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Abstract: Chemicals can induce nephrotoxicity, with damage to different segments of the nephron and
deterioration of renal function. Nephrotoxicity due to exposure to a toxin such as carbon tetrachloride,
sodium oxalate, or heavy metals is the most common cause of kidney injury. The current study
aimed to evaluate the protective effects of Celastrus paniculatus seed extract against lead-acetate-
induced nephrotoxicity by evaluating the histopathology, immunohistochemistry, ultrastructure, and
phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway. Twenty-four rats were
divided into four groups (n = 6 per group): group 1 contained normal animals and served as the
control; group 2 received lead acetate (30 mg/kg body weight (b.w.)/day, oral); group 3 received
lead acetate and the standard drug N-acetylcysteine (NAC, 200 mg/kg b.w./day, oral); and group 4
received lead acetate and the ethanolic extract of C. paniculatus seed (EECP; 800 mg/kg b.w./day,
oral). Treatment was given for 28 consecutive days. The data were analyzed using one-way analysis
of variance with SIGMA PLOT 13 using SYSTAT software followed by Newman–Keul’s test for
comparison between the groups. EECP ameliorated the adverse changes caused by lead acetate. PI3K
and AKT messenger RNA (mRNA) levels were diminished in lead-acetate-treated rats. Treatment
with EECP inhibited the occurrence of shrunken cells, the atrophy of glomeruli, and degenerative
changes in renal tubules caused by lead acetate. Interestingly, the PI3K and AKT mRNA levels were
significantly increased in EECP-treated animals. Our results clearly evidence for the first time that
C. paniculatus seed extract inhibits lead-acetate-induced detrimental changes in kidneys by regulating
PI3K/AKT signaling pathways.

Keywords: Celastrus paniculatus; nephroprotective; electron microscopy; lead acetate; nephrotoxicity;
P13K/AKT signaling pathway

1. Introduction

Nephrotoxicity due to exposure to a toxin is the most common cause of kidney injury.
Any exposure to chemicals such as carbon tetrachloride, sodium oxalate, and heavy metals
could lead to nephrotoxicity [1]. Nephrotoxicity is defined as the fast deterioration of
normal renal function mainly owing to the toxic effects of chemicals, where damage to
different parts of nephrons is seen. About 14–26% of individuals are subjected to drug-
induced nephrotoxicity in their lifetime owing to overuse of certain antibodies such as
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aminoglycosides [2]. According to the Agency for Toxic Substances and Disease Registry
(ATSDR), lead can enter the human system by inhalation apart from ingestion, absorption,
and injection. About 40% of the exposures are through inhalation from occupation-related
exposure, which is absorbed into the intestine and rapidly reaches the circulation, and is
deposited in major organs such as the liver, brain, and kidney [3,4]. There is no known
safe blood lead concentration level; even concentrations as low as 5 µg/dL may be as-
sociated with a developmental defect in children, whereas a level of less than 10 µg/dL
(0.48 µmol/L) in an adult is considered to be safe, as per the World Health Organization [5].
Extensive studies and a lengthy history of occupational lead exposure would mislead
anyone into thinking that lead toxicity is a long gone entity. Regrettably, this is not the
case. Presently, lead is used extensively in the manufacture of acid storage batteries. The
demand for lead and its compounds is very high in the automobile sector, mainly thanks to
the huge transportation volume after rapid industrialization [6]. Even though there have
been abundant experimental studies carried out for many years on the adverse effects of
lead acetate (PbA), there is still a knowledge gap in understanding the biological effects of
its exposure.

Herbal plants have always been used as the principal constituent of medicine in tradi-
tional medicine systems. In India, among alternative medicines, herbs are popular because
they help cure illness by synchronizing with the body’s self-defense. A literature review
shows that many herbs and extracts have been studied for their nephroprotective property
because of the presence of flavonoids and other phenolic compounds [7]. The ethanolic
extract of Celastrus paniculatus seeds (EECP) is also referred to as the “elixir of life” in tradi-
tional medicine thanks to its cognition-enhancing properties [8]. The kidney is the primary
target organ of lead toxicity because of its ability to reabsorb and accumulate lead. Because
EECP has been reported to possess many biological properties and interesting bioactive
compounds, we investigated its protective effect against PbA-induced nephrotoxicity in
a rodent model by evaluating the histopathology, immunohistochemistry, ultrastructure,
and phosphoinositide 3-kinase (P13K)/protein kinase B (AKT) signaling pathway.

2. Results
2.1. Effect of EECP on Kidney Histopathology Based on Periodic Acid–Schiff (PAS) Staining

Kidney histopathology was examined using PAS staining. The control animals pre-
sented a normal architecture showing the features of renal glomeruli and cortical tubules,
specifically the convoluted tubule luminal surface lined by cuboidal cells. In this study, PbA
(30 mg/kg body weight (b.w.) administrated for 28 consecutive days induced extensive
nephrotoxicity (Figures 1 and 2), with significant changes including marked epithelial
necrosis and degeneration, moderate to severe interstitial congestion, and inflammatory
cell infiltration. In the EECP (800 mg/kg b.w.) and PbA-treated animals, their kidneys
showed mild, focal degeneration, and damaged epithelial cells of renal tubules. There were
no significant micro-anatomical structural changes noted in the NAC (200 mg/kg b.w.)
+ PbA-treated animals compared with the kidneys of control animals. Overall, EECP
provided substantial nephroprotection against PbA.
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Figure 1. Histopathology of the kidney examined using periodic acid–Schiff (PAS) staining (n = 6) (100× magnification). 
(A) Control animals, with well-defined glomeruli with Bowman‘s capsule, and renal tubules. (B) Lead acetate (PbA, 30 
mg/kg body weight (b.w.)) treated kidney shows shrunken glomeruli with dilated Bowman‘s capsule and degenerated 
renal tubules. (C) N-acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows renal glomeruli 
and cortical tubules. (D) Ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.) 
treated kidney show normal glomeruli having well-structured Bowman’s capsule, as well as distal and proximal convo-
luted tubules. 

Figure 1. Histopathology of the kidney examined using periodic acid–Schiff (PAS) staining (n = 6) (100×magnification).
(A) Control animals, with well-defined glomeruli with Bowman‘s capsule, and renal tubules. (B) Lead acetate (PbA,
30 mg/kg body weight (b.w.)) treated kidney shows shrunken glomeruli with dilated Bowman‘s capsule and degenerated
renal tubules. (C) N-acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows renal glomeruli
and cortical tubules. (D) Ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.)
treated kidney show normal glomeruli having well-structured Bowman’s capsule, as well as distal and proximal convoluted
tubules.
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Figure 2. Histopathology of the kidney using periodic acid–Schiff (PAS), (n = 6) (400× magnification). (A) Control animals, 
with well-defined glomeruli with Bowman‘s capsule, and renal tubules. (B) Lead acetate (PbA, 30 mg/kg body weight 
(b.w.)) treated kidney shows shrunken glomeruli with dilated Bowman‘s capsule and degenerated renal tubules. (C) N-
acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows renal glomeruli and cortical tubules. 
(D) Ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows 
normal glomeruli having a well-structured Bowman’s capsule, as well as distal and proximal convoluted tubules. 

