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ABSTRACT

Diabetes mellitus is associated with long-term complications, including nephrotoxicity and hepatotoxicity, largely
due to hyperglycemia-induced oxidative stress and inflammation. Persistent hyperglycemia generates excessive
reactive oxygen species (ROS), disrupts mitochondrial function, and activates various pro-inflammatory signaling
pathways, such as NF-kB and MAPKs. These processes contribute to cellular injury, fibrosis, and organ dysfunction,
especially in the kidneys and liver. Diabetic nephropathy manifests as glomerular hypertrophy, mesangial expansion,
and proteinuria, whereas diabetic hepatopathy is characterized by hepatic steatosis, inflammation, and elevated
transaminase levels. Conventional pharmacotherapies often inadequately address these complications and may
present undesirable side effects. As such, there is a growing interest in natural therapeutic alternatives.
Phytochemicals, the bioactive compounds derived from plants, have emerged as promising therapeutic agents due
to their antioxidant, anti-inflammatory, anti-apoptotic, and organ-protective properties. Compounds such as
curcumin, resveratrol, quercetin, and berberine have demonstrated significant efficacy in mitigating diabetes-
induced renal and hepatic damage in preclinical studies. These agents modulate multiple cellular pathways, enhance
endogenous antioxidant defenses, and improve glycemic control. This article reviews recent advances in
phytochemical-based strategies for counteracting nephrotoxicity and hepatotoxicity in diabetic models, highlighting
their mechanisms of action, experimental evidence, and potential for clinical translation. A comprehensive
understanding of these strategies can inform the development of integrative therapeutic approaches in diabetes
management
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INTRODUCTION
Diabetes mellitus (DM), particularly type 2 diabetes, diabetic hepatopathy encompasses a spectrum of liver
is a global health burden that predisposes individuals pathologies, including non-alcoholic fatty liver
to multiorgan complications, notably affecting the disease (NAFLD), steatohepatitis, and hepatic
kidneys and liver [17. The increasing prevalence of fibrosis, driven by insulin resistance and metabolic
DM worldwide has heightened concerns regarding dysregulation [87]. Both complications are
its systemic impact and the development of chronic underpinned by a complex interplay of
complications. Among the most debilitating hyperglycemia-induced oxidative stress,
consequences are diabetic nephropathy and accumulation of advanced glycation end-products
hepatopathy, which significantly contribute to (AGEs), lipid  peroxidation,  mitochondrial
morbidity and mortality [27] Diabetic nephropathy is dysfunction, and persistent low-grade inflammation
characterized by glomerular basement membrane [47]. Despite advancements in glycemic control and
thickening, mesangial matrix expansion, and eventual the availability of conventional antidiabetic
progression to end-stage renal disease [27]. Similarly, medications, current therapies often fail to adequately
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prevent or reverse end-organ damage [57]. This
therapeutic gap has prompted the exploration of
adjunctive or alternative strategies to combat
diabetes-associated organ toxicity. Phytochemicals,
naturally occurring compounds in fruits, vegetables,
herbs, and spices, exhibit a broad spectrum of
bioactivities  [6].  Their
inflammatory,  anti-apoptotic,
regulatory effects make them promising candidates
for  organ  protection [7].  Investigating
phytochemical interventions offers a complementary
approach to traditional diabetic management, with
the potential to attenuate or delay the onset of
nephrotoxic and hepatotoxic outcomes.
2. Pathophysiology of Diabetic Nephrotoxicity
and Hepatotoxicity
Diabetes  mellitus, particularly poorly
controlled, leads to persistent hyperglycemia, which
initiates a cascade of metabolic and cellular
alterations culminating in organ dysfunction [87.
Among the most affected organs are the kidneys and
liver, with nephrotoxicity and hepatotoxicity being
complications  [27]. Central to the
pathophysiology of these complications is the
overproduction of reactive oxygen species (ROS),
which overwhelms the endogenous antioxidant
defense mechanisms and leads to oxidative stress [97].

antioxidant,  anti-
and  metabolic
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This oxidative milieu damages cellular components,
including lipids, proteins, and DNA, disrupting
normal cell function and promoting cell death [107].
In the kidneys, chronic hyperglycemia induces
glomerular hyperfiltration and hypertrophy, which
contribute to mesangial expansion and basement
membrane thickening [27]. These structural changes
impair the filtration barrier, resulting in proteinuria
and a progressive decline in renal function [117. ROS
further exacerbate this by activating key pro-
inflammatory and fibrotic signaling pathways,
notably nuclear factor-kappa B (NIF-kB) and mitogen-
activated protein kinases (MAPKs) [127. These
pathways enhance the expression of pro-
inflammatory cytokines, chemokines, and fibrotic
markers such as transforming growth factor-beta

(TGF-B), promoting glomerulosclerosis  and
interstitial fibrosis [137].
In the liver, hyperglycemia triggers lipid

accumulation in hepatocytes, leading to steatosis or
non-alcoholic fatty liver disease (NAFLD) [14].
Concurrently, dysfunction
oxidative stress initiate hepatocyte apoptosis and

mitochondrial and
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necrosis [157]. Inflammatory signaling, mediated by
NF-kB and MAPKs, also contributes to hepatic
inflammation and fibrosis [167]. Chronic hepatic
injury eventually impairs liver function and may
predispose  individuals  to  cirrhosis  [17].
Additionally, advanced glycation end products
(AGEs) formed under hyperglycemic conditions bind
to their receptors (RAGE), amplifying oxidative
stress and inflammation in both renal and hepatic
tissues [197 Collectively, these molecular and cellular
disruptions underscore the importance of targeting
oxidative stress and inflammation in managing
diabetic  nephrotoxicity hepatotoxicity.
Phytochemicals ~ with  antioxidant and anti-
inflammatory properties offer promising avenues for
intervention.

