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ABSTRACT
Background: Diabetic Nephropathy (DN) is one of the serious complications associated with a 
prolonged diabetic condition. DN continues to be the primary cause of morbidity and mortality 
among diabetic patients globally. Objectives: The objective of the current work is to study the 
nephroprotective properties of leonurine in the diabetic nephropathy model. Materials and 
Methods: The experimental rats were induced with DN through an administration of 65 mg/
kg of Streptozotocin (STZ) and the DN rats were treated with leonurine for 12 weeks. Following 
the treatment period, the blood glucose, insulin and glycosylated Hemoglobin (HbA1c) levels 
were evaluated. The renal function markers, including creatinine, kidney injury molecule, ROS 
level, lipid profiles and pro-inflammatory cytokine levels, were examined using the kits. The renal 
tissues of the experimental rats were subjected to the histological studies. Results: The outcomes 
of the present work found that the leonurine treatment considerably increased the insulin levels, 
decreased blood glucose and HbA1c levels and decreased ROS production in the DN rats. In the 
DN rats, the treatment of leonurine significantly reduced the inflammatory markers, renal fibrotic 
markers, kidney dysfunction markers and lipid markers. The histological analysis results also 
confirmed leonurine's therapeutic effects against DN in rats. Conclusion: The current findings 
suggest that leonurine has the capacity to be a talented candidate to treat DN.
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INTRODUCTION

Diabetes Mellitus (DM) is a widely recognized endocrine 
complication caused by a deficiency of insulin synthesis in 
pancreatic tissues. The report indicates that the number of 
individuals affected by DM is projected to reach 300 million by 
2025.1 Diabetic Nephropathy (DN) is a chronic condition that 
affects diabetic patients and causes alterations in the structure 
and function of the kidneys, thereby leading to renal failure.2 It 
is well acknowledged as a significant factor leading to glomerular 
dysfunction and hyperfiltration, which ultimately result in 
End-Stage Renal Disease (ESRD). Diabetic renal disease is 
characterized by specific histological and cellular characteristics, 
such as an expanded glomerular membrane, the extracellular 
matrix deposition and the degeneration of tubules.3

Diabetic patients have experienced various microvascular 
complications like nephropathy. Hypertension, obesity and 
prolonged high blood glucose levels are the primary causes of 
the onset or advancement of DN and cause dysfunction of the 
glomeruli and damage to the kidneys. The transition of DN to 
ESRD is irreparable and it is crucial to employ specific therapeutic 
strategies to improve renal damage.4 DN continues to be the 
primary cause of morbidity as well as mortality among diabetic 
patients worldwide, resulting in a significant public health 
challenge. Chronic renal failure caused by DN is a foremost cause 
of the death rate of diabetic patients. Among diabetic patients, 
DN is the third major cause of death, following cardiovascular 
complications and oncological pathologies.5 Furthermore, there 
is a lack of clear and conclusive therapeutic techniques for DN. 
The development of diabetic renal problems involves a complex 
association between oxidative, pro-inflammatory and fibrotic 
mechanisms. While the precise mechanism is not completely 
elucidated, it is thought that these pathways play a pivotal role in 
the initiation of DN.6

Currently, within the contemporary medical system, there is a 
lack of targeted therapy options for DN. The early management 
of this condition involves the use of antidiabetic medicines and 
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angiotensin-converting enzyme inhibitors, either separately 
or in together, to control diabetes and inhibit the ailment from 
progressing to an advanced state of nephropathy.7 Nevertheless, 
these strategies are less effective in inhibiting the onset of DN. 
During the advanced stage, patients may require dialysis or, in 
some cases, a kidney transplant. Conventional medications are 
not only expensive and have unpleasant side effects, but they may 
also require dosage adjustments in the event of renal failure.8 
Consequently, it is indispensable to develop potential therapeutic 
interventions in order to establish the successful treatment of DN 
without any adverse effects.