2.2. Effect of EECP on Kidney Histology Based on Using Masson’s Trichrome Staining 
The kidneys of control and NAC-treated animals showed normal cytoarchitecture of 

renal structures; that is, properly arranged glomeruli with intact Bowman’s capsule, renal 
tubules lined with epithelial with an acidophilic cytoplasm, and centrally placed spherical 
nuclei. The kidneys of PbA-treated animals showed degenerative changes in the proximal 
and distal convoluted tubule epithelia and congestion of blood vessels. The kidneys of 
EECP-treated animals showed restoration of the renal structure with mild congestion of 
blood vessels (Figures 3 and 4). Masson’s trichrome staining precisely outlined the colla-
gen content in the kidneys. There was a significant increase in the total collagen content 
in the kidneys of PbA-treated animals compared with control animals (Figures 3 and 4). 
There was also a significant decrease in the total collagen content in the kidneys of EECP 
+ PbA-treated animals compared with PbA-treated animals. Similarly, there was more 

Figure 2. Histopathology of the kidney using periodic acid–Schiff (PAS), (n = 6) (400× magnification). (A) Control
animals, with well-defined glomeruli with Bowman‘s capsule, and renal tubules. (B) Lead acetate (PbA, 30 mg/kg body
weight (b.w.)) treated kidney shows shrunken glomeruli with dilated Bowman‘s capsule and degenerated renal tubules.
(C) N-acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows renal glomeruli and cortical
tubules. (D) Ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney
shows normal glomeruli having a well-structured Bowman’s capsule, as well as distal and proximal convoluted tubules.

2.2. Effect of EECP on Kidney Histology Based on Using Masson’s Trichrome Staining

The kidneys of control and NAC-treated animals showed normal cytoarchitecture of
renal structures; that is, properly arranged glomeruli with intact Bowman’s capsule, renal
tubules lined with epithelial with an acidophilic cytoplasm, and centrally placed spherical
nuclei. The kidneys of PbA-treated animals showed degenerative changes in the proximal
and distal convoluted tubule epithelia and congestion of blood vessels. The kidneys of
EECP-treated animals showed restoration of the renal structure with mild congestion of
blood vessels (Figures 3 and 4). Masson’s trichrome staining precisely outlined the collagen
content in the kidneys. There was a significant increase in the total collagen content in the
kidneys of PbA-treated animals compared with control animals (Figures 3 and 4). There
was also a significant decrease in the total collagen content in the kidneys of EECP + PbA-
treated animals compared with PbA-treated animals. Similarly, there was more collagen in
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the kidneys of animals administrated NAC + PbA compared with those administered PbA
(Figures 3 and 4).
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shows well-defined glomeruli with a Bowman‘s capsule and renal tubules. (B) Lead acetate (PbA; 30 mg/kg body weight 
(b.w.)) treated kidney shows shrunken glomeruli with a dilated Bowman‘s capsule and degenerated renal tubules. (C) N-
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Figure 3. Histopathology of the kidney using Masson’s trichrome stain (n = 6) (100×magnification). (A) Control kidney
shows well-defined glomeruli with a Bowman‘s capsule and renal tubules. (B) Lead acetate (PbA; 30 mg/kg body
weight (b.w.)) treated kidney shows shrunken glomeruli with a dilated Bowman‘s capsule and degenerated renal tubules.
(C) N-acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows renal glomeruli and cortical
tubules. (D) Ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney
shows normal glomeruli having a well-structured Bowman’s capsule as well as distal and proximal convoluted tubules.
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Figure 4. Histopathology of the kidney using Masson’s trichrome stain (n = 6) (400× magnification). (A) Control kidney 
shows well-defined glomeruli with a Bowman‘s capsule and renal tubules. (B) Lead acetate (PbA; 30 mg/kg body weight 
(b.w.)) treated kidney shows shrunken glomeruli with a dilated Bowman‘s capsule and degenerated renal tubules. (C) N-
acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows renal glomeruli and cortical tubules. 
(D) Ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows 
normal glomeruli having a well-structured Bowman’s capsule as well as distal and proximal convoluted tubules. 

2.3. Effect of EECP on the Expression of Alpha Glutathione S-Transferase (α-GST) Based on 
Immunohistochemistry  

Figure 5 shows α-GST immunohistochemistry in the kidneys. In PbA-treated ani-
mals, there were α-GST-positive cells in the proximal convoluted tubules of the renal cor-
tex and the periphery of the renal medulla. There was very minimal α-GST immune-pos-
itivity in the EECP + PbA-treated kidney compared with the PbA-treated kidney. Simi-
larly, the kidneys of NAC + PbA-treated animals showed very few α-GST-positive cells 
compared with those of PbA-treated animals. 

Figure 4. Histopathology of the kidney using Masson’s trichrome stain (n = 6) (400×magnification). (A) Control kidney
shows well-defined glomeruli with a Bowman‘s capsule and renal tubules. (B) Lead acetate (PbA; 30 mg/kg body
weight (b.w.)) treated kidney shows shrunken glomeruli with a dilated Bowman‘s capsule and degenerated renal tubules.
(C) N-acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows renal glomeruli and cortical
tubules. (D) Ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney
shows normal glomeruli having a well-structured Bowman’s capsule as well as distal and proximal convoluted tubules.

2.3. Effect of EECP on the Expression of Alpha Glutathione S-Transferase (α-GST) Based
on Immunohistochemistry

Figure 5 shows α-GST immunohistochemistry in the kidneys. In PbA-treated animals,
there were α-GST-positive cells in the proximal convoluted tubules of the renal cortex and
the periphery of the renal medulla. There was very minimal α-GST immune-positivity
in the EECP + PbA-treated kidney compared with the PbA-treated kidney. Similarly, the
kidneys of NAC + PbA-treated animals showed very few α-GST-positive cells compared
with those of PbA-treated animals.
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Figure 5. Alpha glutathione S-transferase (α-GST) immunohistochemistry of the kidney (200× magnification). (A) Control, 
(B) lead acetate (PbA; 30 mg/kg body weight (b.w.)), (C) N-acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.), 
and (D) ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.). The arrows indicate 
immunopositive regions. 

2.4. Effect of EECP on the Expression of Delta-Aminolevulinate Dehydratase (ALAD) Using 
Immunohistochemistry  

Figure 6 shows ALAD immunohistochemistry in the kidney of the treated animals. 
In PbA-administrated animals, ALAD-positive cells were seen in the renal cortex and me-
dulla. There was only mild ALAD positivity in EECP + PbA-treated animals compared 
with PbA-treated animals; the pattern in the former group was similar to control animals. 
Similarly, there was no ALAD positivity in NAC + PbA-treated animals compared with 
PbA-treated animals. 

Figure 5. Alpha glutathione S-transferase (α-GST) immunohistochemistry of the kidney (200×magnification). (A) Control,
(B) lead acetate (PbA; 30 mg/kg body weight (b.w.)), (C) N-acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.),
and (D) ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.). The arrows indicate
immunopositive regions.

2.4. Effect of EECP on the Expression of Delta-Aminolevulinate Dehydratase (ALAD) Using
Immunohistochemistry

Figure 6 shows ALAD immunohistochemistry in the kidney of the treated animals.
In PbA-administrated animals, ALAD-positive cells were seen in the renal cortex and
medulla. There was only mild ALAD positivity in EECP + PbA-treated animals compared
with PbA-treated animals; the pattern in the former group was similar to control animals.
Similarly, there was no ALAD positivity in NAC + PbA-treated animals compared with
PbA-treated animals.
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Figure 6. Delta-aminolevulinate dehydratase immunohistochemistry of the kidney (200× magnification). (A) Control, (B) 
lead acetate (PbA; 30 mg/kg body weight (b.w.)), (C) N-acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.), and 
(D) ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.). The arrows indicate 
immunopositive regions. 

2.5. Effect of EECP against PbA-Induced Nephrotoxicity Based on Scanning Electron 
Microscopy (SEM) 

The extent of the renal injury in PbA-treated animals was analyzed with SEM. In the 
control animals, the kidney showed a well-organized cytoarchitecture of the proximal 
convoluted tubules with regions of tightly packed microvilli with a proximal tubule brush 
border (Figure 7). PbA administration reduced microvilli and led to pathological changes 
in the brush border of proximal tubule cells. In the kidney of animals co-administered 
NAC and PbA, there were large microtubules and tightly packed microvilli with marked 
renal tubule surface distortion. Finally, the kidney of EECP + PbA-treated animals showed 
normal renal tubules lined with simple columnar epithelium around a centralized lumen 
(Figure 7). 

