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Abstract: Broccoli (Brassica oleracea) is reported to possess antioxidant activity that could potentially
prevent oxidative damage to tissues caused by many diseases. In the present study, we investi-
gated the preventive effect of broccoli leaf by-product extract (BL) on gentamicin-induced renal
and hepatic injury by measuring tissue antioxidant activities and morphological apoptotic changes.
Broccoli leaf was thoroughly extracted with 70% methanol to yield the total methanol extract (TME).
The total phenolic content (TPC) was determined. Thirty male rats were divided into five groups
(six animals/group). Group I received phosphate-buffered saline orally, while group II was treated
with gentamicin (100 mg/kg i.p. intraperitoneal) for ten days. Group III and group IV animals
were given BL (200 mg/kg and 400 mg/kg, respectively) plus gentamicin treatment. Group V
received L-cysteine (1 mmole/kg) plus gentamicin. Antioxidant and biochemical parameters, such as
transaminase (AST), alanine transaminase (ALT) and alkaline phosphatase (ALP), creatinine, and
urea, and mRNA expression levels of tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β),
and nuclear factor kappa B (NFkB) were determined in various groups, along with the quantification
of inflammatory and apoptotic cells in hepatic and renal tissues. Malondialdehyde (MDA), glu-
tathione (GSH), and superoxide dismutase (SOD) levels were determined in liver and renal samples.
Histopathological studies of the liver and kidneys were also carried out. The TME was subjected
to various and repeated techniques of chromatography to yield caffeic acid, gallic acid, and methyl
gallate. The TPC was 6.47 mg Gallic Acid Equivalent/g of dry extract. Gentamicin increased the
levels of serum AST, ALT, ALP, creatinine, and urea. The MDA and GSH contents and theactivity
levels of the antioxidant enzyme SOD decreased in liver and kidney samples with gentamicin admin-
istration. BL administration dose-dependently prevented the alteration in biochemical parameters
and was supported by low levels of tubular and glomerular injuries induced by gentamicin. This
study valorizes the potential of BL as a preventive candidate in cases of gentamicin-induced liver
and kidney toxicity and recommends further clinical studies using BL to validate its utilization for
human consumption and as a source of phenolics for nutraceutical and pharmaceutical purposes.
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1. Introduction

Gentamicin (GTN) is an antibiotic that is widely used to treat severe Gram-negative
bacterial infections. This is because of its unique bactericidal and post-antibiotic character-
istics coupled with low levels of resistance [1]. However, its clinical use is associated with
severe renal injury, imposing a therapeutic limitation [2,3]. The literature has shown that
about 30% of patients treated for more than seven days with GTN showed signs of renal
injury [4]. GTN causes oxidative stress, which taxes the nephrons because of the consequent
induced inflammation, enhancing the damage [5]; this action culminates in turning on
the apoptotic pathway [1]. Abundant evidence shows that oxidative stress induces the
production of reactive oxygen species (ROS), which are critical in acute renal injury [6]. This
is because ROS, in their interactions, mediate apoptosis by inducing the apoptotic signaling
pathway [7]. Several studies have demonstrated the molecular mechanism by which GTN
induce renal injury. This is seen to include renal tubular damage leading to necrosis and
glomerular congestion, subsequently causing renal dysfunction [8]. Furthermore, reports
show that GTN increases serum liver enzymes and induces histological lesions, reflecting
its hepatotoxic effects. The pathogenesis of GTN-induced liver toxicity was proposed to be
mainly due to inflammation and oxidative stress [9,10]. Numerous strategies and agents
have been employed in an attempt to attenuate the renal toxicity caused by GTN, with
limited success [11–13]. These agents, if scientifically proven to be efficacious and without
side effects, could be clinically important in enhancing the safety of GTN. Therefore, reviv-
ing the use of this important antibiotic will be of great benefit, particularly on the heels of
the increasing antimicrobial resistance and the lack of development of new antibiotics [4].
From this background, and based on the premise that many plants demonstrate hepatopro-
tective and nephroprotective potential through the prevention of oxidative stress [14–16],
we were encouraged to investigate the protective role of broccoli against GTN-induced
nephrotoxicity and hepatotoxicity in rats as a model for drug-induced toxicities. Broccoli
(Brassica oleracea L. variety italica) (B. oleracea) is reported to have a high content of bioactive
phytochemicals, such as phenolic compounds, glucosinolates, vitamin C, and mineral
nutrients. Additionally, previous studies showed that broccoli extract can exert beneficial
effects against chronic diseases of the cardiovascular system and cancer [17]. In addition,
numerous reports showed that broccoli prevents oxidative stress, which is implicated in
many diseases [18]. Broccoli florets, consumed commonly for their nutritional benefits,
have received more attention from researchers. However, the leaves, which have been
used as a source of fiber, are now reported to have a much higher content of antioxidants
compared to the florets [17]. Thus, the present study aimed to extract, isolate, and identify
the contents of broccoli leaf by-product extract (BL) and then to examine the potential
benefits of BL against GTN-induced renal and hepatic injury, whereby markers of oxidative
stress including, malondialdehyde (MDA), glutathione (GSH), and superoxide dismutase
(SOD), were determined in liver and renal samples. Aspartate transaminase (AST), alanine
transaminase (ALT), alkaline phosphatase (ALP), creatinine, and urea were assessed. Ad-
ditionally, to investigate its influence on inflammatory pathways, the mRNA expression
levels of tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), and nuclear factor
kappa B (NFkB) were evaluated in liver and kidney tissues.

