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Abstract: Kidney diseases constitute a worldwide public health problem, contributing to morbidity
and mortality. The present study aimed to provide an overview of the published data regarding
the potential beneficial effects of polyphenols on major kidney diseases, namely acute kidney injury,
chronic kidney disease, diabetic nephropathy, renal cancer, and drug-induced nephrotoxicity. This
study consists of a bibliographical review including in vitro and in vivo studies dealing with the
effects of individual compounds. An analysis of the polyphenol metabolome in human urine was
also conducted to estimate those compounds that are most likely to be responsible for the kidney
protective effects of polyphenols. The biological effects of polyphenols can be highly attributed to
the modulation of specific signaling cascades including those involved in oxidative stress responses,
anti-inflammation processes, and apoptosis. There is increasing evidence that polyphenols afford
great potential in renal disease protection. However, this evidence (especially when in vitro studies
are involved) should be considered with caution before its clinical translation, particularly due to
the unfavorable pharmacokinetics and extensive metabolization that polyphenols undergo in the
human body. Future research should consider polyphenols and their metabolites that indeed reach
kidney tissues.

Keywords: polyphenols; metabolites; renal diseases; acute kidney injury; chronic kidney disease;
diabetic nephropathy; renal cancer; drug-induced nephrotoxicity

1. Introduction

Kidney diseases constitute a worldwide public health problem, contributing to mor-
bidity and mortality from non-communicable diseases, both as a direct cause and as a risk
factor for cardiovascular disease [1]. The burden of renal pathologies is rising year after
year in different regions of the world [2]. This increase is associated with higher mortality
and treatment costs [2], demanding great attention in terms of global health policies. The
variations in incidence, prevalence, and outcomes of renal diseases may depend on several
biological, socioeconomic, and behavioral risk factors [3]. Several studies have explored
the role of diet in the context of chronic kidney diseases or renal cancer [4,5]. However, the
effects of dietary interventions on the outcome of kidney diseases remain to be clarified.
Polyphenols are among the dietary compounds studied in this context. Polyphenols are
characterized by the presence of one or more hydroxyl groups attached to aromatic rings.
Other compounds are commonly integrated into this group, such as phenolic acids or
stilbenes. For this reason, the denomination “(poly)phenols” is sometimes used in the
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literature. However, we will adopt the word “polyphenols” as an umbrella term throughout
the manuscript for simplicity.

Despite the lack of conclusive epidemiological data, numerous in vitro and in vivo
studies have dealt with the effects of polyphenols and kidney diseases. In addition to a
dietary approach, polyphenols have been explored as potential therapeutic/nutraceutical
agents against kidney diseases [6,7]. In this context, some studies use high doses, different
administration routes and specific drug delivery systems to target kidney tissues [8,9]. The
interest in these compounds is supported essentially by their ability to modulate redox and
inflammatory pathways. Scientific evidence suggests that reactive oxygen species (ROS)
and inflammation play a key role in the pathophysiologic processes of renal diseases. The
kidney is an organ particularly vulnerable to ROS attack [10] and oxidative damage is
associated with a wide range of renal impairments, including acute renal failure [11], ob-
structive nephropathy [12], glomerular damage [13] or chronic renal failure [14]. Therefore,
dietary and pharmacological antioxidant/anti-inflammatory interventions could attenuate
renal damage [15]. It should be noted that the use of the term antioxidant throughout the
manuscript refers to its broader definition, instead of the classical view of antioxidants as
merely scavenging/reducing agents. In biology and medicine, antioxidants can be defined
as any substance that can prevent, reduce, or repair the ROS-induced damage of a target
biomolecule, including via indirect mechanisms such as the upregulation of nuclear factor
E2-related factor 2 (Nrf2) [16], which appears to be highly relevant in polyphenols mode
of action.

The aim of this study was to provide an overview of the published data regarding
the potential beneficial effects of polyphenols on major kidney diseases not distinguishing
the nutritional and pharmacological perspectives of those studies. For that, a literature
search in English was conducted in Medline, Scopus, and Web of Science, to identify
and select relevant studies evaluating the effects of pure polyphenols on renal diseases,
with a special emphasis on those published in the last two decades. The search terms
included: “polyphenol(s)”, “flavonoid” or “anthocyanin”, and “acute kidney injury”,
“diabetic nephropathy”, “renal cancer” or “drug-induced nephrotoxicity”. We do not
attempt to present an exhaustive and detailed review of all studies available or to compare
experimental details (e.g., concentrations, doses, or methodologies). On the contrary, we
intend to give an overview emphasizing the importance of considering the polyphenols
fate in the human body when designing a study. This review includes in vitro and in vivo
studies dealing with the effects of individual compounds, rather than mixtures, such as
extracts or food stuff (Section 2.1, Section 2.2, Section 2.3, Section 2.4, Section 2.5). An
analysis of the polyphenol metabolome in human urine was also conducted, in order to
estimate those compounds that are most likely to be responsible for the kidney protective
effects of polyphenols (Section 3).

