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1. Introduction

An important number of plant species have been 
manipulated to obtain polyploid plants that produce higher 
amounts of biomass and specific secondary metabolites 
(Dhooghe et al., 2011; Caruso et al., 2013). Tetraploidy has been 

linked to increased photoautotrophic potential, and higher 
production of the phytoecdisteroid 20-hydroxyecdisone 
(20E) in the Brazilian ginseng (Paffia glomerata Spreng. 
Pedersen, Family Amaranthaceae) (Vigo  et  al., 2004). 
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The separations were performed into HPLC system by 
the auto sample injector. The column used in the elutions 
(Shimpack®, 15cm by 4.6mm) was reverse-phase (C-18), 
maintained at 30ºC. The separation was made in a gradient 
system, using as mobile phase a mixture of methanol: water. 
In time from 0 to 5 min, methanol: water concentration 
ranged from 10:90 (v/v) to 70:30 (v/v). In time from 5 to 
12 min, the concentration methanol: water remained at 
70:30 (v/v), and at the time 12 to 15 min, the concentration 
of methanol: water ranged from 70:30 (v/v) to 100% of 
methanol. The detection wavelength was 245nm and flow 
rate of 1mL/min, getting a run of 15min. The conditions 
were previously tested and optimized. The sample injection 
volume was 20μL.

The major compound quantification was made with a 
standard curve of 20-hydroxyecdysone (99% 20E purity; 
Sigma Chem. Co. USA). The chromatographic run presented 
the same conditions mentioned above, but in different 
concentrations (0.0024, 0.060, 0.12, 0.18, 0.23 and 0.29 mg/ml). 
Afterwards, a linear graph was generated, allowing us to 
obtain the equation of the curve used to calculate the 
concentration of the major compound.

2.3. Animals

All experimental procedures were approved by the 
UFV Ethics Committee on Animal Use (Protocol 044/2015). 
Male Swiss mice (n = 30; 55 days of age, 33.0 ± 3.0 g) were 
housed under controlled temperature (22°C), humidity 
(60%–70%), and photoperiod (12h light/dark). Food and 
drinking water were provided ad libitum.

The animals were randomly divided into five groups 
(n = 6 animals/group): control (water), BGEt 100, 200, and 
400 mg/kg (administered daily), and BGEt discontinuously 
(BGEtD) 200 mg/kg (administered every 3 days). 
All treatments were provided by oral gavage for 42 days. 
The extract was resuspended in water (0.5 mL), regardless 
of the concentration used. BGEt concentrations were 
chosen based on our previous results (Dias et al., 2019; 
Matta et al., 2020).

2.4. Sample collection

The animals were weighed and euthanized by deep 
anesthesia (i.p., thiopental, 30 mg/kg). Blood was harvested 
from the left ventricle via cardiac puncture. The liver was 
removed, weighed, and sectioned into three fragments for 
histopathological analysis. The first fragment was frozen 
in liquid nitrogen and stored at -80 °C for analysis of the 
oxidative status. The second fragment was immersed 
in Karnovsky fixative (Karnovsky, 1965), and the third 
fragment was immersed in a 30% KOH solution for 24 h 
for subsequent glycogen quantification. A small portion 
of frozen liver was used to assess tissue water content. 
The tissue was dried at 60°C for 96h to obtain a constant 
dry weight. The water content (mL/g) was calculated as 
the difference between the wet and dry liver weights.

2.5. Biochemical analysis

The blood of 6 animals was centrifuged at 4600 rpm for 
20 min at 4°C. Serum was collected to evaluate aspartate 
aminotransferase (AST) and alanine transaminase (ALT). 

20E is considered the main active compound responsible for 
the adaptogenic and aphrodisiac properties of P. glomerata 
(Corrêa et al., 2016), along with providing relief from mental 
and physical stress (Carulo, 2012). However, 20E has been 
associated with increased levels of reactive oxygen species 
(ROS) negatively impacting male fertility (Dias et al., 2019).