2. Results
2.1. Isolation and Identification of Secondary Metabolites

The total methanol extract (TME) of freeze-dried B. oleracea (26 g) was subjected to
various and repeated techniques of chromatography to yield three pure compounds: caffeic
acid (1) [19,20], gallic acid (2) [21], and methyl gallate (3) [22] (Figure 1). The structures
were elucidated via the inspection of 1D-and 2D-NMR spectroscopic data, including 1H,
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13C, DEPT, HMQC, and HMBC (Supplementary Materials). The results were compared
with those available in the literature.
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Figure 1. Structures of pure isolated constituents from TME of B. oleracea. Caffeic acid (1),
Gallic acid (2), and Methyl gallate (3).

Caffeic acid (1): 1H NMR (DMSO-d6, 400 MHz) δ: 7.43 (d, J= 15.9 Hz, H-7), 7.04 (1H,
s, H-2), 6.96 (1H, d, J = 7.9 Hz, H-6), 6.76 (1H, d, J = 7.9 Hz, H-5), 6.18 (1H, d, J = 15.8 Hz,
H-8); 13C NMR (DMSO-d6, 100 MHz) δ: 125.66 (C-1), 115.71 (C-2), 145.5 (C-3), 148.08 (C-4),
115.08 (C-5), 121.13 (C-6), 144.55 (C-7), 114.58 (C-8), 167.88 (C-9).

Gallic acid (2): 1H NMR (400 MHz, DMSO-d6): 6.94 (2H, s, H-2, H-6); 13C NMR (100 MHz,
DMSO-d6): δ 120.21 (C-1), 108.7 (C-2, C-6), 137.94 (C-4), 145.35 (C-3, C-5), 167.46 (C-7).

Methyl gallate (3): 1H NMR (400 MHz, DMSO-d6): δ 6.96 (2H, s, H-2, H-6), 3.75 (3H, s,
COOCH3); 13C NMR (100 MHz, DMSO-d6): δ 119.28 (C-1), 108.48 (C-2, C-6), 138.37 (C-4),
145.53 (C-3, C-5), 166.30 (C-7), 51.54 (CH3).

2.2. Determination of the Total Phenolic Content (TPC)

The TPC in TME was calculated using the regression equation: y = 0.169x − 0.0053,
R2 = 0.9578. The quantity of phenolic constituents was expressed as the equivalent mil-
ligrams of standard gallic acid per gram of dried plant extract (mg GAE/g). The TPC was
6.47 mg GAE/g of dry extract.