2. Implication of Polyphenols in Renal Pathophysiology
2.1. Acute Kidney Injury

Acute kidney injury (AKI) is characterized by a loss of kidney function with an increase
in serum creatinine, decrease in urinary output, or both for a period until 7 days [17,18].
AKI occurs in approximately 10–15% of patients admitted to the hospital, and its incidence
in intensive care can even exceed 50% [17]. AKI is not a single disease entity, but a part
of a heterogeneous functional group of disorders that can occur in the setting of acute
or chronic illness [18,19]. Nevertheless, despite its complexity, AKI is usually seen as
a single disease and classified according to anatomical categories [17]. In AKI, kidney
homeostasis is disrupted and in severe cases, it can lead to multiorgan failure being
potentially lethal [18]. AKI may be induced by cisplatin, an anticancer drug, and cisplatin
treatment is a well-established model to study this kidney injury. The role of polyphenols
in this particular cisplatin-induced AKI condition will be discussed in the section about
drug-induced nephrotoxicity (2.5).
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Many studies have shown that polyphenols can act against various factors that are
linked to AKI. Resveratrol (3,5,4′-trihydroxystilbene) is a natural polyphenol that belongs
to the stilbenes class. It is present in many plants, and it is the most studied polyphenol
that has shown potential protection against AKI. Resveratrol ameliorated several kidney
function markers and pathological damage of AKI. Resveratrol showed its effectiveness
against AKI through the reduction of ROS in HK-2 human renal cells [20]. Additionally,
resveratrol reduced inflammatory (e.g., TNF-α and IL-1β) and kidney injury (e.g., KIM-1)
markers, and reversed the alterations of apoptosis-associated proteins (e.g., Bcl-2 and
Bax) in different in vitro and in vivo models [21–23]. Sepsis is the most common cause
of severe AKI in individuals that are extremely ill [17]. In this sense, some studies with
septic AKI animal models have also been used to study the beneficial effects of polyphenols
in this pathophysiological condition. Resveratrol decreased the mortality rate of septic
rodents, alleviated AKI, improved renal microcirculation, protected the tubular epithelium,
ameliorated oxidative stress and mitochondrial function, and reduced the inflammatory
response [24–26]. Mitochondrial dysfunction is one of the characteristics of AKI. The
resveratrol glycoside (resveratrol-3-O-β-mono-D-glucoside), also known as polydatin or
piceid, protected renal tubular epithelial cell mitochondria from dysfunction, reduced
inflammatory and oxidative stress parameters, and prolonged survival in a rat model of
sepsis-induced AKI [27]. Gallic acid, a phenolic acid present in a large number of plants,
also showed significant protection against renal ischemia/reperfusion (I/R)-induced AKI
in a rat model [28]. Some studies revealed the antioxidant properties and the improvement
in renal function by epigallocatechin-3-gallate (EGCG), the major flavanol present in the
tea plant Camellia sinensis. EGCG reduced ROS and renal damage by iron overload, acting
as an iron chelator, reducing hypoxic damage and oxidative and nitrosative stress [29,30].
EGCG also ameliorated cardiopulmonary bypass-induced AKI in diabetic rats, prevented
renal tubular damage, and reduced the level of kidney injury and oxidative stress biomark-
ers [31]. Another study showed that EGCG could protect the kidney from I/R injury,
reducing macrophage infiltration, renal fibrosis, and several molecules involved with an
inflammatory response [32]. Curcumin, a biologically active polyphenolic compound
obtained from the rhizomes of the plant Curcuma longa that is present in several spices,
significantly decreased the rate of apoptosis and protected renal cells against I/R-induced
AKI [33]. Ellagic acid, a natural polyphenol compound present in food (e.g., chestnut,
pomegranate, and blackberry), attenuated the renal ischemia/reperfusion (I/R) injury,
a primary reason for AKI, and preserved renal cell function in rats. Additionally, ellagic
acid suppressed the levels of inflammatory, oxidative stress, and apoptosis markers in
an I/R rat model [34]. Honokiol, a natural polyphenol from the traditional Chinese herb
Magnolia officinalis attenuated sepsis-associated AKI and ameliorated oxidative stress and
inflammatory signals in NRK-52E cells, as well as in a rat model with cecal ligation and
puncture (CLP)-induced oxidative stress and inflammatory cytokine production [35].

2.2. Chronic Kidney Disease

Chronic kidney disease (CKD) is a condition defined as persistent alterations in kidney
structure, function, or both of at least 3 months duration [36,37]. CKD is associated with
urine and structural abnormalities and impaired excretory renal function, which are sugges-
tive of irreversible loss of functional nephrons [37]. CKD arises from many heterogeneous
disease pathways, with diabetes and hypertension being the main causes [36,37]. The
prevalence of CKD varies between 7–12% worldwide [37]. The most relevant pathophysio-
logic changes include glomerular sclerosis, tubular atrophy, and interstitial fibrosis [36]. It
is common to use animal models in which CKD is associated with diabetes. Nonetheless,
the role of polyphenols in models of this particular kidney condition will be presented in
the next Section 2.3.

The beneficial impact of polyphenols in CKD has been explored, mainly due to their
antioxidant and anti-inflammatory properties. In a recent study, resveratrol alleviated
the increase in markers of kidney function, the presence of glomerular sclerosis, and the
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tubulointerstitial fibrosis induced in nephrectomy rodent models [38]. In another study
using a mice model, resveratrol treatment inhibited oxidative stress and renal interstitial
fibrosis [39]. Mitochondrial dysfunction is one of the cellular alterations of CKD. In a study
performed by Hui et al., (2017), resveratrol attenuated glomerular injury in the remnant
kidney of nephrectomized rats and also improved mitochondrial function in vitro and
in vivo [40]. Skeletal muscle atrophy is one of the clinical characteristics of CKD. Resveratrol
prevented the increase in expression of important pathophysiologic proteins (e.g., MuRF1)
in vitro and attenuated muscle atrophy induced by CKD in a rodent model [41]. EGCG
exhibited renoprotective effects in mice with unilateral ureteral obstruction, by reducing the
inflammatory response and oxidative stress [42]. Moreover, the preventive role of EGCG
in CKD and renal fibrosis has also been discussed by its ability to preserve mitochondrial
function, antiapoptotic effects, and anti-epithelial mesenchymal transition properties [43].
I/R-induced AKI can lead to renal fibrosis, which is a relevant risk factor for CKD. In
a study performed by Hongtao et al. [44], curcumin alleviated I/R-induced late kidney
fibrosis in a mouse model [44]. Salvianolic acid A demonstrated antioxidant effects in vitro
and reduced kidney injury, inflammation, and oxidative stress markers in a nephrectomized
rat model [45].

2.3. Diabetic Nephropathy

Diabetes is a highly prevalent chronic disease affecting more than four hundred million
adults worldwide. The disease compromises several body functions, including diabetic
nephropathy (DN), also referred as diabetic kidney disease (DKD). DN is among the most
common causes of morbidity and mortality in individuals with diabetes as well as the
main culprit for end-stage renal disease in the world. With multifactorial and complex
pathophysiology, DN management has been considered a major challenge for physicians
and the pharmaceutical industry. At the cellular level, DN is associated with several cellular
pathways including autophagy dysregulation, oxidative stress, hypoxia, inflammation, and
overactive renin-angiotensin-aldosterone system (RAAS) [46,47]. The multitarget effects
and broad spectrum of health benefits of polyphenols have pointed these compounds as
promising therapeutic intervenients to fight the multiple complications of such complex
diseases. In fact, in vitro and preclinical studies have shown that stilbenes, flavonoids (in
particular, anthocyanins), and lignans slow the progression of kidney damage and prevent
ischemic events and DN [48].