Figure 6. Delta-aminolevulinate dehydratase immunohistochemistry of the kidney (200× magnification). (A) Control,
(B) lead acetate (PbA; 30 mg/kg body weight (b.w.)), (C) N-acetylcysteine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.),
and (D) ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.) + PbA (30 mg/kg b.w.). The arrows indicate
immunopositive regions.

2.5. Effect of EECP against PbA-Induced Nephrotoxicity Based on Scanning Electron Microscopy
(SEM)

The extent of the renal injury in PbA-treated animals was analyzed with SEM. In
the control animals, the kidney showed a well-organized cytoarchitecture of the proximal
convoluted tubules with regions of tightly packed microvilli with a proximal tubule brush
border (Figure 7). PbA administration reduced microvilli and led to pathological changes
in the brush border of proximal tubule cells. In the kidney of animals co-administered
NAC and PbA, there were large microtubules and tightly packed microvilli with marked
renal tubule surface distortion. Finally, the kidney of EECP + PbA-treated animals showed
normal renal tubules lined with simple columnar epithelium around a centralized lumen
(Figure 7).



Molecules 2021, 26, 6647 9 of 19Molecules 2021, 26, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 7. Scanning electron microscopy of the kidney (5000× magnification). (A) Control kidney shows the proximal con-
voluted tubules showed regions of tightly packed microvilli with a proximal tubule brush border. The arrow indicates the 
lumen and the arrow head indicates the microvilli. (B) Lead acetate (PbA; 30 mg/kg body weight (b.w.)) treated kidney 
shows sparse microvilli and pathological changes (arrow) in the brush border of proximal tubule cells. (C) N-acetylcyste-
ine (NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows large microtubules and tightly packed microvilli. 
The tubule surface distortion is very much reduced. (D) Ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg 
b.w.) + PbA (30 mg/kg b.w.) shows the tubules was lined with a simple columnar epithelium around a centralized lumen. 

2.6. Effect of EECP on PI3K and AKT mRNA Levels in the Kidney  
The PI3K/AKT signaling pathway stimulates cell proliferation, growth, and survival 

concerning signals from extracellular components. PI3K and AKT are the main proteins 
in this pathway. PI3K and AKT mRNA levels were significantly reduced in the PbA-
treated animals compared with the control animals. In EECP + PbA-treated animals, the 
levels of both genes were increased significantly compared with the PbA-treated animals. 
The NAC + PbA-treated animals showed PI3K and AKT gene expression similar to the 
EECP + PbA-treated animals (Figures 8–11). 

Figure 7. Scanning electron microscopy of the kidney (5000× magnification). (A) Control kidney shows the proximal
convoluted tubules showed regions of tightly packed microvilli with a proximal tubule brush border. The arrow indicates
the lumen and the arrow head indicates the microvilli. (B) Lead acetate (PbA; 30 mg/kg body weight (b.w.)) treated kidney
shows sparse microvilli and pathological changes (arrow) in the brush border of proximal tubule cells. (C) N-acetylcysteine
(NAC; 200 mg/kg b.w.) + PbA (30 mg/kg b.w.) treated kidney shows large microtubules and tightly packed microvilli. The
tubule surface distortion is very much reduced. (D) Ethanolic extract of Celastrus paniculatus seeds (EECP; 800 mg/kg b.w.)
+ PbA (30 mg/kg b.w.) shows the tubules was lined with a simple columnar epithelium around a centralized lumen.

2.6. Effect of EECP on PI3K and AKT mRNA Levels in the Kidney

The PI3K/AKT signaling pathway stimulates cell proliferation, growth, and survival
concerning signals from extracellular components. PI3K and AKT are the main proteins in
this pathway. PI3K and AKT mRNA levels were significantly reduced in the PbA-treated
animals compared with the control animals. In EECP + PbA-treated animals, the levels
of both genes were increased significantly compared with the PbA-treated animals. The
NAC + PbA-treated animals showed PI3K and AKT gene expression similar to the EECP +
PbA-treated animals (Figures 8–11).
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Figure 11. Graphical representation of PI3K mRNA expression in the kidney. a Significantly different
from the control group. b Significantly different from the lead acetate group.

3. Discussion

We found that PbA can cause nephrotoxicity via an adverse effect on the cellular
architecture of the kidney. The damage to the renal tissue included epithelial necrosis and
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degeneration, moderate to severe interstitial congestion, and inflammatory cell infiltration.
These histopathological findings are similar to a previous study by Lin et al. [9] after
environmental exposure to PbA. Karmakar et al. [10] reported that PbA exposure caused
tubular necrosis and inflammatory infiltration. C. paniculatus significantly improved the
altered renal histopathology to the extent of the control group.

Renal biopsies are becoming a regular and standard procedure in clinical practice. The
analysis includes staining with PAS, Masson’s trichrome, and methenamine silver apart
from routine hematoxylin and eosin (H&E). The latter is the gold standard procedure in
every histopathological laboratory, and the former special stains have been used widely
in practice for a long time to better understand the structures damaged in the biopsied
tissue [11]. PAS staining is used to study the polysaccharide quantity in tissues, particularly
the liver, parathyroid gland, skeletal muscles, and skin. It is also used to evaluate the
presentation of the basement membrane and mucus-secreting goblet cells from the epithelia
that line several organs. The basic principle for the formation of the magenta color in this
stain is the oxidation of carbon–carbon bonds producing aldehydes by periodic acid, which
later reacts with the fuchsin-sulfurous acid reagent [12]. The increased release of glucose
during ultrafiltration and decreased reabsorption due to damage to the renal tubules results
in the accumulation of glucose, which shows more affinity for PAS stain [13,14]. In the
kidney interstitial matrix architecture, collagen types I and III are the major constituents.
In addition, type IV collagen is present in the basement membrane of the glomeruli of the
nephron [15]. Renal damage due to nephrotoxicity leads to an imbalance in the formation
and arrangement of collagen fibers, and understanding the extent of this damage could
give valuable insight into the severity of the condition [16]. The purpose of using Masson’s
trichrome is to differentiate collagen from other structures in the kidney and to check the
increase in the collagen content in disease conditions such as nephrotoxicity. By evaluating
the kidney in this study with H&E, PAS, and Masson’s trichrome, we found that EECP
exerted a protective effect similar to that of NAC. The order of protection was as follows:
control > EECP = NAC > PbA.

Apparent renal markers such as KIM-1, NGAL, clusterin, vimentin, uromodulin,
nephrin, and netrin are investigated using immunohistochemistry. The early detection of
renal damage is vital to protect this organ from progressive and severe complications [17].
α-GST is a sensitive and specific biomarker of proximal convoluted tubular injury of the
nephron. Increased α-GST excretion is a sign of acute tubular injury caused by toxic chemi-
cals [18,19]. α-GST is a highly sensitive biomarker for damage related to the permeability
of cells and comprises one of the parameters used to assess the response to toxicity. Acute
kidney damage leads to the rapid release of high concentrations of α-GST into the blood-
stream [20,21]. In our study, there was a marked increase in α-GST immunopositivity in
the PbA-treated group compared with the control group. Administration of NAC or EECP
concurrently with PbA significantly attenuated this adverse change. EECP counteracted
this increase and provided a protective effect against PbA-induced renal damage. Our
findings indicate that elevated α-GST could be examined as a specific confirmatory tool for
nephrotoxicity.