2.3. Effect of Broccoli Leaf Extract on Oxidative Stress Markers

There was a significant difference (p < 0.01) between the renal MDA levels of the
control and GTN-treated mice, indicating that GTN produced a profound increase. How-
ever, considering broccoli leaf extract (BL) plus GTN-treated groups, including L-cysteine
(LC) + GTN, all significantly (p < 0.001) reduced MDA levels were produced by GTN.
In addition, there was no difference between the BL+GTN and LC+GTN treatments com-
pared to the control. Here, BL 400 mg/kg + GTN brought the MDA level to a similar value
as that in the control group (Figure 2A). On the other hand, the MDA levels in liver tissue
samples exhibited similar trends as the renal MDA levels, as shown in Figure 2B. However,
the treatment groups BL 400 mg/kg + GTN and LC + GTN resulted in similar reductions
compared to GTN alone. The reduction in MDA indicates an alleviation of tissue lipid
peroxidation by BL. Figure 2C presents the renal GSH content, and it shows that the GTN
treatment significantly (p < 0.001) reduced the renal tissue GSH content. Although the BL
(200 and 400 mg/kg) + GTN groups exhibited significant (p < 0.01) increases in the GSH
content, they were lower compared to the control. The LC+GTN treatment produced a
highly significant (p < 0.001) increase in the GSH content, confirming that it is a precursor
of GSH. The liver tissue GSH contents showed similar profiles between GTN induction
and treatment with BL. Comparably, treatment with L-cysteine also increased the GSH
content much more than the control (Figure 2D). The renal and liver tissue superoxide
dismutase (SOD) activity levels are presented in Figure 2E,F, respectively. The results
show that there was a significant (p < 0.001) reduction in the activity of renal tissue SOD
with the treatment of GTN compared to the control. However, all other treatment groups
significantly increased the activity levels of both renal and liver tissue SOD compared to
GTN treatment. In both cases, the LC + GTN treatment showed a better profile in increasing
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the SOD activity levels. Although the BL (200 and 400 mg/kg) + GTN treatment groups
produced significant increases compared to GTN alone, they did not increase the SOD
activity close to that in the control group.
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Figure 2. The effects of (GTN), (GTN + BL (200 and 400 mg/kg)), and (LC + GTN) on antioxidant
enzyme activities after treatment. MDA in renal tissue (A) and liver tissue (B). GSH in renal tissue (C)
and liver tissue (D). SOD in renal tissue (E) and liver tissue (F). Results represent the mean ± SD.
* Shows a significant difference (p < 0.01) compared to the control; # represents a significant difference
between GTN and the other treatment groups. Broccoli leaf extract (BL), malondialdehyde (MDA),
glutathione (GSH), superoxide dismutase (SOD), L-cysteine (LC) Gentamicin (GTN).

2.4. Effects of Broccoli Leaf Extract on Serum Creatinine and Urea

The serum creatinine and urea levels were evaluated, and the results are presented
in Figure 3A,B. Our results showed that GTN significantly increased (p < 0.001) the level
of serum creatinine. Treatments with BL (200 and 400 mg/kg) after the administration of
GTN decreased the serum creatinine levels, similar to the control group, in a significant
manner (p < 0.01). Overall, all treatment groups after GTN induction showed markedly
reduced serum creatinine levels (Figure 3A). In the case of serum urea, treatments with BL
(200 and 400 mg/kg) after the administration of GTN significantly decreased (p < 0.001) its
level. The effects of BL produced levels that were very similar to the control, supporting
the antioxidant activity potential of the extracts (Figure 3B).
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Figure 3. The effects of (GTN), (GTN + BL (200 and 400 mg/kg)), and (LC + GTN) on serum creatinine
(A) and serum urea (B). Results presented as the mean± SD. * Shows a significant difference (p < 0.01)
compared to the control; # represents a significant difference between GTN and other treatment
groups. Broccoli leaf extract (BL), L-cysteine (LC), Gentamicin (GTN).

2.5. Effect of Broccoli Leaf Extract on Liver Enzymes

Figure 4 shows the levels of the liver enzymes AS, ALT, and ALP under the GTN,
BL (200 and 400 mg/kg), and LC treatments after the administration of GTN. The results
indicated that GTN increased the levels of ALT, AST, and ALP compared to the control.
Although the treatments with BL and LC in the presence of GTN produced a significant
difference (p < 0.01) compared to GTN alone, the control enzyme levels were lower in
all groups.
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400 mg/kg) + GTN), and (LC + GTN). Results represent the mean ± SD. * Shows a significant
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other treatment groups. Broccoli leaf extract (BL), L-cysteine (LC), Gentamicin (GTN), aspartate
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2.6. Effects of Broccoli Leaf Extract on Renal and Liver mRNA Expression Levels (TNF-α, IL-1β,
and NFkB)

The renal and liver mRNA expression levels of TNF-α, IL-1β, and NFkB were evalu-
ated, and the results are presented in Figure 5A,B. Figure 5A shows that the renal mRNA
expression levels of TNF-α, IL-1β, and NFkB were elevated significantly (p < 0.001) in the
GTN-treated group compared to the control and showed significant decreases in treatments
with BL (200 and 400 mg/kg) + GTN. In Figure 5B, the liver mRNA expression levels of
TNF-α, IL-1β, and NFkB showed a similar pattern to that of the renal mRNA cytokine
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expression levels. However, the results also indicated that IL-1β expression was higher in
all GTN treatment groups compared to the control for both the renal and liver mRNA ex-
pression levels. Overall, the results indicated that treatments with BL (200 and 400 mg/kg)
after GTN induction also appeared to reduce the mRNA expression levels of TNF-α, IL-1β,
and NFkB in a similar fashion in both tissue types.
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Figure 5. mRNA expressions of TNF-α, IL-1β, and NFkB in renal (A) liver (B) tissues after treatment
with (GTN), (BL (200 and 400 mg/kg) + GTN), and (LC+GTN). Results represent the mean ± SD.
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(GTN), tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), and nuclear factor kappa B (NFkB).

