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ABSTRACT 
Kidney diseases are a major public health issue worldwide and are 

commonly caused by exposure to nephrotoxic drugs, environmental 

poisons, metabolic disturbances, or reactive oxygen species (ROS). 

Phytochemicals and Renal Injury: Many pre-clinical studies in rats have 

generated and validated useful mechanistic insights into the protection 

afforded by phytocompounds. Various plant-based compounds, including 

flavonoids, phenolic acids, alkaloids, terpenoids, saponins, and lignans, 

have pronounced antioxidant, anti-inflammatory, and anti-apoptotic 

capacities, resulting in protection against structural and functional 

kidney impairment. Experimental studies on gentamicin-, cisplatin-, and 

adenine- induced nephrotoxicity have presented evidence that these 

phytochemicals regulate several pathways such as Nrf2/ARE, NF-κB, 

TGF-β, and MAPK. Additionally, the nephroprotective potential of these 

compounds has been enhanced through bioavailability modifications such 

as nanoformulation and use in combination therapy. In this review, we 

systematically provide the mechanisms of action, experimental evidence, 

and translational capacities driving plant phytochemicals as 

nephroprotective agents in rat models of nephropathy, and their roles in 

providing safer and more effective drinks for nephroprotection. 
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INTRODUCTION: 

Kidney diseases continue to be a major public 

health problem around the world, and their 

prevalence is increasing due to diabetes, high blood 

pressure, environmental toxins, and diseases related 

to unhealthy lifestyles. The kidney is more 

susceptible to oxidative stress, inflammation, and 

structural damage on account of its high metabolic 

activity and relatively twisted vascular architecture 

[1]. Therefore, more and more attention is being 

paid to screening for safe and effective drugs that 

may contribute to the therapeutic approach of 

repairing kidney injury in different stages. 

Phytochemicals derived from plants have shown 

potential as nephroprotective agents, particularly in 

preclinical rat models that provide a comprehensive 

analysis of their biochemical and histological 

benefits. These bioactive substances are full of 

antioxidants, anti-inflammatory agents, and anti-

fibrotic agents [2,3]. They are a complete way to 

keep the kidneys working well and stop kidney 

disease from becoming worse. Millions of 

individuals all over the globe have kidney 

difficulties that last a long time or come on 

suddenly. The number of people with these 

problems is expanding since people are becoming 

older and more people are having metabolic 

disorders. Chronic kidney disease (CKD) is a 

significant non-communicable illness that kills a lot 

of people, makes life less enjoyable, and costs a lot 

of money to treat [4]. A lot of regions, notably low- 

and middle-income nations, have an even worse 
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issue since they don't have adequate early 

diagnostic tools or access to renal replacement 

medicines. Environmental contaminants, 

nephrotoxic drugs, and what we eat all make 

kidney problems more common. Many instances of 

kidney disease don't get detected until the condition 

has grown worse, since early damage doesn't 

always show any signs. That underscores the 

importance of having therapies that shield the 

kidneys and that stop problems from happening [5]. 

 

Phytochemicals are active substances of medicinal 

plants. They have garnered a lot of attention since 

they are great at protecting the kidneys.  Some of 

the substances that have high antioxidant and anti-

inflammatory actions that fight against the primary 

causes of kidney injury include flavonoids, 

terpenoids, alkaloids, phenolic acids, and saponins 

[6]. Studies on rats have demonstrated that diverse 

plant extracts and isolated phytochemicals may 

lessen oxidative stress, enhance kidney function, 

stabilize cell membranes, and restore normal 

histological structure.   They are attractive 

candidates for nephroprotection because they may 

affect numerous molecular pathways at once. 

Phytochemicals also often have good safety 

profiles, are cost-effective, and are accepted by 

many cultures. This makes them possible 

therapeutic options or additions to standard 

therapies for preventing kidney injury [7,8]. ACE 

inhibitors, angiotensin receptor blockers, diuretics, 

and antioxidants are some of the medications that 

may aid with renal disorders.  But these treatments 

only protect you somewhat and have a lot of 

adverse effects [9]. Many synthetic medications do 

not do a good job of reducing oxidative stress, 

inflammation, or fibrosis, which are all important 

ways that kidney damage occurs [10][11,12]. In 

addition, prolonged administration of certain drugs 

may contribute to the aggravation of renal 

insufficiency or the development of systemic toxic 

symptoms. The limited effectiveness of standard 

treatment in halting disease progression 

underscores the need for novel nephroprotective 

approaches that are both secure and 

comprehensive. This has sparked scientific interest 

in natural substances that may modify numerous 

disease processes linked to kidney damage. 