The biomarkers for lead poisoning are the blood lead concentration, zinc protopor-
phyrin, and ALAD, a specific and sensitive marker for lead exposure that is also useful
to quantify lead exposure [22,23]. A normal value with a broad range and instability are
two of the main disadvantages of ALAD [24,25]. Chiu et al. [26] stated that the blood lead
concentration was inversely proportional to ALAD activity among lead mining workers
with a control group in Taiwan. An ALAD value of 10 g/dL is the threshold value for
blood lead level [26]. Feksa et al. [27] presented similar findings in 18 workers exposed to
lead because of their occupation. Another study on workers from battery factories showed
reduced ALAD with a duration of exposure compared with the control group [28]. There
was no significant correlation between ALAD and the blood lead level in urban areas
among children in India [29]. Based on the literature, there has been no study determining
the ALAD activity using immunohistochemistry in the kidney.
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Electron microscopy can provide a comprehensive estimation of the cellular archi-
tecture and extracellular framework of the kidney, with detailed information about ab-
normalities that are not evident based on compound microscopic examination [30]. The
electron microscopic study of renal tissue shows the contour, thickness of the glomeruli
with foot processes of podocytes, and structural integrity of the basement membrane [31,32].
The occurrence of glomerulonephritis and amyloidosis in patients who received a kidney
transplant was studied using an electron microscope with 86% accuracy [33]. Two studies
done on 100 cases and 34 cases, respectively, concluded that electron microscopy plays
a vital role in the differential diagnosis and prognosis of renal conditions, particularly
nephrotic syndrome [34,35]. Another study on 134 cases showed that the combination of
immunofluorescence and electron microscopy with light microscopy contributes to the
accurate diagnosis of glomerulonephritis [36]. Undoubtedly, the practical use of electron
microscopy for renal biopsies is valuable and allows the diagnosis of patient conditions
in 48% of cases [37,38]. The primary limitations are that it is time-consuming and costly.
Hence, electron microscopy is replaced by immunohistochemistry and used only during
negative immunohistochemistry results [39]. The development of segmental glomeru-
losclerosis during the continuous evaluation of renal tissue in patients with obesity and
type 2 diabetes showed defective podocytes with foot process damage associated with
protein [40–42]. Similarly, the electron microscopic examination revealed injury to foot
processes followed by damage to podocytes and resulted in a reduction in the number
of podocytes in streptozocin-induced diabetes in Wistar rats [43]. In our study, the scan-
ning electron microscopic analysis showed the loss of structural integrity in the glomeruli,
sparse microvilli, and pathological changes observed in the brush border of proximal tubule
cells, which was ameliorated by EECP. Indeed, co-administration of EECP restored the
microanatomy of renal tissue from PbA-induced toxicity. The flavonoids in C. paniculatus
seeds likely modulate the adverse effects of PbA to ameliorate the kidney damage.

The PI3K/AKT pathway regulates cell proliferation, growth, and survival [44,45]. Hep-
atocytes have high-affinity tyrosine kinase receptors on their cell surface; they phosphory-
late P13K to activate it. The phosphorylated PI3K then phosphorylates phosphatidylinositol
4,5-bisphosphate and converts it into active phosphatidylinositol 3,4,5-triphosphate (PIP3).
Apart from cell growth and survival, AKT also regulates cell glucose metabolism [46]. The
phosphorylation of 3-phosphoinositide-dependent kinase 1 with PIP3 and PH domain, and
similarly the phosphorylation phosphoinositide-dependent kinase 2, activates the AKT
protein. The activated AKT downstream of the proteins belong to mammalian target of
rapamycin (mTORC) protein syntheses such as Bcl-2, BCL2-associated X, caspase-9 for
apoptosis, and glycogen synthase kinase-3 (GSK-3) for glucose metabolism [47]. In that
study, PbA downregulated the protein expression of PI3K/AKT. This inhibition led to
the elevation of caspase-9 by proapoptotic Bcl-2, which cleaves caspases-3 and caspase-7
to cause apoptosis. In our study, the co-administration of EECP with PbA increased the
expression of P13K and AKT mRNA and ameliorated the adverse changes induced by PbA.
The order of protection was control > EECP = NAC > PbA. EECP showed a protective effect
similar to NAC. The results demonstrate that EECP effectively ceased the PbA-induced
renal damage by exhibiting a nephroprotective effect by the above-mentioned mechanisms.

Herbs and their purified components show promising therapeutic potential against
various clinical conditions, especially considering that synthetic chemicals may have side
effects. Phenolic compounds such as catechin and epicatechin are powerful antioxidants
that are present abundantly in grape seeds; they contain anti-aging and anticarcinogenic
agents [48]. Many phenolic and alcoholic compounds have been identified in the mulberry
fruit, which is widely used in Chinese medicine. Polyphenols, anthocyanins, flavonoids,
and more specifically 1-(5-methyl-2-oxy-[1,2,4]oxadiazol-3-yl)-2-phenyl-ethane-1,2-dione
1-oxime, which is found in the mulberry fruit, possess antioxidant potential [49]. The
leaves of Carica papaya, which is a known antioxidant, were found to have lipophilic
and hydrophilic bioactive compounds, and these leaves were also proven to possess a
nephroprotective effect against heavy metal such as mercury [50,51]. Similar compounds
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have been found in C. paniculatus seeds; these compounds have been proven to have
protective properties in our earlier study [52]. The main limitation of this study is that
the bioactive compounds responsible for the nephroprotective effect were not identified,
isolated, and purified; instead, the whole plant extract was used. Another limitation is
that histopathology was not quantified using histomorphometry. Additional investigation
is needed to determine which metabolites of C. paniculatus protect the renal tissue from
PbA-induced toxicity; is it a single metabolite or the combined activity of two or more
components present in C. paniculatus seeds?

4. Materials and Methods
4.1. Chemicals

All chemicals used in the study were of analytical grade, procured from SISCO
Research Laboratories Private Limited, D. K. Enterprises, India; Sigma Aldrich, St. Louis,
MO, USA; Dako, Carpinteria, CA, USA; or Argutus, Dublin, Ireland. Primers of AKT, PI3K,
β-actin, and GAPDH were procured from Eurofins Genomics, Bangalore, India.

4.2. Plant Material Preparation and Extraction

C. paniculatus seeds were procured from M/s. Herbal Care and Cure Centre, Chennai,
and authenticated by a taxonomist of St. Xavier’s College, Tirunelveli. The seeds were
subjected to shadow drying and ground into a coarse powder for extraction. Five hundred
grams of powder was soaked in 1 L of 90% ethanol. After 72 h, the preparation was filtered
and two more separate repeated extractions were done with fresh solvent. The filtrate was
combined and evaporated to dryness to obtain a viscous residue. The crude extract was
then freeze-dried and stored at −4 ◦C until further use and named as the ethanolic extract
of C. paniculatus (EECP). The extract was dissolved in distilled water for oral administration.
Earlier reports revealed the extract is not toxic up to a dose of 5000 mg/kg b.w. in rats [53].

4.3. Experimental Animals

The study was conducted from September 2019 to February 2020 after proper approval
from the institutional animal ethical committee at Saveetha Institute of Medical And
Technical Sciences (IAEC Approval No: SU/CLAR/RD/002/2019, dated: 09.08.2019).
Female Wistar rats, with a mean weight of 180 ± 20 g, 4–5 months old, were obtained from
the Biogen animal facility, Bangalore. Animals were acclimatized for 10 days before the
commencement of experiments. They were fed with a standard pellet diet and water ad
libitum. The experiment was carried out following the CPCSEA guidelines.

4.4. Experimental Design

The animals were divided into four groups (n = 6 per group), as described below. The
study was carried out for 28 days.