Pharmacokinetic and pharmacodynamic studies 
are essential to establish the medicinal efficacy and 
toxicological safety of plant based compounds. This is 
important at a systemic level especially in the liver as 
the main site of nutrient metabolism and excretion of 
residual products. The liver is the main target of ROS 
since it controls the flow of substances absorbed by 
the digestive tract into the systemic circulatory system 
(Sánchez-Valle et al., 2012). Hepatocytes are more resistant 
to oxidative stress, however, Kupffer cells, stellate cells, 
and endothelial cells are more sensitive to ROS. When 
subjected to oxidative stress, Kupffer cells secrete tumor 
necrosis factor-α, which promotes inflammatory processes 
and apoptosis with consequent collagen synthesis and 
fibrosis of the organ (Li et al., 2015).

Despite its widespread application in traditional 
medicine, it is unclear whether the long-term intake of the 
hydroalcoholic extract of P. glomerata tetraploid accession 
(BGEt), rich in 20-hydroxyecdysone, induce pathological 
changes in liver tissue. To that end, animals ingested low 
(100 mg/kg) and high concentrations (200 and 400 mg/kg) 
of P. glomerata for 42 days. We focused on verifying whether 
the BGEt extract induces changes in biomarkers of oxidative 
stress leading to liver damage through histopathological, 
functional and oxidative parameters of the liver parenchyma.

2. Material and Methods

2.1. Extract preparation

Specimens of tetraploid P. glomerata (accession number 28) 
were obtained from the gene bank of the Plant Tissue Culture 
Laboratory, Federal University of Viçosa (UFV), Brazil. Samples 
were dried in an oven (55°C) and ground using a knife mill 
(SL32, Solab); the voucher specimen was deposited at the 
VIC Herbarium, Viçosa, Brazil (Code number VIC- 53,563).

The hydroalcoholic extract of tetraploid P. glomerata 
(BGEt) was obtained from 700g of roots, crushed for 
48h with ethanol (95%), and percolated with the same 
solvent. After exhaustive extraction, the extract was 
evaporated under reduced pressure and lyophilized 
(VirTis BenchTop K lyophilizer) for complete solvent 
removal; a yield of 9.0% was attained.

2.2. Chromatographic profile of the extracts and quantification 
of the major compound in HPLC

The chromatographic profile, or fingerprint, was 
determined using HPLC with Shimadzu Prominence 
diode array detector (DAD) (LC - 20 AD pump, SPD - M 
20 A detector, CTO - 20 A oven, LabSolutions software). 
The same sample used for phytochemical profile was 
used for chromatographic profile. The ethyl alcohol was 
removed using a rotary evaporator, and the samples 
were resuspended in methyl alcohol, HPLC purity. 
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Analyses were performed using biochemical kits 
(Bioclin Laboratories) suitable for the BS-200E chemical 
analyzer (Bioclin Laboratories, Brazil).

2.6. Liver oxidative stress markers

The frozen tissue of 6 animals was homogenized in 
potassium phosphate buffer (pH 7.4, 0.2M) containing 
1M EDTA, and centrifuged at 13,800 × g at 4°C for 
10 min. The supernatant was employed to determine 
the concentration of superoxide dismutase (SOD), 
catalase (CAT), and glutathione S-transferase (GST). 
Nitric oxide (NO), malondialdehyde (MDA), and total 
protein content were also quantified. Values were 
normalized to total protein levels in the supernatant. 
All enzymatic activities were determined in duplicate 
using a spectrophotometer (UV-Mini 1240; Shimadzu) 
or an ELISA reader (Thermo Scientific).