The stilbene resveratrol has gained a great deal of attention thanks to its multiple,
yet controversial, actions as an antioxidant, anti-inflammatory, anti-diabetic molecule
particularly towards the dysfunction of the renal system in diabetes [49–51]. The nephro-
protective action of resveratrol as determined in animal and in vitro studies includes the
modulation of oxidative stress [50], advanced glycation end-product (AGE) cytotoxic-
ity [52], autophagy, endoplasmic reticulum (ER) stress, apoptosis [53–55], lipotoxicity,
mitochondrial dysfunction, angiogenesis [50], and inflammation [56]. Remarkably, resvera-
trol inhibited lipopolysaccharide (LPS)-induced rat glomerular mesangial cells proliferation
and inflammation, suggesting that it may prevent and/or delay mesangial cell fibrosis
independently of its hypoglycemic activity [57]. Additionally, interestingly, resveratrol and
ramipril co-treatment showed reversibility of glomerulosclerosis in early stage DN, sup-
porting the efficiency of a combined therapeutic strategy in the early DN intervention [58].
Polydatin has been also shown to protect against renal dysfunction in DN by mechanisms
including the attenuation of mitochondrial, reversion of apoptosis, suppression of oxidative
stress, and mitigation of renal inflammation and fibrosis [59–64]. Punicalagin, the major
hydrolysable tannin from pomegranate, whose metabolism involves the formation of gal-
lic acid, has been also associated with DN protection. The attenuation of inflammation
and pyroptosis was pointed to as the molecular mechanisms underlying punicalagin-
mediated effects [65]. Cyanidin 3-glucoside is the most widespread flavonoid from the
anthocyanin sub-class. Its protective effects against DN have been associated with the
alleviation of apoptosis, oxidative stress [66–69], improvement of autophagy, inhibition
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of epithelial-mesenchymal transition (EMT) [69], and attenuation of inflammation [66,70].
Protocatechuic acid, also referred as 3,4-dihydroxybenzoic acid, is a phenolic acid from
the hydroxybenzoic acids sub-class and a major polyphenol metabolite derived from an-
thocyanins metabolism. Its reported beneficial effects against DN include the inhibition of
high glucose (HG)-induced human mesangial cells proliferation and oxidative stress [71].
As stilbenes and anthocyanins, formononetin, a flavonoid from the isoflavonoids sub-
class, was shown to alleviate oxidative stress burden in the kidney of diabetic animals,
which may contribute to the control of hyperglycemia and insulin resistance and the re-
duction of triglyceride, cholesterol, creatinine, and urea in the blood [72]. The flavanol
quercetin has also been associated with several protective activities against DN. It was
shown to antagonize glucose fluctuation-induced renal injury by suppressing aerobic
glycolysis [73], to inhibit proliferation in HG–treated glomerular mesangial cells and in
early DN mouse [74], and to prevent the initiation and progression of DN in diabetic
mice by improving the renal accumulation of lipid bodies [75]. Interestingly, quercetin
liposomes improved DN biochemistry and pathological changes in a higher extent than
non-encapsulated quercetin, which was attributed to the maintenance of quercetin in
higher concentrations in the plasma [76]. Another study comparing the nephroprotective
activities of quercetin and quercetin/nanoparticle complex revealed that both treatments
prevented kidney pathological damage and improved renal function, alleviated renal oxida-
tive stress, and attenuated inflammatory processes with a greater effect in animals treated
with quercetin/nanoparticle complex [77], further supporting the efficacy of vehiculation
strategies to improve the phenolics bioactivity towards DN. Quercetin 3-O-galactoside, also
known as hyperoside or hyperin, exhibits bioactive properties related to the improvement
of cell injury and relieve the signs of renal dysfunction via targeting the miR-499-5p/APC
axis [78]. Additionally, dihydroquercetin was shown to mitigate the renal histopathological
lesions associated with DN by mechanisms that may involve oxidative stress and inflam-
mation suppression [79]. The nephroprotective action of the glycosyloxyflavone myricitrin,
another compound belonging to flavonols, was found to be associated with the mitigation
of oxidative stress as investigated both in vitro and in vivo, as well as to prevent renal
inflammation [80,81]. Remarkably, vehiculation of myricitrin using solid lipid nanoparticles
was shown to increment myricitrin effects in vivo [81]. EGCG has been associated with
the modulation of several renoprotective signaling pathways [82]. It has shown beneficial
effects towards DN via modulating oxidative stress responses [83–85]. An in vivo study
investigating the role of EGCG and methylated EGCG, a metabolite with greater bioavail-
ability than EGCG, on diacylglycerol kinase α (DGKα)-mediated alleviation of DN unveiled
that both catechins ameliorated albuminuria and attenuated HG-induced podocytes loss
by preventing a decrease in focal adhesion [86]. Moreover, it was observed that EGCG
alleviates renal fibrosis, a histopathological feature of DN [87]. In addition, it was shown
that ECGC promoted HG-podocyte cell proliferation, decreased apoptosis, and attenu-
ated the expression of ER stress markers, suggesting that EGCG may protect podocytes
against apoptosis via suppressing ER stress [88]. Testing of epicatechin and the metabolites
derived from flavonoid intake, 2,3-dihydroxybenzoic acid, 3′,4′-dihydroxyphenylacetic
acid and 3-(3′-hydroxyphenyl)propanoic acid, towards the prevention of inflammation
and the accompanying redox imbalance in HG- and lipopolysaccharide-induced renal
proximal tubular cells revealed that NOX-4/p38 plays a crucial role on the protective effect
of epicatechin and 2,3-dihydroxybenzoic acid [89]. Procyanidin B2 is flavan-3-ol dimer com-
posed of two molecules of (−)-epicatechin. Its reported protective effects on DN have been
associated with the relief of HG-podocyte injury in vivo [90], apoptosis, mitochondrial dys-
function [91] and inflammation. It was also shown to reverse HG-induced EMT-associated
morphological changes in renal tubular epithelial cells. At last, (+)-catechin was shown
to ameliorate renal dysfunction in vivo through the inhibition of AGEs formation and
inflammatory pathways via methylglyoxal trapping [92]. Oligonol, a phenolic product
derived from lychee fruit, is produced by a manufacturing process that converts polyphenol
polymers into oligomers being therefore rich in catechin-type monomers and oligomers of
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proanthocyanidins. It was shown to attenuate inflammation and glomerular hypertrophy
in vivo and to suppress renal oxidative stress [93]. Its pleiotropic action was also associated
with protection against AGE formation and apoptosis [94]. A plethora of oligonol renopro-
tective activities has been discussed elsewhere [95]. The effects of bergenin, a C-glycoside of
4-O-methylgallic acid also known as cuscutin, against DN include the downregulated oxida-
tive stress thereby inhibiting extracellular matrix generation in glomerular mesangial cells
and contributing to the alleviation of nephropathy both in vivo and in vitro [96]. Sinapic
acid, a polyphenol metabolite also present in foodstuffs, was shown to be nephroprotective
via regulation of oxidative stress and inflammation. The nuclear factor erythroid 2-related
factor 2/heme oxygenase 1 (NRF2/HO-1) pathway appears as the main target underlying
sinapic acid bioactivity [97]. Oleuropein, belonging to the polyphenols sub-class of tyrosols,
is the most common phenolic compound in olives. Reduction of body weight, alleviation
of kidney injury, and decrease of inflammatory response after oleuropein treatment was
associated with the inhibition of cell apoptosis in renal sections and alleviation of kidney
oxidative stress [98]. Regarding other polyphenols that do not belong to the classes referred
before, salvianolic acid A renoprotective activities, namely the restoration of glomerular
endothelial function and alleviation of renal structural deterioration, were shown to be
associated with the suppression AGEs-induced rearrangement of actin cytoskeleton, at-
tenuation of AGEs-induced oxidative stress with consequent alleviation of inflammation
and restoration of autophagy, as determined in glomerular endothelial cells and diabetic
rats [99]. In vivo, treatment with the natural biphenolic compound, honokiol, mitigates
ROS production which translates into the attenuation of renal dysfunction markers such as
albuminuria, glomerular damage, and podocyte injury [100].