 

Experimental Rat Models of Nephropathy: 

Cisplatin-Induced Nephrotoxicity: 

Cisplatin is often used in rat research to replicate 

acute kidney damage owing to its preferential 

accumulation in renal tubular cells.  It produces 

oxidative stress, inflammation, and apoptosis, 

which raises the amounts of creatinine and urea in 

the blood, damages the tubules, and weakens the 

body's defenses against free radicals. This model is 

useful for the assessment of phytochemicals that 

protect cells and scavenge free radicals [13]. 

 

Gentamicin-induced nephropathy 

Gentamicin damages the kidneys by producing 

reactive oxygen species and disrupting the function 

of lysosomes and mitochondria. Damage tends to 

be dose-dependent. It causes proximal tubule 

damage, increases oxidative markers, and disturbs 

ionic balance [14]. This model enables us to 

evaluate the degree to which plant chemicals 

protect the kidneys' function by stabilizing 

membranes and reducing oxidative damage [15]. 

 

Adenine and Streptozotocin-Induced Chronic 

Renal Injury 

Donating adenine causes crystals to accumulate and 

fibrosis to develop among the cells, a hallmark of 

chronic kidney disease. Streptozotocin (STZ) is a 

hyperglycemic agent that causes diabetic 

nephropathy, characterized by glomerulosclerosis, 

proteinuria, and inflammation. These long-term 

models are useful for testing phytochemicals that 

might exert inflammatory, fibrotic, and metabolic 

effects over time [16]. 

 

Ischemia-Reperfusion and Oxidative Stress 

Models 

Ischemia reperfusion damage (IRI) in the kidney is 

caused by a period of time when blood is stopped 

to the kidneys, which leads to hypoxia and an 

oxidative burst at the moment when blood flow 

returns [17]. It’s bad for the tubes, causes 

inflammation, and screws with the mitochondria. 

People also use oxidative stress-producing agents 

such as hydrogen peroxide or ferric 

nitrilotriacetate. These models assist researchers in 

finding plant antioxidants that could prevent acute 

oxidative damage to the kidneys [18]. 

 

Relevance and Translational Aspects of Rat 

Models 

Rat models closely mimic key molecular and 

histological aspects of human kidney diseases, and 

are therefore suitable for preclinical trials on 

botanical nephroprotectants. They help with 

causing controlled injuries, repeating them and 

testing biomarkers [19]. Although there is 

variability between animals, much of the results 

from these models draw parallels with humans. 

Which means that they can be used in the design of 

new effective drugs [20]. 

 

Major Classes of Plant-Derived Phytochemicals 

with Nephroprotective Activity 

Quercetin, kaempferol, catechin, and rutin are all 

flavonoids that are strong antioxidants and anti-

inflammatories. They inhibit tubular degradation 

and reduce high levels of renal biomarkers. 

Phenolic acids, including gallic, caffeic, and ferulic 



 Journal of Molecular Science 

Volume 35 Issue 3, Year of Publication 2025, Page 802-810    

   DoI-10.004687/1000-9035.2025.109 

 

804 

acid, enhance antioxidant defenses, diminish lipid 

peroxidation, and preserve normal renal histology 

in chemically induced nephropathy [21,22]. 

Alkaloids like berberine, colchicine, and piperine 

protect the kidneys in several ways, including by 

making mitochondria more stable, stopping pro-

inflammatory mediators, and lowering fibrosis. 

Terpenoids and saponins, such as ursolic acid, 

ginsenosides, and glycyrrhizin, have considerable 

cytoprotective properties by modulating 

immunological responses, preventing apoptosis, 

and promoting cellular regeneration, particularly in 

ischemia–reperfusion and oxidative stress models 

[23]. Lignans and tannins, such as silymarin, 

ellagic acid, and proanthocyanidins, assist in 

preserving the kidneys by being potent 

antioxidants, increasing microvascular function, 

and halting protein oxidation. These groupings of 

phytochemicals operate together via pathways that 

are linked to one another to protect the structure 

and function of the kidneys. This shows how 

helpful they might be in treating nephropathy [24]. 