2.7. Mineral content

The proportions of zinc (Zn), selenium (Se), copper 
(Cu), iron (Fe), and manganese (Mn) in the hepatic 
tissue of 6 animals were evaluated by X-ray dispersive 
energy spectroscopy (Ladeira et al., 2019). Briefly, liver 
fragments were dried at 60°C for 96h, coated with 
evaporated carbon (Quorum Q150 T), and analyzed 
using a scanning electron microscope (LEO 1430VP; 
Carl Zeiss) with a X-ray detector system (Tracor TN5502). 
The analysis was performed at 100× magnification 
using an acceleration voltage of 20 kV and a working 
distance of 10 mm.

2.8. Body and liver biometry

The animals were weighed at the beginning and end 
of the experiment to determine any weight variations. 
To calculate the total volume of the organ, the liver of 
each animal was weighed and placed in a graded beaker 
containing 20mL of water. Based on the displacement 
of water inside the beaker, the volume of the organ 
was calculated and its density was derived as d = m/v. 
The relative weight of the liver (or hepaticsomatic index, 
HSI) was calculated as HSI (%) = liver weight / body 
weight × 100 (Carvalho et al., 2022).

2.9. Histology

After fixation, liver fragments of 6 animals were 
dehydrated in ethanol and embedded in glycolmethacrylate 
resin (Historesin®; Leica). Semi-serial sections (1 and 3µm 
in thickness) were made at a distance of 40µm between 
sections. The 3µm-thick sections were stained with 
toluidine blue/sodium borate (1%) for morphometric and 
stereological analysis. Periodic acid-Schiff (PAS) was used 
to stain glycogen. Hematoxylin and eosin staining was 
used for histopathological analysis.

2.10. Proportion of liver components

To determine the proportions of the hepatic components, 
an orthogonal grid (266 intersections) was placed over 
the visual field of digital images taken randomly at 
200× magnification. Ten fields were analyzed per animal. 

The cytoplasm and nucleus of hepatocytes, binucleated 
hepatocytes, blood vessels, sinusoid capillaries, lipid 
droplets, macrophages, and inflammatory infiltrates were 
counted. The volumetric proportion (Vv) of each component 
was calculated using the equation Vv (%) = PP / PT × 100 
(PP= number of points pertaining to the structure of interest, 
and PT= total number of intersections (Carvalho et al., 2022).

2.11. Hepatocyte morphometry and stereology

The diameter of 30 hepatocyte nuclei was measured for 
each animal. The nuclear volume (NV, µm3), cytoplasmic 
volume (CV, µm3), and volume of each hepatocyte (HV, µm3), 
were calculated according to the following formulae: 
NV = 4/3 πR3 (R = nucleus radius), CV = % of cytoplasm × NV / % 
of nuclei, and HV = NV + CV. The volume of hepatocytes 
in the liver (HV liver) was calculated using the formula: 
HV liver = hepatocyte volume × liver volume / 100. The total 
number of hepatocytes in the liver (HN) was calculated as 
HN = HV liver / HV.

2.12. Hepatic glycogen concentrations

Glycogen was extracted as described by Oliveira et al. 
(2017). Briefly, fresh liver samples (50 mg) were digested by 
heating (100°C) in 0.5 mL of 5N KOH for 60 min. Glycogen 
was purified and precipitated with 99% ethanol in boiling 
water and then centrifuged at 8000 × g for 20 min. The 
obtained pellets were resuspended in 1mL distilled water 
and 3mL anthrone solution (50mg diluted in 50mL of 84% 
H2SO4) and incubated for 10 min at 100°C. Absorbance 
was read at 620 nm (PowerWave X).

2.13. Histopathology

For histopathological analysis, a 266-point orthogonal 
grid was placed on digital images of the liver parenchyma 
at 200× magnification. Ten fields were analyzed per 
animal. All points coinciding with regions of congestion 
or steatosis were counted. The volumetric proportion (Vv) 
of each component was calculated using the equation 
Vv (%) = PP / PT × 100 (PP= number of points pertaining 
to the structure of interest, and PT= total number of 
intersections (Carvalho et al., 2022).