Group 1: Saline (2 mL/kg b.w./day, oral)
Group 2: PbA (30 mg/kg b.w./day, oral)
Group 3: NAC (200 mg/kg b.w./day, oral) + PbA (30 mg/kg b.w./day, oral)
Group 4: EECP (800 mg/kg b.w./day, oral) + PbA (30 mg/kg b.w./day, oral)

4.5. Collection of Kdneys

After the study period, on day 29, overnight fasted animals were anesthetized using
1% isoflurane for blood collection and euthanized. A midline incision was made in the
undersurface of the abdomen to visualize the organs and harvest the kidneys, which were
stored at −80 ◦C for further analysis. The right kidneys were kept in 10% formalin for
histopathological studies, and the left kidneys were used to analyze the antioxidant and
oxidative stress markers, as well as gene expression analysis.
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4.6. Tissue Homogenization

Kidney samples (0.1 g) were homogenized in 1 mL of ice-cold Tris lysis buffer (0.242%
2-amino-2-hydroxymethyl-1,3-propanediol (TRIS) wt/wt in ddH2O with 5 mg/mL apro-
tinin, 5 mg/mL leupeptin, 1 mg/mL pepstatin, and 10 mg/mL phenyl methyl sulfonyl
fluoride dissolved in isopropanol) and spun in a Beckman Allegra 6R centrifuge for 20 min
at 2100 rpm [54].

4.7. Histopathological Studies

After sacrificing animals, the kidneys were harvested and fixed in 10% formalin.
The dehydration process was employed by immersing the tissues in a series of ethanolic
solutions of increasing concentration to avoid excessive tissue distortion, embedded in the
paraffin sections, followed by cutting the sections at a thickness of 3–5 µm with a rotatory
microtome. The kidney sections were stained with PAS and Masson’s trichrome. Later,
all the slides were observed under 100× and 400×magnification with a compound light
microscope. The extent of the morphological changes in the slides was evaluated and
photographs were taken.

4.8. Expression of α-GST Using Immunohistochemistry

Sections were subjected to antigen retrieval by immersion in citrate buffer (pH 6) at
100 ◦C for 20 min. Endogenous peroxidase activity was quenched by incubation in 3%
hydrogen peroxide in distilled water for 10 min. Endogenous biotin was blocked using
a biotin blocking system obtained from Dako. The sections were then incubated with
the primary antibodies for 30 min at room temperature. The antibodies were rabbit anti-
rat α-GST polyclonal antibody and rabbit anti-dog α-GST polyclonal antibody (Argutus)
diluted 1:500. Next, the sections were incubated for 30 min at room temperature with
species-specific biotinylated secondary antibodies. The sections were counterstained with
hematoxylin, dehydrated, and mounted under glass coverslips. Five 200× microscopic
views per slide were selected randomly and photographed using ImageJ software.

4.9. Expression of ALAD Using Immunohistochemistry

Immunolocalization of proteins (antigen) in rat kidney tissue was carried out by
the indirect peroxidase method. Paraffin was removed in xylene and the sections were
dehydrated through a graded alcohol series. After two rinses in phosphate-buffered saline
(PBS) for 5 min each, the endogenous peroxidase activity was eliminated by incubation
in 3% hydrogen peroxide for 30 min at room temperature. The non-specific binding sites
were blocked by incubation with normal goat serum (three drops in 3% bovine serum
albumin (BSA) in PBS) for 30 min. After antigen retrieval (100× citrate buffer) for 20 min
in a domestic pressure cooker and blocking non-specific binding sites with protein block,
the sections were incubated with the primary antibody against ALAD (Thermo Fischer
Scientific Company) overnight at 4 ◦C. For negative controls, the sections were immersed
in PBS instead of the specific antibody. The sections were then incubated with primary
antibody (1:100) for 60 min at room temperature. After rinsing with PBS, the sections were
incubated with biotinylated antiserum (goat anti-rabbit IgG, 1:50 dilution) for 60 min at
room temperature [55]. Then, the sections were incubated in the working streptavidin–
horseradish peroxidase solution for 60 min at room temperature and washed in three
changes of PBS. Finally, the sections were incubated with DAB-hydrogen peroxide for
30 min and washed in water, counterstained, and viewed under a light microscope. For
immunohistochemical quantification, two slices were selected from one integration receptor
sample. Five 200× microscopic views per slide were selected randomly and photographed
using a Nikon ECLIPSE 80i microscope. The area of positive staining was measured in
pixels using Image-Pro Software, which detected brown staining in the tissue.
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4.10. Electron Microscope Study

Kidney sections were fixed with 2.5% glutaraldehyde, dehydrated in ethanol, im-
mersed in liquid nitrogen, and then broken with a razor blade. The tissue pieces were
hydrated through graded alcohol washes, washed in sodium cacodylate buffer, and fixed
in 1% osmium tetroxide for 1 h. Samples were then washed in buffer, dehydrated, sputter-
coated with gold-palladium, and visualized using an FEI-Quanta FEG 200F Microscope [56].
The images were taken at 5000×magnification.

4.11. mRNA Expression Analysis by Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
4.11.1. Isolation of Total RNA

A total of 100 mg of kidney was used for RNA isolation. Total RNA was isolated
utilizing Trizol reagent from tissue homogenate (Biobasic Inc.). After RNA isolation, RNA
was immediately reverse transcribed into complementary DNA (cDNA) with the Easy
Script Plus™ Reverse Transcriptase. It is a novel recombinant reverse transcriptase that
displays considerably higher efficiency in the synthesis of the first-strand cDNA from RNA
templates.

4.11.2. cDNA Synthesis and PCR Amplification

For RT-PCR, 2 µg of total RNA was employed, and a two-step RT-PCR kit was
used. In the first phase, Oligo dT, dNTPs, and reverse transcriptase were used to make
cDNA from an RNA template. For 1 h at 37 ◦C, the components were mixed with DNA
primers in a reverse transcriptase buffer. Standard PCR was performed using gene-specific
oligonucleotide primers for PI3K, AKT, β-actin, and GAPDH. The procedure started with
PCR activation at 95 ◦C for 5 min; 30 cycles of denaturation at 95 ◦C for 2 min, annealing
at 60 ◦C for 30 s, and extension at 73 ◦C for 30 s; and a final extension at 73 ◦C for 5 min
to ensure that the products were fully extended. The housekeeping gene β-actin was
co-amplified with gene-specific oligonucleotide primers in the same reaction. The product
from each tube (5 µL) was combined with gel loading dye and resolved in a standard 2%
agarose gel containing ethidium bromide (0.5 mg/mL) for 2 h under an electrical field
of 60 mA and 80 V. A 100 bp molecular weight DNA marker was resolved concurrently.
Following electrophoresis, the gel was densitometrically scanned, and the band intensity
of each gene of interest was standardized against the band intensity of the housekeeping
gene (β-actin) using quantity one software (Bio-Rad, Hercules, CA, USA), before being
amplified by PCR. The primer sequences used for the PCR amplification are provided in
Tables 1 and 2.

Table 1. AKT-308 primer sequences used for the polymerase chain reaction amplification.

Genes Forward Primer Reverse Primer Product Size (bp)

AKT 5′-ATCCCCTCAACAACTTCTCAGT-3′ R: 5′-CTTCCGTCCACTCTTCTCTTTC-3′ 447

β-actin 5′-TGACGGGGTCACCCACACT-3′ 5′-CTTAGAAGCATTGCGGTGG-3′ 659

Table 2. PI3K primer sequences used for the polymerase chain reaction amplification.

Genes Forward Primer Reverse Primer Product Size

PI3K 5′-GTTCACCAATCCTGCCTGTG-3′ 5′-CTGCATCACCTTCATCTGGC-3′ 248

GAPDH 5′-TGACGGGGTCACCCACACT-3′ 5′-CTTAGAAGCATTGCGGTGG-3′ 192

4.11.3. Agarose Gel Electrophoresis

In a total volume of 25 mL, 1.5% agarose and 1X TAE buffer were prepared and poured
onto a gel tray. PCR products were mixed with the loading dye. The mixture was loaded
into each well alongside a 1 kb ladder as a reference. The gel was run at 50 V for 90 min
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and then visualized. Images were digitally captured, and the band intensity was analyzed
using Gel Pro Analyzer software, version 4.0. The relative amount of each target gene was
normalized to the reference gene, β-actin, and GAPDH [57].