An overview of the primary plant-based 

phytochemical kinds, their roles in kidney 

protection, and the outcomes of studies using rats 

with renal injury is presented in table 1. 

 

 
Table 1 An overview of the primary plant-based phytochemical kinds, their roles in kidney protection, and the outcomes of studies 

using rats with renal injury 

Phytochemical 

Class 

Representative 

Compounds 

Primary Nephroprotective 

Mechanisms 

Key Outcomes Observed in 

Rat Models 

Refrences 

Flavonoids Quercetin, Kaempferol, 

Catechin, Rutin 

Potent antioxidant activity, 

free radical scavenging, 
inhibition of inflammatory 

cytokines (TNF-α, IL-6), 

regulation of apoptotic 
pathways 

Reduction in serum creatinine 

and urea, improved GSH and 
SOD levels, decreased tubular 

necrosis, protection against 

cisplatin and gentamicin 
toxicity 

[25–27] 

Phenolic Acids Gallic acid, Caffeic acid, 

Ferulic acid 

Enhancement of endogenous 

antioxidant enzymes, 

suppression of nitric oxide 
overproduction, inhibition of 

lipid peroxidation 

Restoration of renal 

histoarchitecture, reduction of 

oxidative biomarkers (MDA), 
protection in drug- and toxin-

induced nephropathy 

[28–30] 

Alkaloids Berberine, Colchicine, 
Piperine 

Anti-inflammatory and anti-
fibrotic effects, mitochondrial 

protection, modulation of 

glucose and lipid metabolism 

Improved renal function 
markers, prevention of 

glomerular and tubular 

damage, attenuation of 
diabetic and chronic renal 

injuries 

[31,32] 

Terpenoids & 

Saponins 

Ursolic acid, Ginsenosides, 

Glycyrrhizin 

Anti-apoptotic effects, 

immune modulation, 
inhibition of fibrosis, 

membrane stabilization 

Reduced inflammatory 

infiltration, improved renal 
regeneration, protection from 

ischemia–reperfusion injury 

and oxidative stress 

[33,34] 

Lignans & Tannins Silymarin, Ellagic acid, 

Proanthocyanidins 

Strong antioxidant potential, 

enhancement of 

microcirculation, inhibition of 
protein oxidation and fibrosis 

Decreased oxidative stress 

markers, preservation of 

glomerular structure, 
protection against toxin-

induced and chronic renal 

damage 

[35,36] 

 

Mechanistic Insights into Nephroprotective 

Action 

Antioxidant and free radical scavenging 

mechanisms 

Many plant phytochemicals protect kidney tissues 

by neutralizing reactive oxygen species (ROS) and 

making the body's natural antioxidant defenses 

stronger [37]. They reduce levels of lipid 

peroxidation indicators such as malondialdehyde 

(MDA) and boost levels of glutathione (GSH), 

superoxide dismutase (SOD), and catalase.   These 

substances restore redox equilibrium, which stops 

oxidative damage to glomeruli and renal tubules. 

This is an important occurrence in most kinds of 

nephropathy [38]. 

 

Anti-inflammatory and cytokine modulation 

Phytochemicals significantly suppress renal 

inflammation by downregulating pro-inflammatory 

cytokines, including TNF-α, IL-1β, and IL-6.   

They also block inflammatory mediators like COX-

2 and iNOS from being turned on, which stops 

immune cells from getting into tissues. This leads 

to less interstitial edema, a lower oxidative burst, 

and the preservation of renal architecture in 

experimental models [39,40]. 

 

Inhibition of Apoptosis and Mitochondrial 

Protection 

Many bioactive plant substances prevent renal cell 

death by stabilizing mitochondrial membranes and 

altering apoptotic proteins [41]. They raise the 

levels of anti-apoptotic proteins like Bcl-2 and 

reduce the levels of pro-apoptotic proteins like Bax 

and caspase-3. Phytochemicals assist the kidneys' 

work by keeping mitochondria healthy and making 
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ATP.  They also prevent tubular cells from dying 

[42,43]. 