2.14. Statistics

Normality was tested using the Shapiro-Wilk 
test. Data were tested using ANOVA, followed by the 
Student-Newman-Keuls test. Pearson’s correlation was 
used to evaluate the relationships among variables. 
All statistical analyses were performed using the 
software Statistica, and the results were reported as 
mean ± standard deviation of the mean. The level of 
significance was set to 5%.

3. Results

3.1. Quantification of the major compound

The chromatographic conditions applied were 
adequate to obtain chromatograms that allowed 
the visualization of a larger peak in the extract. 
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3.2. AST and ALT levels

AST levels were increased following intake of BGEtD 200 
(Figure 2a); whereas ALT levels were decreased after intake 
of BGEt 100 and 200, as well as BGEtD 200 (Figure 2b).

3.3. Oxidative stress markers

NO levels were higher in all groups treated with BGEt 
(Figure 3a). The same was observed for MDA, except in the 
BGEt 200 group (Figure 3b). In contrast, total protein content 
was lower in all groups treated with BGEt (Figure 3c).

SOD activity was decreased in the BGEt 200 and 400 groups 
and increased in the BGEtD 200 group (Figure 3d). CAT activity 
was increased in the BGEt 100, 400, and BGEtD 200 groups 
(Figure 3e). GST levels were reduced in all treated groups 
(Figure 3f).

3.4. Mineral analysis

The proportion of Fe and Cu increased in all treated 
groups; whereas Na displayed the opposite behavior. K 
and Zn were higher in the BGEt 200 group; whereas Mg 
levels were lower in all treated groups, except in BGEtD 200 
(Figure 4). Finally, the levels of Ca and Mn were not altered.

3.5. Body and liver biometry

At the beginning of the experiment, there was no statistical 
difference in body weight between animals; however, mice 
in the BGEtD 200 group failed to gain as much weight as 
others and the final weight in this group was lower (Table 1).

The purity of the compound was determined showing the 
ideal wavelength for reading (246nm - Figure  1), thus 
allowing the identification of the main compound, known 
as 20-hydroxyecdysone (20E). Using the standard curve, 
the equation that quantified the main compound was 
obtained, allowing the establishment of the amount 
offered daily per animal (100 mg/kg = 14.99 mg/kg/day, 
200 mg/kg = 29.97 mg/kg/day, 400 mg/kg = 60.44 mg/kg/day).

Figure 1. (A) Chromatogram of the hydroalcoholic root extract 
of P. glomerata tetraploid. In detail: peak of the major compound 
(20-hydroxyecdysone − 20E); (B) Chromatogram of the standard 
20E. 246nm.

Figure 2. Serum parameters of hepatotoxicity after treatment with the hydroalcoholic extract of tetraploid P. glomerata (BGEt). 
(A) Aspartate aminotransferase (AST); (B) Alanine transaminase (ALT). Animals were treated with water (Control); daily doses of 
BGEt at 100, 200, and 400 mg/kg; or discontinuous doses of BGEtD at 200 mg/kg. *P < 0.05, **P < 0.01, **P < 0.001 versus control.

Table 1. Body and liver weights, hepaticsomatic index (HSI), and water content after BGEt intake.