2.7. Histopathological Analysis of Renal Tissue

The control group showed normal lobular organization of the renal cortex. Glomerular
capillary tufts occupying the renal glomeruli were clearly seen. The proximal convoluted
tubules (PCTs) had a narrow lumen and a highly acidophilic cytoplasm. The distal con-
voluted tubules (DCTs) had a wider lumen and less acidophilic cytoplasm with vesicular
nuclei. The GTN treatment group displayed a disturbed lobular architecture with inflam-
matory cell infiltration. Atrophic glomeruli with dilated PCTs and DCTs were noticed
among the sections. The more numerous apoptotic cells lining the tubules and intra-tubular
debris with a hyalin cast were also detected in this group. The BL 200 mg/kg + GTN group
showed amelioration of the renal histological structure but with a less disturbed lobular
architecture, while dilated tubules with few apoptotic cells and inflammatory cells were
frequently seen among the sections. The BL 400 mg/kg + GTN group showed amelioration
of the renal histological structure but with focal areas of dilated tubules and inflammatory
cell infiltration (Figure 6). Meanwhile, the LC group exhibited restoration of the normal
architecture; the renal tissue approached the normal structure, but a few apoptotic cells
were still seen.

2.8. Histopathological Analysis of Liver Tissue

The control group showed normal hepatic architecture with a central vein and cords
of hepatocytes with a granular cytoplasm and large rounded vesicular nuclei, separated
by the blood sinusoids. Binucleated hepatocytes were seen. On the other hand, the GTN
group showed a disturbed hepatic architecture. Dilated central veins and blood sinusoids
were observed. Edema and inflammatory cell infiltrations were frequently seen among
the sections. The BL 200 mg/kg + GTN group showed slight dilatation of blood sinusoids
with a few apoptotic cells, while the BL 400 mg/kg + GTN group displayed hepatic tissue
nearly approaching the normal structure. Furthermore, the LC group exhibited a more or
less normal structure, central vein, blood sinusoids, and hepatocytes (Figure 7).
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Figure 6. Photomicrographs of renal tissue. Control group (A): showing normal organization of the
renal cortex with normal glomerular capillary tufts (g). PCTs (p) have a narrow lumen and a highly
acidophilic cytoplasm, while DCTs (d) have a wider lumen and less acidophilic cytoplasm with
vesicular nuclei (arrow). GTN group (B): showing disturbed lobular architecture with inflammatory
cells (circle) with atrophic glomerulus (g), dilated PCTs (P), DCTs (d), and numerous apoptotic cells
(arrows) lining the tubules. Intratubular debris (s) with hyalin cast (h) was also present. LC group (C):
showing restoration of normal architecture approaching the normal structure but still with a few
apoptotic cells (arrow). (BL 200 mg/kg) group (D): showing amelioration of the renal histological
structure but with less disturbed lobular architecture with dilated tubules (p,d) with few apoptotic
(arrow) and inflammatory (circle) cells. (BL 400 mg/kg) group (E) showing amelioration of the renal
histological structure but with focal areas of dilated tubules (d) and inflammatory cell infiltration
(circle). Broccoli leaf extract (BL), L-cysteine (LC), Gentamicin (GTN), proximal convoluted tubules
(PCTs), and distal convoluted tubules (DCTs).
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Figure 7. Photomicrographs of liver tissue. Control group (A): showing normal hepatic architecture
with a central vein (CV) and cords of hepatocytes (arrow) with a granular cytoplasm and large
rounded vesicular nuclei and separated by the blood sinusoids (S). Binucleated hepatocytes (green
arrow) are also seen. GTN group (B): showing disturbed normal hepatic architecture. Notice the
dilated central vein (CV) and blood sinusoids (S). Oedema (O) and inflammatory cell infiltration
(circle) could be seen with vacuolated hepatocytes (V). LC group (C): showing a fairly normal
structure; central vein (CV), blood sinusoids (S), and hepatocytes (arrow). (BL 200 mg/kg) group (D):
showing slight dilatation of blood sinusoids (S) with a few apoptotic cells (arrow). (BL 400 mg/kg)
group (E) showing hepatic tissue nearly approaching the normal structure. Broccoli leaf extract (BL),
L-cysteine (LC), and Gentamicin (GTN).
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2.9. Morphometric Analysis of Renal and Hepatic Tissues