2.4. Renal Cancer

Kidney cancers are the group of malignancies representing the 15th most common
type of cancer worldwide, responsible for 2.2% of all new cases of cancer and nearly
180,000 deaths, in 2020 [101]. Renal cell carcinoma (RCC) is the most common type,
comprising nearly 90% of all kidney cancers and representing a panel of heterogeneous
tumor subtypes. The classification recognized by the World Health Organization (WHO)
depicts histopathological dissimilarities between these tumors, establishing sixteen different
subtypes of RCC. Clear cell renal cell carcinoma (ccRCC) is the most expressive of the RCC
subtypes, generally initiating at the epithelial cells of the proximal tubule, as a result of the
manifestation of different genetic events [102–104].

Evidence has supported the potential anticancer effects of polyphenols on different
types of cancer, including RCC [70,105,106]. Resveratrol is among the most attractive
polyphenols regarding cancer protection, and it has been suggested as a promising anti-
cancer agent on RCC. Treatment of human renal cancer cells 786-O with resveratrol inhibited
cell proliferation in a concentration-dependent manner and suppressed the expression of
the vascular endothelial growth factor (VEGF) gene [107]. In 2015, Chen and colleagues
reported that resveratrol was able to control tumor growth and modulate the tumor mi-
croenvironment in a mouse renal tumor model [108]. Resveratrol was further shown to
inhibit cell proliferation, induce cell cycle arrest on S phase, suppress invasive pheno-
type and colony formation activity on RCC cell models, by preventing the activation of
Janus activated kinases (JAKs) 1 and 2, and Src kinases, therefore blocking the JAK/STATs
(Janus kinase/signal transducer and activator of transcription) signaling [109]. Other path-
ways involved in tumor progression have been identified as targets of resveratrol in RCC
cell models. AT1R/VEGF pathway (Angiotensin II type 1 receptor/Vascular endothelial
growth factor) was impaired in the presence of resveratrol, through downregulation of
Angiotensin II, AT1R (Angiotensin II type 1 receptor), VEGF and ciclooxigenase-2 expres-
sion [110]. Moreover, this polyphenol was able to modulate the inflammatory response by
inhibiting the activity of NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) in-
flammasome, which is highly expressed on RCC [106,111]. Akt (protein kinase B), ERK1/2
(Extracellular signal-regulated kinase 1/2) and p53/AMPK/mTOR (cellular tumor antigen
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p53/AMP-activated Protein Kinase/mammalian target of rapamycin)-induced autophagy
signaling pathways were also reported as targets of resveratrol on RCC, leading to the
suppression of cell proliferation, migration, invasion, and induction of apoptosis in a con-
centration and time-dependent manner [112,113]. This compound has also been shown
to affect epigenetic mechanisms such as in impairment of histone acetylation leading to
decreased activation of MMP-2/-9 (Matrix metalloproteinases 2 and 9) [114]. Resveratrol
effects on RCC cell proliferation and apoptosis were shown to be enhanced in the presence
of autophagy inhibitors [115]. In a different perspective, the combination of chemothera-
peutic agents with resveratrol was also shown to have beneficial effects. Resveratrol en-
hances the apoptotic effect of sorafenib in 786-O cells, through blockage of the Jak2/STATs
pathway [109]. In paclitaxel-resistant RCC cells, resveratrol increased sensitivity to this
chemotherapeutic drug, through inhibition of the PI3K/AKT (Phosphatidylinositol 3-
kinase/Protein kinase B) pathway [116]. Another approach has explored the potential
anticancer effects of resveratrol combined with sitagliptin. A synergistic effect leading to
the impairment of STAT3/NFKβ (signal transducer and activator of transcription/nuclear
factor kappa-light-chain-enhancer of activated B cells) and NFR2/HO-1 pathways and pro-
motion of apoptosis was found [117]. Zeng et al. have demonstrated that resveratrol plus
a fiber-modified replication-deficient adenovirus Ad5/35-TRAIL (tumor necrosis factor-
related apoptosis-inducing ligand) significantly inhibited RCC xenograft growth in nude
mice [118]. Interestingly, it has been suggested that resveratrol may regulate the expression
of tumor suppressor genes by interaction with miRNAs, including mir-21, an important
player in renal tumor development [119]. Another polyphenol, EGCG, has been reported
to promote the expression of different tumor suppressor genes by interacting with miR-210,
which is downregulated in several types of tumors, including RCC [120]. EGCG has been
reported to inhibit cell proliferation and induce apoptosis in 786-O cells, by inducing the
overexpression of TFPI-2 (tissue factor pathway inhibitor-2) [121]. Chen et al. observed
an EGCG-derived decrease in migration and invasion abilities, associated with the down-
regulation of MMP-2/-9 [122]. EGCG was also found to increase the sensitivity of RCC
cells to TRAIL-induced apoptosis, resulting from the downregulation of c-FLIP (cellular
FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein) via a ROS-dependent
pathway [123]. Curcumin has also exhibited promising effects against RCC carcinogenesis
by inhibition of cell viability and proliferation, together with the induction of cell cycle
arrest and apoptosis through modulation of the PI3K/Akt signaling pathway [124]. Cur-
cumin significantly enhanced the apoptotic effect of the mTOR inhibitor NVP-BEZ235
on RCC cells through p53-dependent Bcl-2 (B-cell lymphoma 2) mRNA down-regulation
and impairment of Mcl-1 (myeloid cell leukemia-1) [125]. In a different approach, cur-
cumin enhanced the radiosensitivity of RCC cells by suppressing NF-κB signaling pathway,
revealing its potential to be used in combination with radiotherapy of RCC [126].