4.12. Statistical Analysis

The data obtained from the experiments were analyzed using one-way analysis of
variance (ANOVA) with SIGMA PLOT 13 using SYSTAT software followed by the normal-
ity test (Shapiro–Wilk test), the equal variance test (Brown–Forsythe), and the multiple
comparison test (Newman–Keul’s test) for comparison between the groups. The values
are expressed as mean ± standard error of the mean (SEM). p < 0.001 was considered
statistically significant. The quantitative analysis of immunohistochemistry was performed
by counting the number of positive cells in microscope fields using digital ImageJ software.

5. Conclusions

In conclusion, PbA induced nephrotoxicity, and EECP attenuated this damage and
maintained the general health of the animals. C. paniculatus is a potential herbal plant
and its seeds are abundant in natural antioxidant compounds and numerous beneficial
medicinal properties. The results obtained in this study indicate that C. paniculatus seeds
possess significant nephron-protecting properties thanks to secondary metabolites present
in them. The bioactive compounds of the CP seeds’ extract, such as palmitic acid, ethyl
linolenate, and 1-(5-methyl-2-oxy-[1,2,4]oxadiazol-3-yl)-2-phenyl-ethane-1,2-dione 1-oxime,
are known to be genuine antioxidants. This indicates that the EECP could have a potential
capacity to protect the kidney against PbA-induced toxicity. Identification and isolation of
these bioactive compounds could provide useful drugs to overcome lead toxicity.

Author Contributions: Conceptualization, K.B. and J.V.; methodology, K.B., P.K.S., S.S. and M.F.Y.;
software, P.K.S. and S.S.; validation, J.V., P.K.S. and S.S.; formal analysis, K.B. and P.K.S.; investigation,
P.K.S. and S.S.; visualization, S.S., R.V. and J.S.; supervision, J.V., S.S., R.V. and M.F.Y.; Writing—
original draft, K.B., P.K.S., S.S., J.S. and M.F.Y.; Writing—review and editing, all coauthors; project
administration, R.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Ethics Committee of Saveetha In-
stitute of Medical And Technical Sciences (IAEC Approval No: SU/CLAR/RD/002/2019, dated:
9 August 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are thankful to Ethirajan Sukumar for his valuable assistance during
extract preparation and for sharing knowledge related to the procedure. We thank Matthew D Howell,
Biomedical Editor, St. Petersburg, FL, USA for providing thorough English and grammar edits in the
manuscript. The authors are also thankful to Madhan Kumar and Praveen Kumar for their assistance
during extract preparation and Chelladurai for his support in the procurement of plant material. The
authors also wish to thank Arun Kumar, REFSYN Biosciences Pvt Ltd. Puducherry, for his assistance
in carrying out the laboratory analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lonappan, L.; Brar, S.K.; Das, R.K.; Verma, M.; Surampalli, R.Y. Diclofenac and its transformation products: Environmental

occurrence and toxicity—A review. Environ. Int. 2016, 96, 127–138. [CrossRef]
2. Kim, S.Y.; Moon, A. Drug-induced nephrotoxicity and its biomarkers. Biomol. Ther. 2012, 20, 268–272. [CrossRef]
3. Rodrigues, E.G.; Virji, M.A.; McClean, M.D.; Weinberg, J.; Woskie, S.; Pepper, L.D. Personal exposure, behavior, and work site

conditions as determinants of blood lead among bridge painters. J. Occup. Environ. Hyg. 2010, 7, 80–87. [CrossRef]

http://doi.org/10.1016/j.envint.2016.09.014
http://doi.org/10.4062/biomolther.2012.20.3.268
http://doi.org/10.1080/15459620903418316


Molecules 2021, 26, 6647 18 of 19

4. Maruthamuthu, M.K.; Ganesh, I.; Ravikumar, S.; Hong, S.H. Evaluation of zraP gene expression characteristics and construction
of a lead (Pb) sensing and removal system in a recombinant Escherichia coli. Biotechnol. Lett. 2015, 37, 659–664. [CrossRef]
[PubMed]

5. World Health Organization. Biological indices of lead exposure and body burden. In IPCS, Inorganic Lead Environmental Health
Criteria 118’; WHO: Geneva, Switzerland, 1995; Volume 165, pp. 114–118.

6. Flora, G.; Gupta, D.; Tiwari, A. Toxicity of lead: A review with recent updates. Interdiscip. Toxicol. 2012, 5, 47–58. [CrossRef]
7. Negi, K.; Mirza, A. Nephroprotective and Therapeutic Potential of Traditional Medicinal Plants in Renal Diseases. J. Drug Res.

Ayurvedic. Sci. 2020, 5, 177–185. [CrossRef]
8. Godkar, P.B.; Gordon, R.K.; Ravindran, A.; Doctor, B.P. Celastrus paniculatus seed water-soluble extracts protect against glutamate

toxicity in neuronal cultures from rat forebrain. J. Ethnopharmacol. 2004, 93, 213–219. [CrossRef]
9. Lin, J.L.; Huang, P.T. Body lead stores and urate excretion in men with chronic renal disease. J. Rheumatol. 1994, 21, 705–709.

[PubMed]
10. Karmakar, N.; Saxena, R.; Anand, S. Histopathological changes induced in rat tissues by oral intake of lead acetate. Environ. Res.

1986, 41, 23–28. [CrossRef]
11. Bancroft, J.D.; Stevens, A. Theory and Practice of Histological Techniques, 4th ed.; Churchill Livingstone: New York, NY, USA, 1996.
12. Kumar, P.P.; Kumaravel, S.; Lalitha, C. Screening of antioxidant activity, total phenolics and GC-MS study of Vitex negundo. Afr. J.

Biochem. Res. 2010, 4, 191–195.
13. Liu, Y. Cellular and molecular mechanisms of renal fibrosis. Nat. Rev. Nephrol. 2011, 7, 684–696. [CrossRef]
14. Genovese, F.; Manresa, A.A.; Leeming, D.J.; Karsdal, M.A.; Boor, P. The extracellular matrix in the kidney: A source of novel

non-invasive biomarkers of kidney fibrosis? Fibrogenes. Tissue Repair. 2014, 7, 4. [CrossRef] [PubMed]
15. Cescon, M.; Gattazzo, F.; Chen, P.; Bonaldo, P. Collagen VI at a glance. J. Cell Sci. 2015, 128, 3525–3531. [CrossRef] [PubMed]
16. Catania, J.M.; Chen, G.; Parrish, A.R. Role of matrix metalloproteinases in renal pathophysiologies. Am. J. Physiol.-Renal Physiol.