Parameters Control BGEt 100 BGEt 200 BGEt 400 BGEtD 200

Body weight (g) 40.45±1.46a 41.75±1.16 a 38.02±1.36 b 39.66±1.54 a 36.32±0.63 b

Body weight gain (g) 5.02±2.55 a 4.88±0.81 a 4.01±0.85 a 4.25±0.70 a 2.55±1.59 b

Liver weight (g) 2.20±0.03 a 2.24±0.23 a 1.92±0.04 b 2.08±0.14 a 1.50±0.15 b

HSI (%) 5.44±0.17 a 5.36±0.42 a 5.05±0.11 a 5.24±0.43 a 3.58±0.37 b

Liver volume (mL) 1.91±0.02 a 1.95±0.18 a 1.67±0.03 b 1.81±0.11 a 1.31±0.12 b

Liver density (g/mL) 1.15±0.01 a 1.12±0.06 a 0.96±0.10c 1.04±0.11 a 1.50±0.13 b

Water content (mL/g) 33.85±2.27 30.84±4.73 36.65±1.43 37.47±1.28 36.36±2.44

Different superscripts (a,b,c) indicate P < 0.05.
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Liver weight and volume were lower in the BGEt 200 
and BGEtD 200 groups, leading also to lower liver density 
in these individuals. HSI was lower in the BGEtD 200 group, 
whereas water content remained the same (Table 1).

3.6. Liver morphometry

Significantly fewer hepatocytes were observed in the liver 
parenchyma of animals from the BGEt 200 group. All groups 
appeared to have a smaller cytoplasm after BGEt intake 
(Figure 4), as confirmed by a higher cytoplasm-nucleus ratio 
in all BGEt-treated groups (Table 2). In addition, binucleated 
hepatocytes were significantly more abundant in the BGEt 
100 and 200 groups (Figure 5).

Hepatocyte diameter and nuclear volume were higher 
in animals from the BGEtD 200 group. In comparison, 
the cytoplasmic volume was lower in the BGEt 100 and 
200 groups, leading to an overall reduction in cell volume in 
these individuals (Table 2). Thus, the volume of hepatocytes 
was lower in both groups treated with the 200 mg/kg dose. 
The number of hepatocytes was higher in the BGEt 100, 200, 
and BGEtD 200 groups (Table 2).

Figure 3. Oxidative/nitrosative stress markers. (A) Nitric oxide metabolytes (NO2- and NO3); (B) Malondialdehyde (MDA); (C) Total protein; 
(D) Superoxide dismutase (SOD); (E) Catalase (CAT). (F) Glutathione S-transferase (GST). Animals were treated with water (Control); 
daily doses of BGEt at 100, 200, and 400 mg/kg; or discontinuous doses of BGEtD at 200 mg/kg. *P < 0.05, **P < 0.01, ***P < 0.001 versus control.

Figure 4. Proportions of minerals in hepatic tissue after BGEt intake. 
*P < 0.05.
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The proportion of sinusoids was higher in all groups 
treated with BGEt; whereas the proportion of blood vessels 
in the portal space remained unaltered (Figure 5). The 
proportion of Kupffer cells was increased in the BGEt 100 
and BGEtD 200 groups (Figure 5).

3.7. Glycogen assay

The amount of glycogen was lower in BGEt 200, 400, 
and BGEtD 200 groups (Figure 6).

3.8. Histopathology

Vascular congestion was increased in the BGEt 100, 400, 
and BGEtD 200 groups. Steatosis was increased in the 
BGEt 200, 400, and BGEtD 200 groups (Figure 7).

Figure 5. Proportions of the hepatic components. *P < 0.05.

Table 2. Hepatocyte morphometry and stereology.

Hepatocyte Control BGEt100 BGEt200 BGEt400 BGEtD200

Diameter (µm) 7.13±0.48 a 7.91±0.35 a 7.67±0.56 a 7.49±0.32 a 8.55±0.88 b

Nucleus Volume (µm3) 191.57±40.05 a 259.76±33.85 a 238.96±51.92 a 220.92±27.87 a 336.14±105.80 b

Cytoplasm Volume (µm3) 2574.38±504.47 a 1496.25±379.84 b 988.98±439.84 b 1726.03±460.47a 2243.33±658.21 a

Cell Volume (µm3) 2765.94±542.04 a 1756.01±407.09 b 1227.94±478.57 b 1946.95±476.53 a 2579.47±754.17 a

Cell Volume/Liver (µm3) 0.016±0.0006 a 0.015±0.0045 a 0.012±0.0040 b 0.015±0.0027 a 0.007±0.0022 b

Cell number/liver (x106) 11.29±1.77 a 17.79±3.40 b 20.50±4.27 b 16.78±3.45 b 30.4±0.92 b

NPR 0.56±0.08 a 3.26±1.05 b 3.44±0.56 b 1.87±0.90 b 2.36±0.82 b

NPR = nucleoplasmic ratio. Different superscripts (a,b) indicate P < 0.05.