Leonurine is a well-known bioactive compound found 
extensively in Herba leonuri. It has gained more interest due to 
its several pharmacological activities. It has been well reported 
that leonurine has several pharmacological properties, including 
cardioprotective,9 antidepressant,10 anti-inflammatory,11 
neuroprotective12 and antiaging13 properties. Whereas, there are 
no reports on the therapeutic effects of the nephroprotective 
properties of leonurine on the diabetic condition. Hence, the major 
objective of the present work is to analyze the nephroprotective 
properties of leonurine in the diabetic nephropathy model.

MATERIALS AND METHODS

Experimental animals

The current study was conducted on male Wistar albino rats. 
The rats were caged in sterilized polypropylene enclosures 
in controlled laboratory settings. The temperature was set at 
22-26°C, with a humidity of 40-60% and a 12 hr light/dark series. 
Throughout the study schedule, all rats were given unrestricted 
access to standard rodent food and purified drinking water. Prior 
to commencing the studies, all the rats were acclimatized for 7 
days in laboratory settings.

Experimental design and treatment methods

Following a one-week acclimatization, all rats were divided into 
five groups, each containing six rats. Group I is a control and 
is fed only rodent food. Control rats were given a solution of 
buffered saline without any drugs. Group II rats administered 
with a single-dose of STZ (65 mg/kg). Furthermore, rats were 
administered a glucose (0.5%) solution to prevent mortality due 
to acute hypoglycemia. After three days of administering the 
STZ, we measured Fasting Blood Glucose (FBG) level. Rats with 
over 250 mg/dL of glucose were classified as diabetic and chosen 
for additional experiments. Group III consisted of rats that were 
induced with DN and treated with 30 mg/kg of leonurine for 12 
weeks. Group IV rats are DN-induced and treated with 350 mg/
kg of metformin for 12 weeks.

Analysis of FBG, glycated Hemoglobin (HbA1c), 
insulin and HOMA-IR levels

The experimental rats were fasted overnight before analyzing 
the FBG levels. The blood from the orbital sinus was taken 
meticulously and analyzed for glucose levels using a glucose 
kit (RayBiotech, USA). The levels of HbA1c in experimental 
rats were measured using the kit (Abcam, USA). The HbA1c 
level was assessed by analyzing the absorbance at 450 nm. The 
insulin level was measured using an assay kit (Abcam, USA). 
The presence of insulin resistance in the experimental rats was 
determined by measuring the HOMA-IR level. The HOMA-IR 
index was determined by utilizing FBG and insulin levels in 
accordance with the following equation: Insulin resistance was 
assessed using the HOMA-IR level. The HOMA-IR level was 
determined with insulin and FBG levels using the equation: 
HOMA-IR=(FBG×Insulin level/22.5).

Analysis of lipid profiles

The lipid profile was evaluated by quantifying the amounts of 
total cholesterol, Triglycerides (TG), Low Density Lipoprotein 
(LDL), Free Fatty Acids (FFAs) and HDL using an assay kits 
(Abcam, USA). The tests were conducted in triplicate as per the 
manufacturer's specified guidelines.

Analysis kidney function markers

The kidney function of the experimental rats was examined by 
analyzing the creatinine, Blood Urea Nitrogen (BUN) and Lactate 
Dehydrogenase (LDH) levels. Spectroscopic measurement was 
used to determine BUN, creatinine and LDH using the respective 
assays using their recommended protocols (Elabscience, USA).

Analysis of KIM-1 and ROS levels

The renal tissue homogenate was utilized to analyze the levels of 
KIM-1 and ROS. The level of KIM-1, a well-known indicator of 
kidney damage, was assessed using the kits (Abcam, USA). The 
levels of the endogenous ROS were measured using the procedure 
provided by the kit’s manufacturer (Cell Biolabs, USA).

Analysis of pro-inflammatory cytokines

The inflammatory cytokine levels, specifically Interleukin-1β 
(IL-1β), IL-6, TNF-α and TGF-β, were measured in the serum of 
the experimental rats using specific assay kits. The analysis was 
conducted following the protocols provided by the manufacturer 
(Abcam, USA).

Histopathological analysis

To analyze histological alterations, kidney tissues were collected 
and treated with 10% neutral formalin. Subsequently, the 
tissues were parrafinized, sectioned into 5 µm diameters and 
subsequently stained with Hematoxylin-Eosin (H&E). Finally, 
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the histopathological alterations in the kidney tissues were 
assessed using a microscope at a magnification of 40×.