2007, 292, 905–911. [CrossRef] [PubMed]
17. Dieterle, F.; Sistare, F.; Goodsaid, F.; Papaluca, M.; Ozer, J.S.; Webb, C.P. Renal biomarker qualification submission: A dialog

between the FDA-EMEA and Predictive Safety Testing Consortium. Nat. Biotechnol. 2010, 28, 455–462. [CrossRef]
18. Branten, A.J.; Mulder, T.P.; Peters, W.H.; Assmann, K.J.; Wetzels, J.F. Urinary excretion of glutathione S transferases alpha and pi

in patients with proteinuria: Reflection of the site of tubular injury. Nephron 2000, 85, 120–126. [CrossRef]
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tial Fibrosis in Children With Idiopathic Nephrotic Syndrome: Preliminary Report. Medicine 2015, 94, e1746. [CrossRef]
20. Lampe, J.W.; Chen, C.; Li, S.; Prunty, J.; Grate, M.T.; Meehan, D.E.; Barale, K.V.; Dightman, D.A.; Feng, Z.; Potter, J.D. Modulation

of human glutathione S-transferases by botanically defined vegetable diets. Cancer Epidemiol. Biomark. Prev. 2000, 9, 787–793.
21. Westhuyzen, J.; Endre, Z.H.; Reece, G.; Reith, D.M.; Saltissi, D.; Morgan, T.J. Measurement of tubular enzymuria facilitates early

detection of acute renal impairment in the intensive care unit. Nephrol. Dial. Transplant. 2003, 18, 543–551. [CrossRef] [PubMed]
22. Sakai, T.; Morita, Y. delta-Aminolevulinic acid in plasma or whole blood as a sensitive indicator of lead effects, and its relation to

the other heme-related parameters. Int. Arch. Occup. Environ. Health 1996, 68, 126–132.
23. Scinicariello, F.; Murray, H.E.; Moffett, D.B.; Abadin, H.G.; Sexton, M.J.; Fowler, B.A. Lead and delta-aminolevulinic acid

dehydratase polymorphism: Where does it lead? A meta-analysis. Environ. Health Perspect. 2007, 115, 35–41. [CrossRef] [PubMed]
24. Asadauskaite, R.; Naginiene, R.; Abdrachmanovas, O. Aminolevulinic acid dehydratase in blood as a biomarker for low-level

lead exposure. Cent. Eur. J. Public Health 2007, 11, S11.
25. La-Llave-Leon, O.; Méndez-Hernandez, E.M.; Castellanos-Juarez, F.X.; Esquivel-Rodríguez, E.; Vázquez-Alaniz, F.; Sandoval-

Carrillo, A.; García-Vargas, G.; Duarte-Sustaita, J.; Candelas-Rangel, J.L.; Salas-Pacheco, J.M. Association between Blood Lead
Levels and Delta-Aminolevulinic Acid Dehydratase in Pregnant Women. Int. J. Environ. Res. Public Health 2017, 14, 432. [CrossRef]

26. Chiu, Y.W.; Liu, T.Y.; Chuang, H.Y. The Effects of Lead Exposure on the Activities of [delta]-Aminolevulinic Acid Dehydratase
with the Modification of the Relative Genotypes. EDP Sci. 2013, 1, 26005.

27. Feksa, L.R.; Oliveira, E.; Trombini, T.; Luchese, M.; Bisi, S.; Linden, R.; Berlese, D.B.; Rojas, D.B.; Andrade, R.B.; Schuck, P.F.
Pyruvate kinase activity and δ-aminolevulinic acid dehydratase activity as biomarkers of toxicity in workers exposed to lead.
Arch. Environ. Contam. Toxicol. 2012, 63, 453–460. [CrossRef] [PubMed]

28. Jasim, S.M.; AL-Wasiti, E.A.; Subber, Z.J. Lead Exposure Effects on Batteries Manufacturing Factory Workers in Baghdad. Iraqi J.
Med. Sci. 2012, 10, 321–327.

29. Srinivasa Reddy, Y.; Pullakhandam, R.; Radha Krishna, K.; Uday Kumar, P.; Dinesh Kumar, B. Lead and essential trace element
levels in school children: A cross-sectional study. Anal. Hum. Biol. 2011, 38, 372–377. [CrossRef] [PubMed]

30. Jenette, J.C.; Olson, J.L.; Schwartz, M.M.; Silva, F.G. Primer on the Pathologic Diagnosis of Renal Disease. In Hepinstall’s Pathology
of the Kidney; Lippincott Williams and Wilkins: Philadelphia, PA, USA, 2007; pp. 98–123.

31. Pearson, J.M.; McWilliam, L.J.; Coyne, J.D.; Curry, A. Value of electron microscopy in diagnosis of renal disease. J. Clin. Pathol.
1994, 47, 126–128. [CrossRef] [PubMed]

32. Elhefnawy, N. Contribution of Electron Microscopy to the Final Diagnosis of Renal Biopsies in Egyptian Patients. Pathol. Oncol.
Res. 2011, 17, 121–125. [CrossRef]

33. Collan, Y.; Hirsimaki, P.; Aho, H. Value of Electron Microscopy in Kidney Biopsy Diagnosis. Ultrastruct. Pathol. 2005, 29, 461–468.
[CrossRef] [PubMed]

http://doi.org/10.1007/s10529-014-1732-x
http://www.ncbi.nlm.nih.gov/pubmed/25433463
http://doi.org/10.2478/v10102-012-0009-2
http://doi.org/10.5005/jdras-10059-0079
http://doi.org/10.1016/j.jep.2004.03.051
http://www.ncbi.nlm.nih.gov/pubmed/8035397
http://doi.org/10.1016/S0013-9351(86)80164-5
http://doi.org/10.1038/nrneph.2011.149
http://doi.org/10.1186/1755-1536-7-4
http://www.ncbi.nlm.nih.gov/pubmed/24678881
http://doi.org/10.1242/jcs.169748
http://www.ncbi.nlm.nih.gov/pubmed/26377767
http://doi.org/10.1152/ajprenal.00421.2006
http://www.ncbi.nlm.nih.gov/pubmed/17190907
http://doi.org/10.1038/nbt.1625
http://doi.org/10.1159/000045644
http://doi.org/10.1097/MD.0000000000001746
http://doi.org/10.1093/ndt/18.3.543
http://www.ncbi.nlm.nih.gov/pubmed/12584277
http://doi.org/10.1289/ehp.9448
http://www.ncbi.nlm.nih.gov/pubmed/17366816
http://doi.org/10.3390/ijerph14040432
http://doi.org/10.1007/s00244-012-9786-z
http://www.ncbi.nlm.nih.gov/pubmed/22864587
http://doi.org/10.3109/03014460.2010.536166
http://www.ncbi.nlm.nih.gov/pubmed/21138405
http://doi.org/10.1136/jcp.47.2.126
http://www.ncbi.nlm.nih.gov/pubmed/8132825
http://doi.org/10.1007/s12253-010-9290-6
http://doi.org/10.1080/01913120500323381
http://www.ncbi.nlm.nih.gov/pubmed/16316946


Molecules 2021, 26, 6647 19 of 19

34. Tighe, J.R.; Jones, N.F. The diagnostic value of routine electron microscopy of renal biopsies. Proc. Roy. Soc. Med. 1970, 63, 475–477.
[CrossRef] [PubMed]

35. Ben-Bassat, M.; Stark, H.; Robson, M.; Rosenfield, J. Value of routine electron microscopy in the differential diagnosis of the
nephrotic syndrome. Pathol. Microbiol. 1974, 41, 26–40.

36. Dische, F.E.; Parsons, V. Experience in the diagnosis of glomerulonephritis using combined light microscopical, ultrastructural
and immunofluorescence techniques-ananalysis of 134 cases. Histopathology 1977, 1, 331–362. [CrossRef]

37. Spargo, B.H. Practical use of electron microscopy for the diagnosis of glomerular disease. Hum. Pathol. 1975, 6, 405–420. [CrossRef]
38. Siegel, N.J.; Spargo, B.H.; Kashgarian, M.; Hayslett, J.P. An evaluation of routine electron microscopy in the examination of renal

biopsies. Nephron 1973, 10, 209–215. [CrossRef]
39. Cameron, J.S. Indications for renal biopsy, history of the procedure, and relationship of findings to further investigation and

treatment. In Diagnostic Renal Pathology; Solez, K., Racusen, L., Olsen, S., Eds.; Transpath Inc.: Canoga Park, CA, USA, 2002;
Chapter 2.