Other less explored polyphenols have revealed potential effects against RCC carcino-
genesis. These include the flavonol conjugate rutin (also known as quercetin-3-rutinoside),
which reduced cancer cell viability [127]; kaempferol, also a flavonol, which inhibited RCC
cells migration and invasion [128]; and the flavone chrysin that exhibited chemopreventive
properties in an in vivo model of chemically induced kidney carcinogenesis [129].

2.5. Drug-Induced Nephrotoxicity

In addition to the above-mentioned conditions, nephrotoxicity can also be a conse-
quence of medications’ side effects, as the kidney plays a pivotal role in the detoxification
and excretion of toxic metabolites and drugs. Approximately 20% of nephrotoxicity is
estimated to be induced by drugs [130]. Cisplatin and gentamicin are two representative
examples of clinically relevant nephrotoxic drugs.

Cisplatin is a chemotherapeutic drug widely used against a variety of solid tumors,
whose clinical use is limited by the occurrence of nephrotoxic side effects. Cisplatin-induced
nephrotoxicity affects mainly the renal tubules and vasculature, and acute tubular necrosis
is the most prevalent manifestation [131,132]. Cisplatin accumulates in the proximal tubular
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epithelial cells and induces oxidative stress, inflammation, vascular injury, and stimulation
of apoptosis, thus promoting renal tissue damage [131]. While there is no effective interven-
tion to prevent cisplatin nephrotoxicity in cancer patients to date, many preclinical studies
have explored potential protective strategies [131], including the use of polyphenols [132].
Resveratrol ameliorated cisplatin nephrotoxicity in different in vitro and in vivo models,
including immortalized proximal tubular epithelial cells from mice [133], rat renal cortical
slices [134], mice [133], rats [135–137], and rabbits [137]. The mechanisms of protection
described for this polyphenol include alterations in apoptosis-associated proteins [133,135],
protection against oxidative stress [136,138], inhibition of inflammatory cell infiltrates [136],
and activation of SIRT1 [133]. Furthermore, resveratrol protected against cisplatin nephro-
toxicity through a pharmacokinetics mechanism, by decreasing its urine concentration and
kidney accumulation [137]. Quercetin suppressed the serum creatinine (SCr), indoxyl sul-
fate, and blood urea nitrogen (BUN) levels in cisplatin-treated rats [139]. Protective effects
of this flavonoid were also observed in cultured renal tubular cells [140]. Myricitrin, has
been shown to reduce the apoptosis and ROS increase induced by cisplatin in KH-2 cells. In
mice, myricitrin reduced the levels of SCr and BUN and protected from morphological al-
terations and apoptosis induced by cisplatin [141]. EGCG has shown renoprotective effects
in rats and mice treated with cisplatin [142–145]. The proposed mechanisms of protection
include the decrease in malondialdehyde (MDA) levels [144,145], restoration of reduced
glutathione levels [144,145], inhibition of ER stress-induced apoptosis [143], and regulation
of the expression of apoptosis-related proteins (Fas-L, Bax, and Bcl-2) [142]. Another green
tea polyphenol, epicatechin gallate (ECG), prevented cisplatin-induced oxidative stress,
inflammation, and apoptosis by downregulating the MAPK pathway, leading to improved
renal function in cisplatin-treated rats [146]. Treatment with curcumin has shown beneficial
effects in several rodent models of cisplatin renal injury [147–153]. The renoprotective mech-
anisms of this polyphenol included the prevention of oxidative stress [147,149,150,153]
and mitochondrial alterations [147,151], anti-inflammatory effects [148,152], increase in
SIRT proteins [151,153], and prevention of cisplatin-induced decrease in tight and ad-
herens junctions [150]. Different phenolic acids have also demonstrated protective effects
against cisplatin nephrotoxicity. Ellagic acid has shown beneficial effects in rats [154] and
also in colon tumor-bearing mice [155]. In mice, tannic acid, a naturally occurring plant
polyphenol that can be found in several plants, counteracted cisplatin nephrotoxicity, by
decreasing oxidative stress and DNA damage [156]. Salvianolic acid C protected against
cisplatin-induced AKI through attenuation of inflammation, oxidative stress, and apoptosis
and by activation of the CaMKK-AMPK-SIRT1-associated signaling pathway in mice [157].
In in vitro models of renal epithelial cells, honokiol counteracted cisplatin-induced cell
damage. Besides the decrease of oxidative stress, honokiol promoted the polymerization of
actin and tubulin cytoskeleton and stabilized cellular tight junctions, preserving epithelial
cell polarity [158]. Nanosized liposomes containing honokiol have also shown to mitigate
cisplatin-induced chronic kidney injury in mice [159]. Punicalagin [160] and hydroxyty-
rosol also prevented cisplatin nephrotoxicity by attenuating inflammation, oxidative stress,
and apoptosis [161].