 

Regulation of Key Molecular Pathways 

(Nrf2/ARE, NF-κB, TGF-β, MAPK) 

Phytochemicals influence several signaling 

pathways associated with renal injury and 

regeneration.   When the Nrf2/ARE pathway is 

switched on, it makes antioxidant genes work 

harder, which helps cells deal with oxidative stress. 

Stopping NF-κB signaling prevents inflammation, 

and altering TGF-β lowers fibrosis and the 

development of the extracellular matrix [44]. 

Controlling MAPK pathways also helps keep 

oxidative damage, apoptosis, and inflammation in 

check. These acts that affect more than one item 

highlight how useful plant chemicals may be as 

medications (Figure 1). 

 

Role in Improving Renal Hemodynamics and 

Tubular Function 

Some phytochemicals make the endothelium work 

better and minimize oxidative damage to blood 

vessels, which promotes blood flow to the kidneys 

and glomerular filtration [45]. They assist the body 

in reabsorbing electrolytes, stabilize tubular 

membranes, and make nitric oxide more accessible. 

Improved hemodynamics and tubular integrity 

result in increased urine output, reduced 

proteinuria, and the reestablishment of normal renal 

physiology in nephrotoxic animals [46]. 

 

 
Figure 1 The graphic illustrates the primary mechanisms by 

which phytochemicals safeguard renal tissues in 

experimental animals.  

 

In Figure 1, Zone 1 focuses on antioxidant 

activities, such as getting rid of reactive oxygen 

species (ROS), boosting the body's own 

antioxidants (GSH, SOD, and catalase), and 

lowering lipid peroxidation (MDA). Zone 2 has 

anti-inflammatory and cytoprotective properties by 

reducing inflammatory cytokines (TNF-α, IL-1β, 

IL-6), diminishing edema, and enhancing the 

architecture of the interstitial space. Zone 3 

illustrates how Bax, Bcl-2, and caspase-3 interact 

to prevent cells from dying and mitochondria from 

becoming unhealthy. Phytochemicals also 

modulate the major signalling pathways, including 

Nrf2/ARE, NF-κB, TGF-β, and MAPK. All of 

these mechanisms work in concert in order to 

reduce oxidative stress, inflammation, fibrosis, and 

damage of the tubules; these features are necessary 

to keep the kidneys healthy [47]. 

 

Experimental Evidence from Rat Models 

Phytochemicals in Cisplatin-Induced 

Nephrotoxicity 

Plant bioactive substances have long been used to 

protect rats against cisplatin-induced acute kidney 

injury. Typical experimental findings encompass 

abrogating near alterations in cisplatin-induced 

serum creatinine and blood urea nitrogen (BUN) 

elevations, decreasing lipid peroxidation markers 

[malondialdehyde (MDA)], and enhancing 

endogenous antioxidant defense system (GSH, 

SOD, catalase) levels of hepatic tissue data mass 

[48]. Histologically, treated animals demonstrate 

reduced tubular necrosis, less cast formation, and 

preservation of brush border integrity relative to 

untreated controls. The advantages stem from 

robust antioxidant properties, inhibition of 

inflammatory cytokines, stabilization of 

mitochondrial function, and cessation of apoptotic 

signals [49]. 

 

Phytochemicals in Gentamicin-Induced 

Nephropathy 

In gentamicin nephrotoxicity models, 

phytochemicals mitigate the drug’s nephrotoxic 

cascade by reducing oxidative stress, slowing 

membrane lipid peroxidation, and lowering 

inflammatory cell infiltration [50]. In experimental 

conditions, rats with phytochemical therapy exhibit 

improved renal function tests (lowered blood 

creatinine and BUN), stabilized electrolyte 

concentrations, and decreased markers of oxidative 

damage [51]. Histopathology usually shows less 

degeneration of the proximal tubules, less 

vacuolation, and less inflammation in the 

interstitial space. A lot of therapies also safeguard 

the ultrastructure of mitochondria and lessen the 

chance of lysosomal rupture, which are two critical 

things that happen when aminoglycosides injure 

cells [52]. 