Statistical analysis

The values were scrutinized using SPSS software and the outcomes 
are given as the mean±SD of three repeated experiments. The 
data are studied using the one-way ANOVA and Tukey's post hoc 
analysis, with a p<0.05 as significance.

RESULTS

Effect of leonurine on the FBG and HbA1c level in 
experimental rats

Figure 1 presents the activity of leonurine treatment on the FBG 
and HbA1c levels in the DN rats. The rats with DN exhibited 
remarkably heightened levels of serum FBG and HbA1c when 
compared with control. Nevertheless, the treatment of leonurine 
at a 30 mg/kg dosage led to a considerable decrease in both 
serum FBG and HbA1c levels (Figure 1). These data indicate that 
leonurine significantly influenced the metabolic changes in the 
DN rats. The metformin treatment also reduced the HbA1c and 
FBG levels in the DN rats.

Effect of leonurine on the insulin and HOMA-IR levels 
in experimental rats

The insulin and HOMA-IR levels in the experimental rats were 
examined and the results are presented in Figure 2. The current 
findings exhibited that the serum insulin levels were remarkably 
augmented, while the HOMA-IR was considerably decreased 
when compared to the control. The leonurine treatment 
successfully boosted the insulin levels while effectively reducing 
the HOMA-IR status in a DN rats. This activity of leonurine was 
supported by the findings of the metformin treatment.

Effect of leonurine on the lipid profiles of 
experimental rats

Figure 3 exhibits the impact of leonurine on the lipid markers, 
including total cholesterol, LDL, HDL, VLDL and TG, in the 
experimental rats. The DN tats induced by STZ exhibited a 
considerable elevation in the cholesterol, LDL, VLDL and TG 
while reducing the HDL levels in their serum. Interestingly, 
the total protein, TG, LDL and VLDL levels were remarkably 
suppressed and HDL was successfully elevated by the leonurine 
in the DN rats. The lipid-lowering property of leonurine was in 
accordance to the findings of metformin treatment.

Figure 1:  Effect of leonurine on the FBG and HbA1c level in the experimental 
rats. 

The data were presented as the mean±SD of three independent 
measurements. The statistical analysis of the results was conducted using 
one-way ANOVA and Tukey’s post hoc test. The symbol ‘*’ denotes statistical 
significance (p<0.05) when compared to the control (group I). The symbol ‘#’ 
denotes a statistical significance (p<0.01) when compared to the DN-induced 

group (group II).

Figure 2:  Effect of leonurine on the serum insulin and HOMA-IR level in the 
experimental rats. 

The data were presented as the mean±SD of three independent measurements. 
The statistical analysis of the results was conducted using one-way ANOVA and 
Tukey’s post hoc test. The symbol ‘*’ denotes statistical significance (p<0.05) 
when compared to the control (group I). The symbol ‘#’ denotes a statistical 
significance (p<0.01) when compared to the DN-induced group (group II).
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Figure 3:  Effect of leonurine on the lipid profiles of the experimental rats. 

The data were presented as the mean±SD of three independent measurements. The statistical analysis of the results was conducted using one-way ANOVA 
and Tukey’s post hoc test. The symbol ‘*’ denotes statistical significance (p<0.05) when compared to the control (group I). The symbol ‘#’ denotes a statistical 
significance (p<0.01) when compared to the DN-induced group (group II).

Figure 4:  Effect of leonurine on the kidney function marker levels in the experimental rats. 

The data were presented as the mean±SD of three independent measurements. The statistical analysis of the results was conducted using one-way ANOVA 
and Tukey’s post hoc test. The symbol ‘*’ denotes statistical significance (p<0.05) when compared to the control (group I). The symbol ‘#’ denotes a statistical 
significance (p<0.01) when compared to the DN-induced group (group II).
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Effect of leonurine on the kidney function marker 
levels in the experimental rats

The kidney function markers, i.e., creatinine, LDH and BUN 
levels, in the experimental rats were given in Figure 4. The DN 
rats exhibited a considerable elevation in the BUN, creatinine 
and LDH levels than the control. Nevertheless, the 30 mg/kg of 
leonurine given to DN rats led to a remarkable diminution in 
the BUN, creatinine and LDH levels. This clearly indicates the 
antioxidant capabilities of nigericin, as shown in Figure 4. These 
effects were also seen in the standard drug metformin-treated 
DN rats that highlights the leonurine’s activity.