Figure 8A–D show the morphometric results of the renal and hepatic sections, indicat-
ing the mean number of inflammatory cells and the mean number of apoptotic cells. The
results of the morphometric analysis showed that GTN significantly increased (p < 0.01)
the numbers of apoptotic and inflammatory cells in both the renal and liver tissues. As
shown, BL 200 mg/kg + GTN reduced these numbers significantly (p < 0.01). However,
BL 400 mg/kg + GTN showed a better profile in reducing both apoptotic and inflammatory
cell changes induced by GTN in both the renal and liver tissues. The overall results correlate
with the antioxidant and anti-inflammatory activities observed for other groups.
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Figure 8. Histogram showing the morphometric results of the renal and liver sections indicating
MNAC in renal tissue (A), MNIC in renal tissue (B), MNAC in liver tissue (C), and MNIC in liver
tissue (D). Data represent the mean ± SD (n = 6). * represents a significant difference (p < 0.05) from
the control group, while # shows a significant difference from the GTN treatment group. Broccoli leaf
extract (BL), L-cysteine (LC), Gentamicin (GTN), mean number of apoptotic cells (MNAC), and mean
number of inflammatory cells (MNIC).

3. Discussion

The present study evaluated the antioxidant, anti-inflammatory, and anti-apoptotic
potential of broccoli leaf extract (BL (200 and 400 mg/kg) + GTN) in GTN-induced renal and
liver toxicity. GTN is an aminoglycoside antibiotic employed for the treatment of serious
Gram-negative bacterial infections with a well-documented nephrotoxic and hepatotoxic
adverse effect profile [23,24]. The documented evidence shows that GTN can induce
oxidative stress and apoptosis in both the kidneys and liver [25]. Our results hereby
confirm that GTN induces oxidative adverse effects by decreasing the antioxidant status
and increasing the expression levels of proinflammatory cytokines. Therefore, in mitigating
GTN’s adverse effects, the present study investigated the potential of broccoli leaf extract.
Broccoli is usually consumed as a fresh vegetable, and its antioxidant activity is ranked
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second among ten common vegetables [26,27]. Chemically, many reports have shown
the presence of various constituents in BL [28,29], and based on that the current study
demonstrated the isolation and identification of three major phenolic compounds in the
TME of BL. Based on 1H, 13C, DEPT, HMQC, and HMBC spectral data, the three molecules
were identified as caffeic acid, gallic acid, and methyl gallate. The current findings regarding
the TPC align with the reported values [17,30]. The higher TPC was also noticed through
the abundance of the abovementioned phenolic compounds from the TME. The presence
of such phenolic acids and their potential to ameliorate GTN-induced oxidative stress [31]
provoked us to evaluate the effects of the leaf by-product against GTN-induced toxicity.
Biologically, the effect of the broccoli leaf extract was assessed against GTN-induced
oxidative stress in rat kidneys and liver. Water extracts of broccoli were found to possess
profound antioxidant activity according to the report by Jang et al. [32]. Our results showed
that BL (200 and 400 mg/kg) treatments significantly reduced the lipid peroxidation (MDA)
induced by GTN in both the kidney and liver tissues of experimental rats. In addition, the
renal and liver GSH and SOD activity levels were markedly increased by the treatments
with BL (200 and 400 mg/kg) extract in the presence of GTN exposure. The aforementioned
observation in the present study is similar to that in the studies by Raeeszadeh et al. [33]
and Lei et al. [34]. They indicated in their reports that broccoli extracts alleviated drug-
induced oxidative stress in experimental animals. The documented evidence shows that
GTN increases the serum levels of creatinine and urea [35]. The results of the present study
showed that BL (200 and 400 mg/kg) treatments reduced the influence of GTN in both
serum creatinine and serum urea. In this regard, we observed that the broccoli leaf extract
showed better activity compared to the LC treatment. Regarding liver enzymes (ALT, AST,
and ALP), GTN significantly elevated the activity levels of these enzymes. However, as
shown in the results, the treatment with BL (200 and 400 mg/kg) significantly reduced
the levels of these enzymes. Hence, from this observation, it does appear that the broccoli
extract has the potential to alleviate GTN-induced liver damage. Interestingly, our results
appear to agree with a similar report documented by Raeeszadah et al. [33]. They examined
the mitigating potential of BL in arsenic-induced rat poisoning. ALT is an indicator of
necrosis; therefore, elevated ALT and AST levels, according to a previous finding [36],
indicate acute and chronic hepatic necrosis. Inflammatory cytokines, such as TNF-α and IL-
1β, and signaling pathway activation, such as for NFkB, are elevated by GTN according to
previous report and could lead to necrosis and apoptosis. The findings of the present study
are in total agreement with the authors, who reported that the induction of inflammatory
cytokines (TNF-α and IL-1β) follows the activation of NFkB [37]. Therefore, the activation
of TNF-α by GTN leads to the subsequent activation of other proinflammatory pathways,
which include NFkB. In effect, the observed oxidative and inflammatory stress in both the
kidneys and liver in this study could be related to the production of these inflammatory
cytokines and the activation of their pathways. Our results show that the BL (200 and
400 mg/kg) treatments reduced the mRNA expression levels of TNF-α, IL-1β, and NFkB in
both the kidney and liver tissues. Therefore, the findings suggest that BL could possess
both anti-inflammatory and antioxidant activities. Our results are similar to those in
previous documented studies that reported that broccoli extract inhibited the production of
proinflammatory cytokines and furthermore suppressed the NFkB signaling pathway [38].
Parallel histological examination studies revealed that GTN treatment caused inflammation,
necrosis, and apoptosis of both the kidneys and liver in rats [39,40]. The histological pictures
showed a dilated central vein, blood sinusoids, edema, and inflammatory cell infiltration.
Therefore, increasing the antioxidant status might be an important strategy in preventing
organ damage due to GTN administration. Our results revealed that the treatments with
BL (200 and 400 mg/kg) ameliorated the histological renal and liver structures and reduced
inflammatory cell infiltration. The analysis of the extent of apoptotic and inflammatory
activities showed that the GTN treatment induced increased levels of inflammatory cells
as well as apoptosis in both the renal and liver tissues. Conversely, the treatments with
BL (200 and 400 mg/kg) decreased the inflammatory and apoptotic activities induced by
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GTN. The present results clearly indicate that inflammation and apoptosis triggered by
GTN could be attenuated with BL treatment.