 

Phytochemicals in Diabetic and Adenine-

Induced Renal Injury 

In streptozotocin (STZ)-induced diabetic 

nephropathy, phytochemicals improve glucose 

control or reduce eventual kidney damage via anti-
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inflammatory, anti-fibrotic, and antioxidant 

pathways. Results often indicate reduced 

proteinuria, decreased serum creatinine levels, and 

diminished glomerulosclerosis indices [53]. In 

adenine-induced chronic kidney disease models, 

phytochemicals reduce crystal deposition, 

interstitial fibrosis, and tubular atrophy, as seen by 

improved renal function indicators and lower levels 

of fibrosis-related markers (e.g., collagen, TGF-β). 

Long-term administration in these animals 

demonstrates a reduction in the progression of 

structural damage and an improvement in 

indicators of renal remodeling [54]. 

 

Comparative Outcomes and Histopathological 

Evidence 

Common experimental end points among models 

emphasize nephroprotective action of 

phytochemicals: (1) biochemistry improvement 

downregulated serum creatinine/Urea and uremic 

markers; (2) ameliorative effects of oxidative stress 

decrease MDA levels/upregulate 

SOD/GSH/catalase activities; (3) suppress pro-

inflammatory mediators decline TNF-α/IL-1β /IL-6 

and reduced immune cell adhesion, migration, and 

accumulation at injury site; (4) maintenance of 

tissue integrity decreased tubular 

necrosis/glomerular damage/interstitial fibrosis 

[55]. Histopathological scoring repeatedly shows 

lower grades of damage in the treated animals with 

better tubular architecture, less cast formation, and 

decreased fibrotic staining. The degree of 

protection is dependent on the compound, dose, 

and timing; however, the commonality between 

cisplatin, gentamicin, diabetic, and adenine models 

highlights the translational relevance of 

phytochemical intervention(s) as an adjunctive 

regimen for preventing/reversing nephropathy [56]. 

 

Pharmacokinetic and Bioavailability Challenges 

Limitations of Natural Phytochemicals In Vivo 

Many phytochemicals possess strong 

nephroprotective effects in preclinical studies, but 

their therapeutic value is hampered by poor 

pharmacokinetics. Lest we become too 

discouraged, there are natural substances that do 

not easily dissolve in water, that degrade quickly, 

that do not cross membranes very efficiently, and 

finally are poorly absorbed by the body [57]. That 

is, these compounds are resistant to uptake by renal 

tissues and exist in the tissues. A short plasma half-

life and first-pass metabolism also result in shorter 

therapeutic effects, indicating that higher amounts 

or more frequent doses are necessary [58]. 

 

Nanoformulation-Based Delivery Systems 

Nanodelivery systems offer a huge potential for 

overcoming the bioavailability issue of 

phytochemicals. Nanoparticles, liposomes, 

polymeric micelles, solid lipid nanoparticles, and 

nanoemulsions aid in solubilizing the substance and 

inhibit enzymes from breaking it down, making it 

easier for the kidneys to locate it [59]. They allow 

drugs to be released in a controlled manner, remain 

within the body for longer periods, and be more 

readily taken up by cells. In models of rat 

nephropathy, it has been demonstrated that 

flavonoids, phenolics, and alkaloids in 

nanoformulation are highly potent antioxidant/anti-

inflammatory agents when compared with their 

unformulated counterparts, suggesting higher 

therapeutic efficiency [60]. 

 

Combination Therapy Approaches for 

Enhanced Nephroprotection 

These combinations are superior to monotherapy, 

making it more efficient for the antioxidants, 

inhibition of multiple inflammatory pathways, and 

fibrosis. Co-administration strategies might further 

improve pharmacokinetics by decreasing 

metabolism or increasing cellular uptake. 

Combination therapy can be especially beneficial in 

challenging kidney diseases, including diabetic 

nephropathy, when it is necessary to not only 

protect the body against more than one target [61]. 

Safety Profile and Toxicological Considerations 

Dose-Dependent Effects and Toxicity Markers 

Oxidative disequilibrium, liver injury, or metabolic 

enzyme problems can be generated at high doses. 

In rats, toxicity symptoms of increased serum liver 

and renal indices (ALT, AST), creatinine, BUN 

blood parameters, as well as induction of oxidative 

stress markers such as MDA and reduction in GSH 

levels were reported. Histopathologic signs, such as 

tubular degeneration and inflammatory infiltration 

or glomerular damage, act as an early sign of dose-

dependent toxicity [62]. 