Effect of leonurine on the KIM-1 and ROS levels in 
experimental rats

The leonurine’s effect on the KIM-1 and ROS levels in the 
experimental rats was assayed and the results are presented in 
Figure 5. The KIM-1 and ROS levels were augmented in the DN 

rats as compared with control rats. In contrast, the treatment 
with 30 mg/kg of leonurine remarkably suppressed both KIM-1 
and ROS levels in the DN rats. The metformin treatment also 
decreased these markers in the DN.

Effect of leonurine on the inflammatory cytokines in 
experimental rats

Figure 6 demonstrates the inflammation suppressive effects of 
leonurine on the DN rats. The DN rats demonstrated significant 
elevations in the IL-6, IL-1β, TNF-α, NF-κB and TGF-β levels 
than the control. Remarkably, the leonurine at 30 mg/kg 
concentration effectively decreased these cytokines in the DN 
rats (Figure 6). The anti-inflammatory properties of the leonurine 
were in accordance to the findings of the metformin treatment, 
which also diminished these markers in the DN rats.

Effect of leonurine on the kidney histopathology of 
experimental rats

Figure 7 presents the histological observations of the kidney 
tissues in the experimental rats. The kidney tissues from 
control rats had a healthy appearance with characteristic renal 
histoarchitectures. Nonetheless, the renal tissues of DN rats 
exhibited glomerular shrinkages and necrosis, damage to renal 
tubular epithelial cells, degeneration, edema and an augmented 
infiltration of neutrophils. Remarkably, the leonurine treatment 
effectively mitigated these histological alterations (Figure 7). 
The metformin also ameliorated the STZ-induced histological 
changes in the kidney tissues of DN rats.

DISCUSSION

DN is a prevalent and significant microvascular complication of 
DM. In diabetic patients, consistently high blood glucose levels 
cause nephropathy, which is currently the major cause of kidney 
failure.14 DN is a clinical condition characterized by reduced 
Glomerular Filtration Rate (GFR), enlargement of glomerular 
and tubular cells, excessive accumulation of ECM components 
and tubular and glomerular wall thickening, resulting in sclerosis 
and fibrosis, ultimately leading to kidney failure.15

The development of DN is accompanied by hemodynamic, 
inflammatory and metabolic changes. However, the utilization 
of antidiabetic drugs to regulate blood glucose levels does not 
effectively reduce the elevated mortality rate caused by renal 
and cardiovascular events linked to chronic kidney disease. It 
has been demonstrated that DN is an inflammatory condition 
characterized by inflammation and oxidative stress, leading to 
damage in the renal glomeruli and tubules. The presence of an 
excess of nitrogen, combined with a reduction in the production 
of proteins, initiates the formation of non-protein nitrogenous 
substances like BUN, creatinine and LDH in individuals with 
DN.16 The elevated BUN, creatinine and LDH levels in the DN 
rats indicate the development of renal damage, which serves as 

Figure 5:  Effect of leonurine on the KIM-1 and ROS levels in the experimental 
rats. 

The data were presented as the mean±SD of three independent 
measurements. The statistical analysis of the results was conducted using 
one-way ANOVA and Tukey’s post hoc test. The symbol ‘*’ denotes statistical 
significance (p<0.05) when compared to the control (group I). The symbol ‘#’ 
denotes a statistical significance (p<0.01) when compared to the DN-induced 
group (group II).
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Figure 6:  Effect of leonurine on the inflammatory marker levels in the experimental rats. 

The data were presented as the mean±SD of three independent measurements. The statistical analysis of the results was conducted using one-way ANOVA 
and Tukey’s post hoc test. The symbol ‘*’ denotes statistical significance (p<0.05) when compared to the control (group I). The symbol ‘#’ denotes a statistical 
significance (p<0.01) when compared to the DN-induced group (group II).