Nephrotoxicity is also a limiting factor for the clinical use of aminoglycoside antibiotics,
such as gentamicin. Similar to cisplatin, gentamicin renal damage occurs mainly in the
renal tubule due to inflammatory and oxidative mechanisms. Polyphenols are among the
compounds that have been studied as potential protectors against gentamicin nephrotoxic-
ity [162]. Resveratrol is the most studied polyphenol in this context. Resveratrol protected
against gentamicin nephrotoxicity through antioxidant mechanisms in rat models [163,164].
In mice, resveratrol has shown protective effects against gentamicin-induced EMT in the
kidney via inhibition of oxidative stress and TGF-ß/Smad pathway [165]. Morales et al.
have proposed that the protective effect of resveratrol against the reduction in kidney
function could also be mediated by inhibition of gentamicin-induced mesangial cell con-
traction [166]. Negrette-Guzmán et al. have shown that curcumin can attenuate gentamicin
renal toxicity through modulation of redox pathways and mitochondrial alterations, in vitro
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and in a rat model [167]. Sinapic acid was also shown to mitigate gentamicin-induced
renal injury by downregulating oxidative/nitrosative stress, inflammation, and apoptosis,
in rats [168].

Although cisplatin and gentamicin are the two most relevant nephrotoxic drugs, there
are also studies considering the impact of other drugs on kidney diseases. The combination
of resveratrol and quercetin protected against alterations of the glomerulus ultrastructure
and reduced the blood levels of urea and creatinine and biomarkers of inflammation and
oxidative stress in a rat model of renal failure induced by acetaminophen [169]. Curcumin
demonstrated protective effects on cyclosporine A-induced renal fibrosis in vitro and in a
mice model [9]. Radiographic contrast agents are a class of drugs that could also induce
kidney toxicity and are a common cause of drug-induced AKI [18]. Salvianolic acid B, one
of the principal components of the root of Salvia miltiorrhiza used in traditional Chinese
medicine, significantly attenuated elevations in serum renal injury markers and histological
changes, reduced apoptosis, and lowered the levels of renal oxidative stress in an AKI rat
model induced by iohexol, a radiographic contrast agent [170].

Although these studies shown promising results, some of the mentioned polyphenols
suffer from low bioavailability and unfavorable pharmacokinetics/pharmacodynamics
profiles, in particular, large unmetabolized polyphenols found directly in food sources.
For this reason, the biological activities determined in vitro have been a matter of great
discussion. Resveratrol, a major compound investigated in the context of renal maladies,
is a good example. Despite its broad pharmacological activities towards renoprotection,
because resveratrol is poorly bioavailable [171,172], justifications for evaluating direct
effects on kidney tissues from a nutritional perspective are not convincing. Regarding
in vivo studies using oral administration of polyphenols, it should be noted that the renal
protective effect could be mediated by specific metabolites rather than parent compounds.
The pharmacokinetics of polyphenols must be thus considered for mechanistic conclusions.
To overcome such limitations and to advance the state of the art knowledge on the protective
role of polyphenols against nephropathies, it is imperative to focus the investigation efforts
on the circulating polyphenol metabolites as the molecules reaching target tissues and
exerting potential protective actions, as presented in the next section.

3. Polyphenols Bioavailability and Their Relevant Metabolites

The role of polyphenols in health promotion has gained wide interest from the sci-
entific community in the past few decades. However, only few studies have considered
the metabolism and bioavailability of these compounds in vivo, which are crucial as-
pects to understand the beneficial contribution of polyphenols for human health [173,174].
The journey of dietary polyphenols after human intake is relatively complex. In nature,
most polyphenols occur as polymers or in association with other molecules, such as
carbohydrates and organic acids. The absorption of these molecules is dependent on
the catabolic reactions releasing the phenolic structure, or aglycone, from its associated
structures [175–177]. While some polyphenols can be directly absorbed in the stomach,
such as anthocyanins, some isoflavones, and quercetin, most of them are absorbed in the
small intestine and pass through a series of chemical alterations conferring them distinct
fates [178,179], as summarized in Figure 1.

In the small intestine, lactase phlorizin hydrolase (LPH) and cytosolic β-glucosidase
(CBG) enzymes catalyze the hydrolysis of glucoside conjugates, promoting the cellular
uptake of polyphenol aglycones by enterocytes and their passage to the liver through the
portal vein [176,180,181]. These phenolic structures undergo different conjugation reactions
such as methylation, glucuronidation, or sulfation by phase II enzymatic metabolism in
the enterocytes and hepatocytes [181]. Polyphenol conjugates re-enter the intestine via
biliary secretion and are directed to the colon, where extensive microbiota-derived bio-
transformation generates different low molecular weight structures that will reach the
bloodstream [178,181,182]. Interestingly, those low-molecular-weight compounds gener-
ated from polyphenols through hepatic and microbiota metabolism may reach circulation
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at considerably higher concentrations than their parent compounds [174,178,179]. While
the blood concentration of parent polyphenols is usually in the nanomolar range, some
metabolites reached concentrations of over 25 µM in human volunteers [183]. Once in
circulation, polyphenol metabolites are known to be distributed across a wide variety of
tissues and have inclusively been shown to cross the blood–brain barrier. Previous studies
carried out in rats have also demonstrated considerable amounts of polyphenol metabolites
in kidney tissue, after ingestion of a berries-rich diet [101,102,184]. Polyphenol metabolites
interact with target tissues and cells, where they can exert relevant biological activities.
Finally, polyphenol metabolites are excreted via urinary clearance [175,178,183,185]. The
large majority of the known circulating polyphenol metabolites derive from a group of
structurally diverse parent compounds (e.g., chlorogenic acids, flavanols, proanthocyani-
dins, theaflavins, and thearubigins) that undergo modifications converging to formation of
aromatic/phenolic acids with hydroxyls substituents whereas fewer are associated with a
unique circulating polyphenol metabolite (e.g., urolithins from ellagitannins, S-equol from
isoflavones). In the frame of this review, we only consider the general polyphenol metabo-
lites that reach the circulation at higher concentrations compared to their parent polyphenol
compound counterparts and are thus of much more biological relevance. Unique circulating
polyphenol metabolites due to their lower nutritional relevance were excluded.
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Figure 1. The journey of dietary polyphenols in the human body. Some polyphenols are absorbed
in the small intestine, after deglycosylation. There and at the liver, phenolic compounds undergo
phase I and II metabolism. From the liver, they are redirected to the small intestine, through biliary
secretion and then absorbed into the systemic circulation. Parent polyphenols and metabolites that
are not absorbed upstream reach the colon and undergo microbiota metabolism before entering the
bloodstream. Polyphenol metabolites in circulation reach target organs and tissues, where they exert
their biological activity and are ultimately excreted in the urine. (Figure created in the Mind the
Graph platform, available at www.mindthegraph.com, accessed on 23 October 2021).