 

Safety Evaluation in Experimental Rat Studies 

Preclinical testing meticulously assesses the safety 

of phytochemicals through acute, sub-acute, and 

chronic toxicity studies. Most of the 

nephroprotective phytochemicals have abundant 

safety margins; this means they do not produce 

very serious damage at therapeutic doses [63]. 

Histological analysis of the liver, kidney, and other 

organs does not reveal any pathological 

abnormalities. This indicates that the compounds 

are appropriate for further investigations; however, 

interspecies differences should be taken into 

account in extrapolation to humans [64–66]. 

 

Future Directions in Toxicity Prediction 

Computational toxicology and In Silico behaviour 

are improving, so we can predict how safe 

phytochemicals are before we test them on live 

organisms. Such approaches, when combined with 

omics technology and high-throughput screening, 
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may help to find safe dosages more rapidly and 

curtail the amount of animal testing that needs to be 

conducted [67]. Future studies should emphasize 

the incorporation of conventional toxicology in line 

with state-of-the-art prediction platforms to secure 

safer and effective candidate nephroprotective 

drugs [68]. 

 

Translational Relevance and Future Prospects 

Bridging Preclinical Findings with Clinical 

Nephropathy 

Rat experiments have shown that due to values, 

phytochemicals can attenuate oxidative stress, 

inflammation, and fibrosis -all mechanisms of 

human nephropathy [69]. These are promising 

results, but need to be tested more rigorously 

through pharmacokinetic analyses, safety 

assessment, and controlled clinical tests before they 

can be fully exploited. We need to know the 

distinctions across animals and how to effectively 

dose them to apply this to people [70,71]. 

 

Potential for Phytochemical-Based Drug 

Development 

Phytochemicals are attractive candidates for 

generating novel nephroprotective medicines or 

adjuvant therapy since they can target multiple 

things at once. You can modify them to make them 

more stable, soluble, and better at targeting tissues 

since they have different structures [72]. New 

formulation technologies, including nano-delivery 

systems, make them even better for treating 

disorders and make it possible to employ 

phytochemicals in clinical settings [73]. 

 

Integration with Personalized and Preventive 

Nephrology 

Phytochemicals are very promising for customized 

therapy since they are safe and can affect various 

pathways that lead to renal issues [74]. Adding 

these medicines to preventative regimens may 

reduce the disease's development, particularly for 

persons with diabetes, high blood pressure, or drug-

induced nephrotoxicity who are at high risk.  In the 

future, techniques may combine phytochemicals 

with genetic and metabolic analysis to make 

treatments unique to each patient [75]. 

 

CONCLUSION: 
Plant phytochemicals are a potential category of 

nephroprotective compounds that may impact 

many molecular pathways that contribute to kidney 

injury. Evidence from various experimental rat 

models, including cisplatin, gentamicin, diabetic-, 

and adenine-induced nephropathy, consistently 

demonstrates their capacity to mitigate oxidative 

stress, suppress inflammation, inhibit apoptosis, 

and modulate critical signaling pathways such as 

Nrf2/ARE, NF-κB, TGF-β, and MAPK. Major 

groups of phytochemicals, including flavonoids, 

phenolic acids, alkaloids, terpenoids, saponins, 

lignans, and tannins, have been shown to have 

significant renoprotective effects via biochemical 

restoration and histopathological enhancement. 

Even though these phytochemicals are good for 

you, it's tricky to employ them in clinical settings 

since they don't dissolve well, are broken down 

quickly, and don't work well in the body. Novel 

nanoformulation approaches and combined 

treatment strategies could help to maximize their 

therapeutic efficacy. Moreover, preclinical results 

from safety assessments on animal models suggest 

that most phytochemicals exhibit desirable toxicity 

patterns at well tolerated doses. In the future, well-

designed clinical trials and predictive toxicological 

technologies will be needed to tailor 

phytochemicals into nephrology preventive 

medicine. This will be important, for these drugs to 

work well with phytochemicals. The growing body 

of experimental data indicates that phytochemicals 

hold great promise as safe, easily available and 

multitargeted therapies for kidney diseases and a 

mean for preventing their progression. 
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