4. Materials and Methods
4.1. General Procedures and Chemicals

NMR spectra were obtained using an Avance 400 NMR spectrometer (1H-NMR:
400 MHz and 13C-NMR: 100 MHz, Bruker, Switzerland) and a freeze dryer (Millrock tech-
nology, New York, NY, USA). Silica gel column chromatography (SCC) was carried out
on silica gel 60 (Sigma–Aldrich, Darmstadt, Germany) and Diaion-HP-20 (Sigma–Aldrich,
Darmstadt, Germany). Pre-coated silica gel 60 F254 plates (Sigma–Aldrich, Darmstadt,
Germany) were used for thin-layer chromatography (PTLC). The visualization was per-
formed using 10% vanillin–sulfuric acid in ethanol with a hotplate (150 ◦C). Assay kits
for MDA, SOD, and GSH were procured from Sigma–Aldrich, (St. Louis, MO, USA). ALT,
AST, and ALP kits were also obtained (Quimica Clinica Aplicada S.A, Amposta, Spain). All
other chemicals were of analytical grade.

4.2. Plant Material

Broccoli (Brassica oleracea L. variety: italica) leaves were collected during October 2021
from a local market in Al-hasa, Eastern Province, Saudi Arabia. The middle part of the
midrib was removed. The plant was kindly identified by Eng. Mamdouh Shokry, Director
of El-Zohria Botanical Garden, Giza, Egypt. A voucher specimen (BOi-Oct-2021) of the
leaves was deposited in the Department of Pharmaceutical Sciences, College of Clinical
Pharmacy, King Faisal University, Al-Ahsa, Saudi Arabia.

4.3. Extraction and Isolation of Secondary Metabolites

Coarse freeze-dried powdered leaves of B. oleracea (1 kg) were thoroughly extracted
three times with 15 L of 70% methanol for one week at 25 ◦C with regular stirring and
storage in darkness. The resulting extracts were evaporated to dryness using a rotary
evaporator over a temperature range of 40–45 ◦C to yield a dark green extract weighing
89.2 g that was labeled as the total methanol extract (TME). The TME (70 g) was defatted
using n-hexane, whereby the TME was suspended in 500 mL of deionized water parti-
tioned with n-hexane (5 times each with 3 L) [41]. The resulting n-hexane fractions were
concentrated to dryness to yield 20 g. The remaining mother liquor (50 g) was subjected
to column chromatography using Diaion HP-20 (500 g) as the stationary phase and was
then successively eluted with water to remove sugars and carbohydrates followed by
washing with 30%, 50%, and 100% methanol to yield the following fractions: water (21 g),
30% methanol (named BOI, 6.9 g), 50% methanol (named BOII, 8.3 g), and 100% methanol
(named BOIII, 13.8 g) (4 g). With the guidance of TLC patterns, the BOII fraction (8.3 g)
was subjected to SCC (500 g, using 5 L of chloroform–methanol–water (ratio of 15:6:1) as
the mobile phase, followed by repeated PTLC to yield the pure compounds (compound (1)
(12 mg), compound (2) (26 mg), and compound (3) (14 mg)).