3. Antioxidant and Anti-inflammatory
Phytochemicals

and

A variety of plant-derived bioactive compounds have
shown protective effects against diabetic organ
damage through antioxidant and anti-inflammatory
mechanisms:
Curcumin:  This
antioxidant effects by activating the nuclear factor
erythroid 2-related factor 2 (Nrf2)/antioxidant
response element (ARE) pathway, enhancing the
expression of detoxifying and antioxidant enzymes
[187. It also suppresses pro-inflammatory mediators

polyphenol  exerts  potent

such as tumor necrosis factor-alpha (TNF-o) and
interleukin-6 (IL-6), thereby mitigating renal and
hepatic inflammation [207.

Resveratrol: Resveratrol enhances mitochondrial
tfunction and biogenesis, attenuates oxidative stress,
and inhibits NF-kB activation [217]. It has been
shown to preserve renal glomerular structure and
hepatic histoarchitecture in diabetic models [227].
Quercetin: Quercetin reduces lipid peroxidation,
boosts endogenous antioxidants like glutathione
(GSH), and downregulates fibrotic and inflammatory
markers, thereby preventing structural
functional deterioration of kidneys and liver [237].
Berberine: Berberine activates adenosine

and

monophosphate-activated protein kinase (AMPK),
improving lipid metabolism and insulin sensitivity
[247. It lowers serum levels of liver enzymes (ALT,
AST) and kidney function markers (creatinine, urea),
indicating protection against organ injury [257].

Silymarin: This flavonolignan complex stabilizes
hepatocyte membranes, scavenges free radicals, and
reduces cytokine production [267. It has shown
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efficacy in preserving liver function and preventing
fibrosis in diabetic conditions.

These phytochemicals represent promising adjuncts
in the management of diabetic complications, offering
multi-targeted protection through their antioxidant
and anti-inflammatory actions.

Mechanisms of Action
Phytochemicals exert their protective effects against
diabetic nephrotoxicity and hepatotoxicity through a
complex interplay of molecular mechanisms that
counteract the oxidative, and
metabolic disturbances associated with diabetes. One

inflammatory,

of the most prominent mechanisms is antioxidant
activity, wherein phytochemicals neutralize reactive
oxygen species (ROS) directly or enhance
endogenous antioxidant defenses [277]. Compounds
like curcumin, quercetin, and resveratrol upregulate
the expression and activity of key antioxidant
enzymes such as superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx)
[23,28,297. These enzymes mitigate oxidative stress,
which is a central driver of cellular injury in diabetic
organs [307].

Another critical
inflammatory

anti-
inflammation,

pathway involves
effects:  Chronic
sustained by high glucose levels and oxidative stress,
activates signaling cascades like NF-kB and MAPKs,
leading to increased expression of pro-inflammatory
[81]. Phytochemicals inhibit the
expression of cyclooxygenase-2 (COX-2), inducible
nitric oxide synthase (iNOS), and cytokines such as

mediators

tumor necrosis factor-alpha (TNF-a) and interleukin-
6 (IL-6), thereby reducing inflammatory cell
infiltration and tissue damage [327]. In addition,
several phytochemicals modulate apoptotic signaling
pathways. They inhibit pro-apoptotic proteins like
Bax and caspases (particularly caspase-38 and caspase-
9) while upregulating anti-apoptotic proteins such as
Bcl-2. This balance helps preserve the viability and
integrity of renal and hepatic cells under diabetic
conditions, preventing excessive cell loss and organ
dysfunction [337.

Phytochemicals also contribute to improved glycemic
control, which indirectly reduces diabetes-related
complications. By enhancing insulin sensitivity,
promoting glucose uptake, and modulating enzymes
involved in glucose metabolism, phytochemicals such
as berberine and silymarin reduce hyperglycemia-
induced oxidative and inflammatory stress [84].
These glycemic effects further synergize with
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antioxidant and anti-inflammatory properties to
provide comprehensive protection.