Figure 6. Glycogen amount per 100 mg of hepatic tissue. Animals 
were treated with water (Control); daily doses of BGEt at 100, 200, 
and 400 mg/kg; and discontinuous doses of BGEtD at 200 mg/kg. 
***P < 0.001.
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4. Discussion

The liver is the site of extensive metabolism and 
detoxification, which makes hepatocytes susceptible 
to injury (Lee  et  al., 2007). Usually start with a redox 
imbalance, whereby the cellular antioxidant machinery 
proves unable to neutralize ROS or reactive nitrogen 
species (RNS). This happens like decreased production of 
antioxidant enzymes or increased output of ROS/RNS. The 
resulting oxidative stress compromises lipids, proteins, 
and DNA (Therond, 2006), which may contribute to the 
onset and progression of liver damage (Li et al., 2015).

Hepatic homeostasis depends on the levels of minerals, 
important for the functioning of antioxidant enzymes, 
regulation of inflammatory responses, and transmission 
of cellular signals (Sun et al., 2012). SOD and CAT represent 
the first-line antioxidant defenses, and their balance 
plays an important role in the elimination of free radicals 
(Souza et al., 2018). Exposure to BGEt reduced SOD activity 
but increased CAT activity at all treatment doses, which 
likely resulted in an accumulation of superoxide anions 
that could not be detoxified to hydrogen peroxide and 
then neutralized by CAT.

Higher levels of Cu, Fe, and Mg were observed 
after BGEt intake, whereas Zn levels were increased 
only in the BGEt 200 group. Zn and Cu participate in 
redox regulation, as part of the Cu/Zn SOD isoform 
(Lee, 2018; Li and Yang, 2018; Yu  et  al., 2019). Zn 
is involved also in cell growth, development, and 
differentiation (Yu  et  al., 2019); whereas Cu acts as a 
cofactor for enzymes involved in energy metabolism, 
antioxidant defense, and Fe transport (Lee, 2018). Mg 
is widely distributed and highly compartmentalized; 
it is present in the nucleus, cytoplasm, mitochondria, 
and endoplasmic reticulum (Romani, 2007, 2008). It 
is involved in the synthesis and activation of many 
enzymes, the regulation of glucose and lipid metabolism 
in humans (Li  et  al., 2018), as well as DNA replication 
and repair, intermediate metabolism, ion transport, cell 
proliferation, and signal transduction (Larsson et al., 2005). 

Thus, the changes observed in Mg levels after BGEt 
intake is possibly related to the damage observed in the 
hepatic tissue, and may eventually trigger liver diseases 
(Liu  et  al., 2019). Besides Cu, BGEt intake increased Fe 
level. The liver is responsible for regulating Fe metabolism, 
responding quickly and robustly to systemic changes. If Fe is 
abundant, the liver promotes its storage and protects other 
tissues from Fe-induced cellular damage (Yu et al., 2019; 
Kozeniecki et al., 2020). Cu acts directly on Fe metabolism. 
As previously mentioned, CAT activity increased after the 
daily ingestion of BGEt at 100 and 400 mg/kg or 200 mg/kg 
every 3 days. Increased Fe levels may lead to more ROS 
and lipid peroxidation being generated through the Fenton 
reaction (Casalino et al., 1997; Djukić-Ćosić et al., 2008).