4.4. Determination of the Total Phenolic Content (TPC)

TPC was evaluated using the Folin–Ciocalteu index protocol described by Hany et al.,
with modifications [42]. A stock solution with a concentration of 1 mg/mL of TME was
established in methanol. The Folin–Ciocalteu reagent (0.5 mL) and 6 mL of double-distilled
water were sequentially added to 0.1 mL of stock solution of each fraction. Later, 1.5 mL
of a 20% sodium carbonate solution was added to obtain a final volume of 10 mL. The
reaction was completed over 2 h at 25 ◦C. Then, the absorbance levels of different mixtures
were measured at 760 nm. A calibration curve of gallic acid (standard) was prepared using
serial dilutions (0.1, 0.2, 0.3, 0.4, and 0.5 mg/mL in distilled water).
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4.5. Animals

Thirty adult male Wistar rats weighing 220–250 g (10–12 weeks) were obtained from
Nahda University, Beni Suef (NUB) animal care facility. The animals were housed under
standard laboratory conditions and were maintained on a 12-h light/dark cycle to allow
acclimatization for 2 weeks. The animals were allowed free access to food and water and
were maintained at temperatures of 25–27 ◦C. The study protocol was approved by the
Commission on the Ethics of Scientific Research, Faculty of Pharmacy, Minia University,
registration number ES17/2020. The animals were then randomly assigned to five treatment
groups, consisting of six rats per group.

4.6. Experimental Protocol

The rats were divided into 5 (five) treatment groups of 6 rats per group. The animals were
treated for 10 days. Group I, the untreated control, was given 0.5 mL/kg phosphate-buffered
saline (PBS) solution. The other groups were group II (GTN 100 mg/kg), group III (BL
200 mg/kg + GTN), group IV (BL-400 mg/kg + GTN), and group V (LC 1 mmole/kg + GTN).
The experimental animals were treated daily for 10 days. GTN was administered via i.p,
while broccoli extracts and L-cysteine were given orally using an oral tube. At the end of
the study, the rats were euthanized by cervical dislocation under ether anesthesia. The ether
was administered using the “open-drop” method with an ether-impregnated cotton ball in
a bell jar for induction, followed by inhalation via a simple face cone. As stipulated by the
institutional guidelines for the use of animals, we used about five drops, corresponding
to 3–4 mL. The blood was collected via cardiac puncture. Then, the rats were euthanized
via decapitation. The kidneys and liver were carefully dissected. The tissue samples were
thoroughly rinsed in phosphate-buffered saline (PBS) to remove excess blood before being
stored at −85 ◦C for analysis. The collected samples were used to estimate biochemical
markers of antioxidants such as MDA, GSH, and SOD. Additionally, the mRNA expression
levels of TNF-α, IL-1β, and NFkB were investigated.

4.7. Biochemical Analysis

The kidney and liver samples were harvested and then washed in saline using an
ice bath. These samples were homogenized in phosphate-buffered saline in a ratio of 1:10
(w/v) homogenates and then centrifuged at 13,000× g (4 ◦C) for 30 min; the supernatant
was then collected to determine the levels of MDA, SOD, and GSH. The levels of MDA,
as a marker for lipid peroxidation, were determined using the thiobarbituric-acid-reactive
substances method by determining the levels of thiobarbituric-acid-reactive substances, as
earlier described by Emeka et al. [43]. A phosphoric acid solution (1%) and a measured
volume of thiobarbituric acid were added to each sample homogenate, which was then
incubated at 95 ◦C for 1 h. The concentration of the subsequent thiobarbituric-acid-reactive
substances was then measured spectrophotometrically at 535 nm. SOD assays were per-
formed according to the method described by Weydert and Cullen [44]. Xanthine–xanthine
oxidase was used to generate O2 radicals, and the subsequent nitro blue tetrazolium (NBT)
reduction was used as an indicator of O2 radical production. As SOD competes with NBT
for the generated O2 radicals, the percent reduction in NBT was calculated from the amount
of SOD present. The GSH levels were determined by following the manufacturer’s protocol,
which can be described briefly as a colorimetric reaction of 5,5′-dithiobis(2-nitrobenzoic
acid). Kidney and liver GSH contents were measured at 412 nm using a standard curve plot.