When the aim is to evaluate the effects of polyphenols on kidney protection, it is impor-
tant to identify those compounds that actually contact kidney cells. However, compounds
levels in human kidney tissues are rarely available, since this could only be assessed by
highly invasive approaches. Urinary concentrations of compounds could thus provide a
relative estimation on the compounds and concentrations contacting kidney cells. How-

www.mindthegraph.com
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ever, it must be mentioned that the estimation of kidney tissue levels based on urinary
concentrations has some limitations. The overall excretion of xenobiotics is a result of the
physiological events occurring in nephrons, glomerular filtration, active tubular secretion
and reabsorption, which depend on the physical-chemical properties of the compounds.
During their journey across the nephron, xenobiotics may accumulate within the tubular
cells. The extent of this accumulation will depend on the efficiency of compounds uptake
during secretion, intracellular binding to cytosolic proteins, sequestration within cellular
organelles, intracellular trafficking, and efficiency of efflux into the lumen [186]. In addi-
tion, kidney cells may also play a role in metabolism, both through phase I and phase II
biotransformation reactions [186]. Due to these phenomena, the compounds and concen-
trations detected in urine may not exactly reflect the renal cells exposure. Nevertheless,
the polyphenol metabolite profiling in urine provides a basis to obtain a rough estimation
of the range of concentrations that occur in human kidney tissues, that otherwise would
not be available. For this purpose, we have performed an extensive survey on the available
data regarding the identification and quantification of polyphenol metabolites in human
urine, as illustrated in Figure 2.
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Figure 2. Selection of physiologically relevant polyphenol metabolites for kidney protection. We
collected available data from both the literature on dietary and supplementation intervention studies
as well as from two polyphenol databases, Phyto Hub and Phenol-Explorer. These data allowed
the identification of the most nutritionally relevant circulating polyphenol metabolites previously
detected and quantified in human urine. We then estimated the maximum urinary concentrations in
µM. After exclusion of phenolic metabolites that are known to be also generated from endogenous
sources, as well as those identified in human urine in concentrations < 1 µM, this approach led us to
a selection of 34 polyphenol metabolites.

Data on the compounds detected in urine were collected from published literature
and from the databases Phenol-Explorer [187] and PhytoHub [188]. Most of the studies
were carried out in human healthy volunteers and the urinary metabolites were analyzed
through different techniques, such as GC-MS, LC-MS, and HPLC. Parent compounds and
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metabolites formed from sources other than polyphenols intake were excluded. To allow
quantitative comparison between the different studies, the maximum urinary concentra-
tion achieved in each study was calculated. For this calculation, a mean urine volume of
1900 mL/day and a daily creatinine clearance of 92.4 mg/dL were considered [189,190].
Thirty-four metabolites were identified in human urine, in maximum concentrations higher
than 1 µM. Those metabolites are detailed in Table 1. It should be mentioned that the
polyphenol metabolites selected for Table 1 could be formed from multiple parent com-
pounds and food sources. However, only the experimental conditions in which the maxi-
mum urinary concentrations were detected for each metabolite are shown.

Table 1. Polyphenol metabolites previously identified in human urine, resulting from polyphenol
intake, quantified in concentrations above 1 µM. For each metabolite, only the study in which the
maximum concentration was detected, and the respective experimental conditions are shown.

Polyphenol Metabolites Max. Concentration
in Urine (µM) *

Experimental Conditions
Reference

Polyphenol Source Ingested Dose

4′-Hydroxyphenylacetic acid 406.8 Green tea 300 mL
(single dose) [191]

Phenylacetic acid 153.3 Cocoa powder in whole
milk

40 g
(single dose) [192]

3′-Hydroxyphenylacetic acid 136.3 Quercetin 3-O-rutinoside 440 mg/24 h
(7 days) [193]

3,4-Dihydroxybenzoic acid (Protocatechuic acid) 64.8 Quercetin 200 mg
(single dose) [194]

4′-Hydroxy-3′-methoxyphenylacetic acid
(homovanillic acid) 54.2 Quercetin 3-O-rutinoside 440 mg/24 h

(7 days) [193]

4-Hydroxy-3-methoxybenzoic acid (Vanillic acid) 53.6 5-caffeoylquinic acid 2 g/24 h
(7 days) [193]

3-(3′,4′-Dihydroxyphenyl)propanoic acid
(Dihydrocaffeic acid) 51.1 5-caffeoylquinic acid 2 g/24 h

(7 days) [193]

4′-Hydroxy-3′-methoxycinnamic acid (Ferulic acid) 37.4 5-caffeoylquinic acid 2 g/24 h
(7 days) [193]

3-Hydroxybenzoic acid 35.8 Black tea solids 4 g/24 h
(7 days) [193]

Benzoic acid 31.5 Quercetin 200 mg
(single dose) [194]

3′,4′-Dihydroxycinnamic acid (Caffeic acid) 29.5 Tablets of perilla extract 1 tablet
(single dose) [195]

3′-Hydroxycinnamic acid 22.5 5-caffeoylquinic acid 2 g/24 h
(7 days) [193]

2,3-Dihydroxybenzoic acid 22.5 Freeze-dried blueberry
powder

22 g
(during 24 h) [196]

4-Hydroxybenzoic acid 19.7 Cocoa powder in
skimmed milk

40 g/24 h
(4 weeks) [197]

(E)-3-(4′-Hydroxy-3′,5′-dimethoxyphenyl)prop-2-
enoic acid

(Sinapic acid)
13.7 Quercetin 3-O-rutinoside 440 mg/24 h

(7 days) [193]

4-Hydroxy-3,5-dimethoxybenzoic acid
(Syringic acid) 7.2 5-caffeoylquinic acid 2 g/24 h

(7 days) [193]

4-Ethylphenol 7.0 Quercetin 200 mg
(single dose) [194]

3′-Methoxycinnamic acid-4′-sulfate
(Ferulic acid-sulfate) 6.4 Freeze-dried blueberry

powder
22 g

(during 24 h) [196]

2-(3′,4′-Dihydroxyphenyl)ethanol (Hydroxytyrosol) 6.1 Tyrosol (140 µg/mL) 50 mL
(single dose) [198]
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Table 1. Cont.