A reduction in Na levels, as observed here after 
BGEt ingestion, is common in cirrhosis and is related to 
impaired renal capacity to eliminate solute-free water 
(Gianotti and Cardenas, 2014). Another sign of liver damage 
is alterations in mitochondrial Ca levels, which promote 
ROS release and trigger the apoptotic cascade. However, 
Ca levels remained unchanged, meaning that liver cells 
regulating calcium signaling in different compartments 
(Oliva-Vilarnau et al., 2018).

ROS/RNS initiate lipid peroxidation, indiscriminately 
oxidizing biological membranes (Li et al., 2015). In the 
present study, MDA levels were higher in the BGEt 100, 
400, and BGEtD 200 groups. NO levels increased in all 
experimental groups, as previously described for diploid 
P. glomerata (Dias et al., 2019). Despite participating in 
several cell signaling pathways, an exacerbated increase in 
NO tips the redox balance towards oxidative stress due to 
abundant RNS and may eventually lead to cell death (Sant’ana 
Dusse et al., 2003; Lee et al., 2005; Pasqualotto et al., 2006).

The reduced levels of GST following BGEt intake may 
indicate that this enzyme has been entirely used up. GST is 
responsible for cellular detoxification through conjugation 
to xenobiotic products and aldehydes generated during 
lipid peroxidation (Al-Bader  et  al., 1998). Additionally, 
GST may become inactivated by elevated levels of highly 
reactive free radicals (Regoli et al., 1998).

Figure 7. Histopathological analysis of liver tissue. (A) Photomicrographs of liver pathologies; (B) Vascular congestion (%); (C) Steatosis (%). 
Animals were treated with water (Control); daily doses of BGEt at 100, 200, and 400 mg/kg; and discontinuous doses of BGEtD at 200 mg/kg. 
In the images (*) - Congestion (arrow) – steatosis. In the graphics *P < 0.05, **P < 0.01.
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Oxidative stress and changes in mineral dynamics 
play a central role in the induction of cellular lesions by 
necrotic and/or apoptotic mechanisms, altering tissue 
morphology and physiology (Li et al., 2015). Overall, our 
findings indicate that BGEt ingestion induces hepatic 
damage and is associated with fewer viable hepatocytes 
in all treated groups. An increased number of hepatocytes 
were found to be either in the initial process of death or 
already dead, especially after being administered BGEt 
in a discontinuous way. Because 20E induces apoptosis 
by activating caspases 3 and 7, as well as pro-apoptotic 
genes, we believe that 20E triggered the intrinsic apoptotic 
pathways following mitochondria and DNA damage 
(Franco et al., 2009; Wang et al., 2016; Dias et al., 2019).

Damage caused is corroborated by increased serum 
levels of liver transaminases, which are traditional 
indicators of cellular lesions. Higher AST levels in the BGEtD 
200 group implied liver damage, in line with the lower 
viability of hepatocytes and increased cell death in this 
group. This result may be associated with changes to the 
permeability of the cell membrane, with leakage of liver 
enzymes into the bloodstream (Reagan et al., 2012). Such 
scenario can be observed following exposure to different 
pollutants, including heavy metals, xenobiotics, carbon 
tetrachloride, and alcohol, which damage liver tissue and 
stimulate ROS production (Sreelatha et al., 2009). Plant 
species that are rich in alkaloids and flavonoids, such as the 
tomato Solanum lycopersicum L. (Buabeid et al., 2022) and 
Bubulcus ibis coromandus (Munir et al., 2022) may induce 
the increase in bilirubin, albumin, AST, ALT, ALP levels. In 
contrast, low ALT levels, as observed here, can be attributed 
to the action of plant polyphenols (Diab et al., 2020). ALT 
catalyzes the transformation of ketoacids such as pyruvate 
into amino acids such as alanine (Peltz-Sinvani et al., 2016). 
Low ALT levels are considered a biomarker of increased 
frailty and risk of mortality (Liu et al., 2014).