Figure 7:  Effect of leonurine on the kidney histopathology of the experimental rats. Group I: Normal control; Group II: STZ-induced DN rats; Group III: 
DN-induced+30 mg/kg of leonurine-treated rats; Group IV: DN-induced+350 mg/kg of metformin (the standard drug)-treated rats. 

Note: Yellow arrows: glomerular shrinkages and necrosis; blue arrows: tubular epithelial cell degeneration and edema; black arrows: infiltration of neutrophils.
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an indicator of impaired glomerular filtration rate in DN.17 Rats 
with drug-induced DN exhibited elevated levels of BUN and 
creatinine. The creatinine clearance is assessed by measuring 
the amounts of creatinine in both the blood and urine, which 
provides information on any alterations in renal function. In 
individuals with DM, it is frequently noted that there is an 
increase in the level of creatinine in the blood and a decrease in 
the urinary creatinine level, indicating impaired renal function.18 
In a similar manner, the present findings demonstrated increased 
BUN, creatinine and LDH levels in the DN rats. These elevations 
are considerably mitigated by the leonurine, which is also 
supported by the metformin treatment. These findings support 
the hypothesis that leonurine can promote kidney function in 
diabetic condition.

Elevated levels of HbA1c, HOMA-IR and the occurrence of reduced 
serum insulin levels are reliable indicators for assessing the diabetic 
condition and DN.19 An increase in HbA1c significantly increases 
the likelihood of developing diabetes-related microvascular 
complications. Additionally, HbA1c values are strongly associated 
with the DN.20 The present results also found increased HbA1c, 
HOMA-IR and reduced insulin levels in the DN rats. Remarkably, 
the leonurine effectively reduced the HbA1c and HOMA-IR levels 
and augmented the serum insulin levels in the DN rats. KIM-1 
is a significant marker that is produced in small amounts in 
the proximal tubules of healthy kidneys and is accumulated in 
considerable amounts in the urine during nephrotoxic damage 
and in response to kidney metabolic disruption. KIM-1 is the 
most accurate indicator of tubular damage.21 In this study, the 
DN rats revealed increased KIM-1 levels when compared to the 
control. Whereas, the leonurine treatment remarkably attenuated 
the KIM-1 levels in the kidney tissues of the DN rats.

Oxidative stress occurs when there is an imbalance in the cellular 
redox balance due to persistent hyperglycemia and a diabetic 
environment, resulting in the uncontrolled generation of ROS. 
Prolonged hyperglycemic conditions in the advanced stages 
of diabetes lead to the development of advanced glycation end 
products. These substances have a role in the progression of 
DN and other problems related to the small and large blood 
vessels.22 Increasing evidence supports the crucial function of 
oxidative stress in various clinical conditions.23 In addition, 
oxidative stress is acknowledged as a pivotal component that 
exacerbates inflammation and fibrosis in diabetic kidneys.24 
Moreover, in diabetic patients, hyperglycemia increases ROS 
accumulation, resulting in long-term inflammation of the 
kidney and enlargement of both the glomeruli and tubules.25 The 
findings of this work indicate that the DN rats showed increased 
ROS generation in their renal tissues. However, the leonurine 
treatment effectively decreased the endogenous ROS generation 
in the kidney tissues of the DN rats.

Renal inflammation caused by hyperglycemia is recognized 
as a primary component in the onset of diabetic renal damage. 

The diabetic renal inflammation is promoted by a series of 
interconnected events that involve the production of chemokines, 
immune cell influx and the subsequent release of pro-inflammatory 
cytokines.26 Multiple reports have documented an abnormally 
high flow of immune cells from the bloodstream into the kidneys 
of diabetic animals and an increased accumulation of specific 
inflammatory mediators within the kidneys.27,28 Inflammatory 
cytokines, specifically NF-κB, IL-6, IL-1β and TNF-α, are 
significant contributors to the progression of DN.29 An excessive 
synthesis of these markers results in inflammatory alterations 
in the renal tissues. The NF-κB signaling has a major role in 
the progression of inflammatory disorders, including DM and 
its associated consequences, like DN. TNF-α induces kidney 
hypertrophy and hyperfiltration in the initial phase of DN.30 IL-6 
induces the accumulation of ECM in mesangial cells, leading to 
the growth of the mesangium and glomerular wall thickening. 
This finally leads to aberrant structural changes in the glomerulus. 
Additionally, IL-1β serves a pivotal role in the progression of 
DM and also participates in the DN development.31 The results 
of this work showed that NF-κB, IL-6, IL-1β and TNF-α were 
drastically increased in the DN rats. Remarkably, the treatment 
with leonurine substantially decreased these marker levels in the 
DN rats. These findings highlighted the fact that leonurine has 
anti-inflammatory properties.