40. Coimbra, T.M. Early events leading to renal injury in obese Zucker (fatty) rats with type II diabetes. Kidney Int. 2000, 57, 167–182.
[CrossRef]

41. Gassler, N. Podocyte injury underlies the progression of focal segmental glomerulosclerosis in the fa/fa Zucker rat. Kidney Int.
2001, 60, 106–116. [CrossRef]

42. Wolf, G.; Chen, S.; Ziyadeh, F.N. From the periphery of the glomerular capillary wall toward the center of disease: Podocyte
injury comes of age in diabetic nephropathy. Diabetes 2005, 54, 1626–1634. [CrossRef] [PubMed]

43. Mifsud, S.A. Podocyte foot process broadening in experimental diabetic nephropathy: Amelioration with renin-angiotensin
blockade. Diabetologia 2001, 44, 878–882.

44. Kaplan, D.R.; Miller, F.D. Neurotrophin signal transduction in the nervous system. Curr. Opin. Neurobiol. 2000, 10, 381–391.
[CrossRef]

45. Rasul, A.; Ding, C.; Li, X.; Khan, M.; Yi, F.; Ali, M. Dracorhodin perchlorate inhibits PI3K/Akt and NF-KB activation, up-regulates
the expression of p53, and enhances apoptosis. Apoptosis 2012, 17, 1104–1119. [CrossRef] [PubMed]

46. Coffer, P.J.; Jin, J.; Woodgett, J.R. Protein kinase B (c-Akt): A multifunctional mediator of phosphatidylinositol 3 kinase activation.
Biochem. J. 1998, 335, 1–3. [CrossRef]

47. Kulik, G.; Klippel, A.; Weber, M.J. Antiapoptotic signalling by the insulin like growth factor I receptor, phosphatidylinositol
3-kinase, and Akt. Mol. Cell. Biol. 1997, 17, 1595–1606. [CrossRef]

48. Ma, Z.F.; Zhang, H. Phytochemical Constituents, Health Benefits, and Industrial Applications of Grape Seeds: A Mini-Review.
Antioxidants 2017, 6, 71. [CrossRef]

49. Zhang, H.; Ma, Z.F.; Luo, X.; Li, X. Effects of Mulberry Fruit (Morus alba L.) Consumption on Health Outcomes: A Mini-Review.
Antioxidants 2018, 7, 69. [CrossRef] [PubMed]

50. Khor, B.K.; Chear, N.J.; Azizi, J.; Khaw, K.Y. Chemical Composition, Antioxidant and Cytoprotective Potentials of Carica papaya
Leaf Extracts: A Comparison of Supercritical Fluid and Conventional Extraction Methods. Molecules 2021, 26, 1489. [CrossRef]

51. Yuvaraj, M.F.; Vijayakumar, J.; Gunapriya, R.; Vijayalakshmi, S.; Senthilkumar, S.; Vijayaraghavan, R.; Ethirajan, S. Protective
Effect of Carica papaya Leaf Extract against Mercuric Chloride Induced Nephrotoxicity in Wistar Rats. Pharmacogn. Mag. 2020, 16,
379–384.

52. Balaji, K.; Vijayakumar, J.; Senthilkumar, S.; Vijayaraghavan, R.; Naveenkumar, V. Protective Effect of Celastrus paniculatus Seed
Extract against Lead Acetate Induced Nephrotoxicity in Wistar Rats. Indian J. Pharm. Educ. Res. 2021, 55. in press.

53. Parimala, S.; Shashidhar, G.H.; Sridevi, C.H.; Jyothi, V.; Suthakaran, R. Anti-inflammatory activity of Celastrus paniculatus seeds.
Int. J. Pharm. Technol. Res. 2009, 1, 974–4304.

54. Jho, D.H.; Babcock, T.A.; Tevar, R.; Helton, W.S.; Espat, N.J. Eicosapentaenoic acid supplementation reduces tumor volume
and attenuates cachexia in a rat model of progressive non-metastasizing malignancy. J. Parenter. Enter. Nutr. 2002, 26, 291–297.
[CrossRef] [PubMed]

55. Selvamani, V.; Zareei, A.; Elkashif, A.; Muralikannan, M.; Chittiboyina, S.; Delisi, D.; Li, Z.; Cai, L.; Pol, V.G.; Mohamed, N.;
et al. Hierarchical Micro/Mesoporous Copper Structure with Enhanced Antimicrobial Property via Laser Surface Texturing. Adv.
Mater. Interfaces 2020, 7, 1901890. [CrossRef]

56. Maruthamuthu, M.K.; Selvamani, V.; Nadarajan, S.P.; Yun, H.; Oh, Y.K.; Eom, G.T.; Hong, S.H. Manganese and cobalt recovery by
surface display of metal binding peptide on various loops of OmpC in Escherichia coli. J. Ind. Microbiol. Biotechnol. 2018, 45,
31–41. [CrossRef] [PubMed]

57. Han, S.; Muralikannan, M.; Lee, W.; Hong, S.H.; Kang, S. Efficacy of antifreeze proteins from Clupea harangues and Anarhichas
minor gas hydrate inhibition via cell surface display. Chem. Eng. Sci. 2020, 215, 115470. [CrossRef]

http://doi.org/10.1177/003591577006300528
http://www.ncbi.nlm.nih.gov/pubmed/4393849
http://doi.org/10.1111/j.1365-2559.1977.tb01672.x
http://doi.org/10.1016/S0046-8177(75)80060-8
http://doi.org/10.1159/000180189
http://doi.org/10.1046/j.1523-1755.2000.00836.x
http://doi.org/10.1046/j.1523-1755.2001.00777.x
http://doi.org/10.2337/diabetes.54.6.1626
http://www.ncbi.nlm.nih.gov/pubmed/15919782
http://doi.org/10.1016/S0959-4388(00)00092-1
http://doi.org/10.1007/s10495-012-0742-1
http://www.ncbi.nlm.nih.gov/pubmed/22711363
http://doi.org/10.1042/bj3350001
http://doi.org/10.1128/MCB.17.3.1595
http://doi.org/10.3390/antiox6030071
http://doi.org/10.3390/antiox7050069
http://www.ncbi.nlm.nih.gov/pubmed/29883416
http://doi.org/10.3390/molecules26051489
http://doi.org/10.1177/0148607102026005291
http://www.ncbi.nlm.nih.gov/pubmed/12216709
http://doi.org/10.1002/admi.201901890
http://doi.org/10.1007/s10295-017-1989-x
http://www.ncbi.nlm.nih.gov/pubmed/29185080
http://doi.org/10.1016/j.ces.2020.115470

	Introduction 
	Results 
	Effect of EECP on Kidney Histopathology Based on Periodic Acid–Schiff (PAS) Staining 
	Effect of EECP on Kidney Histology Based on Using Masson’s Trichrome Staining 
	Effect of EECP on the Expression of Alpha Glutathione S-Transferase (-GST) Based on Immunohistochemistry 
	Effect of EECP on the Expression of Delta-Aminolevulinate Dehydratase (ALAD) Using Immunohistochemistry 
	Effect of EECP against PbA-Induced Nephrotoxicity Based on Scanning Electron Microscopy (SEM) 
	Effect of EECP on PI3K and AKT mRNA Levels in the Kidney 

	Discussion 
	Materials and Methods 
	Chemicals 
	Plant Material Preparation and Extraction 
	Experimental Animals 
	Experimental Design 
	Collection of Kdneys 
	Tissue Homogenization 
	Histopathological Studies 
	Expression of -GST Using Immunohistochemistry 
	Expression of ALAD Using Immunohistochemistry 
	Electron Microscope Study 
	mRNA Expression Analysis by Reverse-Transcription Polymerase Chain Reaction (RT-PCR) 
	Isolation of Total RNA 
	cDNA Synthesis and PCR Amplification 
	Agarose Gel Electrophoresis 

	Statistical Analysis 

	Conclusions 
	References