Our results evidence a relationship between markers of 
oxidative damage and morphological changes in the liver 
parenchyma (Liu et al., 2014). Histopathological analyses 
showed abundant lipid droplets within the hepatocyte 
cytoplasm, indicating steatosis. The lower amount of 
glycogen noticed after BGEt ingestion may be related 
to faster glucose consumption, as suggested by Oliveira 
(2012), describing the hypoglycemic activity of P. glomerata. 
The liver stores glycogen, converts galactose and fructose 
into glucose, is the site of gluconeogenesis, and mediates 
the formation of several important compounds from 
intermediates of carbohydrate metabolism. Hence, liver 
damage can lead to an imbalance of these functions.

The increased nucleus:cytoplasm ratio in hepatocytes 
following BGEt intake suggested some degree of cellular 
damage, reminiscent of that caused by ingestion 
of the herbicide paraquat (Novaes  et  al., 2012). The 
number of binucleated hepatocytes, which form when 
karyokinesis is not followed by cytokinesis, was higher in 
BGEt-treated animals. They represent the main cell type in 
the regenerating liver and are common after liver damage 
(Hammad et al., 2014). The higher number of hepatocyte 
nuclei indicates hepatic and non-cicatricial regenerative 
processes, which are characteristic of less intense liver 
lesions, and were corroborated here by the absence of fibrosis. 

The response to hepatic tissue damage includes 
compensatory hyperplasia of the remaining parenchyma 
until the liver reaches its original weight (Parra et al., 1995).

Our study provides new information on hepatocyte 
morphometry. By applying a new histological method, 
it was possible to determine the absolute number of 
hepatocytes. This can be useful to discern whether 
increased liver weight is caused by a greater cell volume 
or simply more cells. In this regard, the nuclear diameter 
and volume of hepatocytes were increased in the BGEtD 
200 group. Such pattern may result from more nuclear 
constituents in addition to DNA after tissue lesions. 
A more diffuse packaging of DNA in these cells may also 
contribute to nuclear enlargement (Jack  et  al., 1990), 
which may be related to increased protein synthesis 
(Christie and Le Page, 1961) or nucleolar activity 
(Deleener et al., 1987). The cytoplasmic and hepatocyte 
volumes were reduced in the BGEt 100 and 200 groups, 
which could be ascribed to inhibition of protein and glycogen 
synthesis, exocytosis, and bile flow (Kaiser, 1998). Such 
changes in cell volume led to a higher number of hepatocytes 
in the treated groups. Therefore, we speculate that the higher 
cell numbers observed in the liver of animals subjected 
to continuous treatment were due to a lower cell volume 
aimed at maintaining the weight and volume of the organ.

Hormones, oxidative stress, solute transport, and 
other stimuli alter the osmotic balance, whose effect on 
cell volume represents an intermediate step in a cascade 
affecting liver transport and metabolism. These effects 
are not limited to hepatocytes (Dunkelberg et al., 2001), 
as indicated by the increased proportion of Kupffer cells 
in BGEt-treated groups. This finding indicates increased 
secretion of regulatory and inflammatory factors during 
oxidative stress (Weng et al., 2018). Kupffer cells play a 
central role in hepatic and systemic responses to pathogens 
(Dixon et al., 2013) and remove toxic substances from the 
portal circulation (Simoniello et al., 2010).

5. Conclusions

The results show that exposure to BGEt triggers 
changes in mineral content, antioxidant enzymes 
(SOD, CAT, and GST), morphological and stereological 
parameters of the liver parenchyma. BGEt intake reduced 
body and liver weight, which stimulated cell division 
and increased the number of hepatocytes in the liver. 
Histopathological evaluation showed steatosis and lower 
glycogen levels in the hepatocytes cytoplasm. Finally, 
BGEt discontinuously administered induced substantial 
lipid peroxidation and oxidative stress, thus exacerbating 
liver damage being potentially toxic after 42 days of use.
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