]. 

The treatment of OVX rats with AGN was able to 

reduce the adiposity index and the size of visceral 

adipocytes, particularly the mesenteric ones, without 

affecting the diameter of the subcutaneous adipocytes, 

and this effect was accompanied by improvements in 

glucose tolerance and NAFLD, which corroborates the 

correlation between mesenteric adipocyte hypertrophy 

and metabolic disorders. 

Omental/mesenteric adipocyte hypertrophy leads to 

more detrimental metabolic effects, in part because of 

the close proximity to the liver and visceral immune 

cell populations [7]. In addition, the enlarged visceral 

adipocytes exhibit the most pronounced 

diameter-related alterations, including high tumor 

necrosis factor (TNF-α) [39] and low adiponectin 

levels [40], which were shown to be related to lower 

responsiveness of adipocytes to insulin [41, 42] thus 

resulting in increased adipocyte lipolysis [43] and less 

glucose uptake [44]. 

Although the alterations observed in OVX rats 

occurred in the absence of significant changes in 

insulin sensitivity, as judged by the HOMA-IR index, 

under conditions of glucose overload, the OVX rats 

presented higher insulin peaks, suggesting reduced 

insulin sensitivity. 

The treatment of OVX rats with AGN led to an 

improvement in insulin sensitivity, and this 

improvement could contribute to the partial reversal of 

NAFLD, partly because of the lower lipolytic 

response of mesenteric adipocytes [7] and partly 

because of improvements in hepatic lipid metabolism 

[45]. The latter effect seems to be related to the 

estrogen-like actions of AGN [8]. The reduction in 

insulin levels by AGN could also contribute to higher 

VLDL secretion, since insulin promotes autophagic 

degradation of apolipoprotein B100 (apoB100), thus 

limiting secretion of VLDL from the liver [15]. On the 

one hand, this change could help reverse NAFLD, but 

on the other hand, it could provoke elevations in 

VLDL levels, which, in fact, was a finding of the 

present work in OVX rats treated with AGN. 

With respect to the lipid profile, the fasting VLDL 

and TAG levels were increased in the OVX rats and 

were further increased by the treatment with AGN. 

However, we believe that the mechanisms involved 

are quite different. In OVX rats, the high levels of 

VLDL could probably be a consequence of the 

physiological loss of the hepatic insulin regulation of 

apoB100 that resulted from the liver fat accumulation 

[46]. In the OVX+AGN animals, the increase in the 

VLDL levels should reflect higher liver secretion of 

VLDL. Similar results were found upon treatment of 

OVX rodents with estrogen [15, 16]. 

The liver redox state of these animals was also 

evaluated in this study. OVX rats exhibited a general 

worsening of the liver redox state. It is known that 

liver fat accumulation per se leads to oxidative cell 

damage [9]. In addition, estrogen has antioxidant 

actions not only because of its phenolic structure [47] 

but also because of its capacity to decrease 

mitochondrial ROS generation [48] and to regulate the 

expression or activity of antioxidant enzymes [10-12, 

47, 48]. 

Among the beneficial effects of AGN on redox 

status, the complete restoration of the activities of 

GPx1, Gpx3 and G6PD stands out. The partial 

recovery of the NNT activity upon AGN treatment 

could be a result of the reduction of TAG in the liver 

of OVX+AGN rats, since NNT is strongly inhibited 

by FA, primarily long chain FA (palmitoyl-CoA) [49, 

50]. It is also reasonable to consider that the partial 

recovery of the activities of the NNT and G6PD 

enzymes could have contributed to the partial 

restoration of the GSH levels. For the activities of two 

other important antioxidant enzymes, superoxide 

dismutase and catalase, in our previous study [12], we 

found that their activities were not altered by 

ovariectomy, so these enzymes were not studied in 
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this work. 

In summary, our results support the existence of a 

close relationship between mesenteric adipocyte 

hypertrophy and glucose intolerance, 

hyperinsulinemia and NAFLD in OVX rats. The 

reduction in the mesenteric adipocyte size is very 

likely an important mode of action of AGN. The 

actions of AGN could also involve interactions with 

estrogen receptors, as indicated by the increase in 

VLDL secretion [15], the reduction in ROS generation 

[48] and the overall improvement in the liver redox 

state. 

Our findings reveal that AGN cannot be considered 

the main active compound in VAC, as has been 

suggested [17], since the treatment of OVX rats with 

pure AGN could not completely reverse the hepatic 

steatosis and adiposity index, as previously observed 

for an AGN-enriched extract of VAC [12]. This 

finding corroborated the idea that other active 

compounds in the VAC extracts could act 

synergistically, as is very common in herbal 

medicines. Nevertheless, the high potential for the use 

of pure AGN to treat postmenopausal-related 

metabolic disturbances was evidenced by our current 

study, especially the improvement in insulin resistance 

and the reduction in the visceral adipocyte size. 
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