Experimental Evidence from Diabetic Models
A substantial body of experimental evidence from
preclinical ~ studies supports the efficacy of
phytochemicals in ameliorating diabetic
nephrotoxicity and hepatotoxicity [85,36,387.
Diabetic  models induced by agents like
streptozotocin (STZ), alloxan, or high-fat diets
exhibit consistent patterns of renal and hepatic injury,
characterized by elevated serum levels of creatinine,
urea, alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) [87]. Treatment with
phytochemicals significantly ~ lowers  these
biomarkers, indicating functional restoration [397.
Histological analyses further reveal reductions in
glomerular hypertrophy, mesangial expansion, and
tubular necrosis in the kidneys, along with
improvements in liver architecture, including reduced
steatosis, hepatocyte ballooning, and fibrosis [407.
Biochemical assays show restoration of antioxidant
enzyme levels and a decrease in lipid peroxidation
markers such as malondialdehyde (MDA), confirming
mitigation of oxidative stress [417].

Synergistic Effects and Polyherbal Formulations
suggests  that
enhances  therapeutic

Emerging research

phytochemicals

combining

efficacy
through synergistic effects [427]. These combinations
can improve bioavailability, target multiple molecular
pathways simultaneously, and reduce the required
therapeutic dosages, minimizing toxicity. For
example, the combination of curcumin and piperine
enhances the bioavailability of curcumin, leading to
greater systemic antioxidant and anti-inflammatory
effects [437. Polyherbal formulations composed of
medicinal plants such as Gymnema sylvestre,
Momordica charantia, and Phyllanthus niruri have
shown promising results in animal models, with
superior glycemic control and organ protection
compared to single-compound therapies [447. These
formulations represent a holistic approach and are
gaining attention in integrative diabetic management
strategies.

Nanotechnology-Enhanced Phytotherapy
Recent  advances in  nanotechnology  have
significantly improved the therapeutic potential of
phytochemicals in managing diabetic nephrotoxicity
and hepatotoxicity [457]. One of the major limitations
of many bioactive plant compounds, such as curcumin
and resveratrol, is their poor aqueous solubility,
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instability in the gastrointestinal tract, and rapid
systemic clearance, which limit their bioavailability
and therapeutic efficacy [467. Nanotechnology-based
delivery systems offer innovative solutions to these
challenges.

Nanoparticle formulations—such as liposomes, solid
lipid nanoparticles, polymeric nanoparticles, and
nanoemulsions—enable  enhanced  delivery of
phytochemicals by improving solubility, stability, and
absorption [477]. These carriers can protect the
phytochemical from degradation, facilitate sustained
and controlled release, and improve targeting to
specific organs such as the liver and kidneys. For
example, nano-curcumin has demonstrated markedly
improved bioavailability and tissue distribution
compared to its conventional form [487. Studies in
diabetic animal models show that nano-curcumin
more  effectively  reduces  oxidative  stress,
inflammation, and histological damage in renal and
hepatic tissues [497. Similarly, resveratrol-loaded
nanoparticles have shown enhanced mitochondrial
protection, anti-inflammatory activity, and insulin-
sensitizing effects, contributing to improved organ
function and metabolic control [50] Moreover,
nanocarriers can be engineered with surface
modifications to enable targeted delivery, minimizing
off-target effects and enhancing therapeutic efficacy
[5617]. Co-loading of multiple phytochemicals or
combining phytochemicals with conventional drugs
in nanoformulations is an emerging area of interest,
potentially offering synergistic benefits in managing
complex diabetic complications [527. Thus,
nanotechnology  represents a  transformative
approach to overcoming pharmacokinetic limitations
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and maximizing the therapeutic benefits of
phytotherapy in diabetic care.

Challenges and Future Directions

Despite the growing body of preclinical evidence
supporting the efficacy of phytochemicals, several
challenges hinder their clinical translation. One major
issue is the lack of standardization of plant extracts,
which can vary in composition due to differences in
cultivation, harvesting, and extraction methods [537].
This variability affects reproducibility and reliability
of results. Dose optimization and safety profiling are
also critical concerns. While many phytochemicals
show low toxicity in experimental models, high doses
or prolonged use may pose risks, especially in
combination with other medications [547]. Detailed
toxicological studies and long-term safety data are
necessary to guide appropriate dosing regimens.
Furthermore, human clinical trials evaluating
phytochemicals in diabetic nephrotoxicity and
hepatotoxicity are still limited. Most existing
evidence is derived from in vitro studies and animal
models, which may not fully replicate human
physiology and disease complexity [55]. Rigorous
clinical investigations are essential to validate
efficacy, determine therapeutic windows, and evaluate
patient outcomes. Another important area of focus is
herb-drug interactions. Many phytochemicals can
modulate drug-metabolizing enzymes or
transporters, potentially altering the
pharmacokinetics of concurrently administered
medications [547]. Understanding these interactions
is crucial to ensuring the safe integration of
phytotherapy into conventional treatment regimens.

CONCLUSION

Phytochemicals represent a promising adjunctive
strategy for mitigating diabetic nephrotoxicity and
hepatotoxicity, thanks to their multifaceted
antioxidant, anti-inflammatory, anti-apoptotic, and
metabolic regulatory properties. The integration of
nanotechnology has further enhanced their
therapeutic potential by improving delivery and

bioavailability. However, to fully harness the benefits
of phytotherapy, comprehensive research is needed to
address challenges related to standardization, safety,
and  clinical  validation. =~ With  continued
interdisciplinary efforts, phytochemicals may become
integral components of personalized, organ-
protective strategies in diabetes management.
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