Renal fibrosis continues to be a difficult clinical condition of 
DN. TGF-β is recognized for its role in facilitating tissue repair. 
However, elevated glucose levels can trigger the abnormal 
TGF-β activation, leading to overproduction of matrix and the 
progression of renal fibrosis.32 Patients and murine models with 
DN have shown increased levels of TGF-β and its downstream 
signaling parts.33 The outcomes of the present study clearly 
demonstrated the leonurine treatment considerably decreased 
the TGF-β level in the DN rats.

Dyslipidemia is a condition that is connected with an elevated 
DN risk and other consequences because it can alter the cellular 
metabolism. DM-associated dyslipidemia is characterized by 
elevated cholesterol, FFAs, TGs, LDL and VLDL levels, together 
with a reduced HDL level.34 Nevertheless, insufficient insulin 
levels trigger lipogenesis, contribute to dyslipidemia and boost 
the input of FFAs from the peripheral tissues. These mechanisms 
lead to muscle atrophy and depletion of adipose tissue, resulting 
in a fast and substantial decrease in overall body weight in 
patients with DM.35 The link between dyslipidemia and diabetic 
complications is well reported.36 Elevated levels of TGs and total 
cholesterol, together with reduced levels of HDL, are frequently 
observed in DM patients. The measurement of cholesterol, TG 
and HDL levels is crucial for evaluating lipid metabolism in 
DM patients.37 The present work found that the DN rats showed 
increased cholesterol, TG, LDL and VLDL while having a 
reduced HDL level. Remarkably, the levels of lipid profiles were 
considerably decreased by the leonurine in the DN rats. These 
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findings highlight the antilipidemia properties of leonurine in 
diabetic conditions.

The various components of the nephrons of the renal tissue 
are damaged in DN. The membrane in glomeruli undergoes 
thickening, whereas the mesangium expands as a result of the 
excessive buildup of ECM. In the initial phases of DN, there is 
an enlargement of the renal tubules known as renal tubular 
hypertrophy. In addition, the changes in the structure of the 
kidney are accompanied by a loss of function.38 The main 
clinical observations in individuals with DN comprise gradual 
glomerular hypertrophy, enlargement of mesangial cells, a 
decline in the GFR, damage to the tubules, interstitial fibrosis and 
the presence of albuminuria.39 In the current study, the findings 
of the histopathological analysis proved that leonurine effectively 
mitigated the STZ-induced histological changes in the kidney 
tissues of the DN rats.

CONCLUSION

Overall, the present findings indicate that leonurine may have 
potential for mitigating DN in rats through its therapeutic effects. 
The treatment of leonurine significantly enhanced insulin levels, 
reduced FBG levels, decreased lipids and decreased kidney 
dysfunction marker levels in the DN rats. The leonurine treatment 
remarkably decreased the inflammation level, renal fibrosis and 
kidney injury in the DN rats. Ultimately, these results highlight 
that leomurine has the capacity to be a promising choice to treat 
DN.
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SUMMARY

Diabetic nephropathy continues to be the primary cause of 
morbidity as well as mortality among diabetic patients worldwide, 
resulting in a significant public health challenge. Chronic renal 
failure caused by Diabetic nephropathy is a foremost cause of 
the death rate of diabetic patients. The outcomes of the present 
work found that the leonurine treatment considerably increased 
the insulin levels, decreased blood glucose and HbA1c levels and 
decreased ROS production in the DN rats. In the DN rats, the 
treatment of leonurine significantly reduced the inflammatory 
markers, renal fibrotic markers, kidney dysfunction markers and 
lipid markers.
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