4.8. Serum Analysis of ALT, AST, ALP, Urea, and Creatinine Levels

Blood samples were harvested and centrifuged at 2000× g for 15 min using a refrig-
erated centrifuge to obtain serum samples from the cells. Subsequently, the ALT, AST,
ALP, urea, and creatinine levels were determined in the serum using routine colorimet-
ric methods on a Roche modular auto-analyzer (Roche modular auto-analyzer, Tokyo,
Japan) [45].
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4.9. mRNA Extraction and Quantification

Fresh portions of kidney and liver samples were dissected and washed with ice-cold
PBS, and then the cell-free supernatant was removed. The total RNA was extracted using
the modified Trizol (Thermo Fisher, San Jose, CA, USA) method. The extracted RNA
was quantified using a NanoDrop system, and 300 ng/target was used for the cDNA
preparation against inflammatory mRNA markers using the MQ basic cDNA synthesis
kit (Molequle-on, Takara, Kusatsu, Shiga, Japan) [46]. The forward and reverse primers
for TNF-α, IL-1β, NFkB, and GAPDH are shown in Table 1. The expression levels of the
cDNA products were quantified via quantitative real-time RT-PCR (qRT-PCR) using the
SYBR master mix method. An applied biosystems Vii7A PCR system was used, and the
mRNA was quantified using the ∆∆cT method. The house keeping target GAPDH was
used as an internal control for the normalization of mRNA expression.

Table 1. Real-time PCR primer details.

Primer Name Forward Sequence Reverse Sequence Product Size

TNF-α CTCTTCTGCCTGCTGCACTTTG ATGGGCTACAGGCTTGTCACTC 188
IL-1β GAAATTCCTGATCCAGACAAAAAC ATCACTTCAATGGCCTCTGTGTAG 194
NFkB TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG 201

GAPDH GCAAGGATACTGAGAGCAAGAG GGATGGAATTGTGAGGGAGATG 204

4.10. Kidney and Liver Histopathological Examinations

Kidney tissue samples from each rat were harvested; then, the specimens were fixed in
Blouin’s Solution, dehydrated in ascending degrees of alcohol, cleared with xylene, rapidly
embedded in paraffin wax, and sectioned (5 µm thickness). The sections were stained with
H&E [46]. The prepared slides were then examined under light microscopy (Olympus
CX23LEDRFS1, Olympus, Tokyo, Japan) to study the histopathological changes.

4.11. Morphometric Analysis of Renal and Hepatic Tissues

A morphometric estimation using Leica QWin 500 image analysis software (Leica
Microsystems, Wetzlar, Germany) was performed for evaluation with power ×400. These
parameters were detected in 10 non-overlapping sections from each slide from each rat
to calculate the mean number of inflammatory cells and the mean number of apoptotic
cells [47].

4.12. Statistical Analysis

The results obtained here are expressed as means ± SD and were analyzed using
Graph Pad Prism software version 8.2 (San Diego, CA, USA). Comparisons between the
control and treatment groups were performed using one-way analysis of variance, and the
differences between the groups were measured using Tukey’s multiple comparisons test.
Statistical significance was taken as p < 0.01.

5. Conclusions

From the foregoing, this study has demonstrated the high value of the TPC and the
isolation and identification of three pure phenolic compounds in the TME of broccoli leaf
extract, namely, caffeic acid, gallic acid, and methyl gallate. The results showed that the
broccoli leaf extract treatment abolished GTN-mediated lipid peroxidation by reducing
MDA formation, as well as restoring GSH and SOD levels in both renal and liver tissues.
Moreover, in both tissues, serum creatinine and urea levels were returned to normal with
reduced liver enzyme levels elevated by GTN administration. The histological examina-
tions also revealed ameliorated renal and liver tissues following treatment with different
concentrations of broccoli leaf extract in a dose-dependent manner. The inflammatory
and apoptotic processes induced by GTN were mitigated, as evidenced by the reduction
in the mRNA expression levels of TNF-α, IL-1β, and NFkB, indicating that the broccoli
extract has high potential for restoring normal cell function in the presence of GTN-induced
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oxidative stress and is able to prevent both inflammatory and apoptotic cellular damage.
Based on these findings, we recommend that future clinical studies utilize broccoli agro-
waste leaf for human consumption and as a source of phenolics for nutraceutical and
pharmaceutical purposes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app12146903/s1: Supplementary S. The 1D- and 2D-NMR spectroscopic data for caffeic
acid (1), gallic acid (2), and methyl gallate (3).
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