Polyphenol Metabolites Max. Concentration
in Urine (µM) *

Experimental Conditions
Reference

Polyphenol Source Ingested Dose

1,3,5-Trimethoxybenzene(Phloroglucinol) 5.9 (−)-epicatechin 200 mg
(single dose) [194]

3-Methoxybenzoic acid-4-glucuronide
(Vanillic acid-glucuronide) 5.7 Red grape pomace

aqueous extract
250 mL

(single dose) [199]

2′-Hydroxyhippuric acid 5.1 Black tea solids 4 g/24 h
(7 days) [193]

4-(2′-Hydroxyethyl)-2-methoxyphenol 4.4 Olive oil with phenol
extract

50 mL of 1950 mg/L
total phenols extract

(single dose)
[200]

3,4,5-Trihydroxybenzoic acid (Gallic acid) 3.7 Black tea solids 4 g/24 h
(7 days) [193]

Phenol-2-sulfate (Catechol-sulfate) 3.1 Cranberry juice 450 mL
(single dose) [201]

3′-Methoxycinnamic acid-4′-glucuronide
(Ferulic acid-glucuronide) 2.8 Freeze-dried blueberry

powder
22 g

(during 24 h) [196]

4′-Hydroxycinnamic acid (p-coumaric acid) 2.2 5-caffeoylquinic acid 2 g/24 h
(7 days) [193]

4-Methylcatechol-O-sulfate 2.1 Freeze-dried blueberry
powder

22 g
(during 24 h) [196]

3-(4′-Hydroxyphenyl)propanoic acid-3′-sulfate 2.1 Freeze-dried blueberry
powder

22 g
(during 24 h) [196]

3-(3′-Methoxyphenyl)propanoic acid-4′-sulfate 1.8 Freeze-dried blueberry
powder

22 g
(during 24 h) [196]

3-Methoxybenzoic acid-4-sulfate
(Vanillic acid-4-sulfate) 1.7 Cyanidin-3-glucoside 500 mg

(single dose) [202]

3-Hydroxybenzoic acid-4-sulfate (Protocatechuic
acid-4-sulfate 1.2 Cyanidin-3-glucoside 500 mg

(single dose) [202]

Benzene-1,2-diol (Catechol) 1.2 Green tea 300 mL
(single dose) [191]

4-Hydroxybenzoic acid-3-sulfate
(Protocatechuic acid-3-sulfate) 1.1 Cyanidin-3-glucoside 500 mg

(single dose) [202]

The maximum urinary concentration of polyphenol metabolites in µM was calculated using quantifications
from each study, considering a mean urine volume of 1900 mL/day and a daily creatinine clearance of
92.4 mg/dL [189,190].

Although the available human studies dealing with the pharmacokinetics of polyphe-
nols were essentially carried out in healthy individuals, it is known that kidney diseases
could alter the in vivo fate of many compounds. This should be taken into account when
the bioavailability of polyphenols and their metabolites are studied [203]. Moreover, in-
testinal microbial dysbiosis, with primary source or secondary to kidney diseases, such as
CKD, may also affect the bioavailability of many compounds [204]. Thus, to better estimate
the bioavailability of polyphenols and their metabolites in individuals with kidney disease
and to consider their beneficial role, all those physiopathological modifications should be
considered in experimental studies.

4. Conclusions

The studies compiled herein exemplify the plethora of potential bioactivities exerted
by polyphenols against renal disease complications. As disclosed for each kidney pathol-
ogy, the biological effects of polyphenols have been associated with the modulation of
specific signaling cascades including those involved in oxidative stress responses, anti-
inflammation processes, and apoptosis. Although there is increasing evidence that polyphe-
nols afford great potential in renal disease therapy, the evidence presented here should
be considered with caution before its clinical translation, particularly due to the unfa-
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vorable pharmacokinetics and/or pharmacodynamics profiles of the parent compounds.
This aspect is particularly critical when in vitro studies are concerned. From a nutritional
perspective, a limitation of most of the previous studies lies in the exploration of low-
bioavailable compounds and, on rare occasions, circulating polyphenol metabolites at
concentrations that are not achievable in the human circulation and target tissues. Further
research based on well-designed clinical trials is needed to unravel the efficacy of these
compounds towards the mitigation of kidney diseases. At this point, it is important to
emphasize that in a physiological context, circulating polyphenol metabolites are prone to
reach target cells in higher concentrations than the parent compounds. Thus, understand-
ing the effects of circulating polyphenol metabolites on kidney pathologies is essential to
explore the role of dietary polyphenol intake from a physiologically relevant perspective.
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185. Luca, S.V.; Macovei, I.; Bujor, A.; Miron, A.; Skalicka-Woźniak, K.; Aprotosoaie, A.C.; Trifan, A. Bioactivity of dietary polyphenols:
The role of metabolites. Crit. Rev. Food Sci. Nutr. 2020, 60, 626–659. [CrossRef] [PubMed]

186. Masereeuw, R.; Russel, F.G.M. Mechanisms and clinical implications of renal drug excretion. Drug Metab. Rev. 2001, 33, 299–351.
[CrossRef] [PubMed]

187. Rothwell, J.A.; Perez-Jimenez, J.; Neveu, V.; Medina-Remón, A.; M’Hiri, N.; García-Lobato, P.; Manach, C.; Knox, C.; Eisner, R.;
Wishart, D.S.; et al. Phenol-Explorer 3.0: A major update of the Phenol-Explorer database to incorporate data on the effects of
food processing on polyphenol content. Database 2013, 2013, bat070. [CrossRef] [PubMed]

188. Bento, A.; Giacomoni, F.; Pavot, B.; Fillatre, Y.; Rothwell, J.; Sualdea, B.B.; Veyrat, C.; Gladine, C.; Kopec, R.; Bento, A.; et al.
PhytoHub V1.4: A New Release for the Online Database Dedicated to Food Phytochemicals and Their Human Metabolites. In
Proceedings of the International Conference on Food Bioactives & Health, Norwich, UK, 13–15 September 2016.

189. Jain, R.B. Trends in the levels of urine and serum creatinine: Data from NHANES 2001–2014. Environ. Sci. Pollut. Res. 2017, 24,
10197–10204. [CrossRef]

190. Schoen, T.; Blum, J.; Paccaud, F.; Burnier, M.; Bochud, M.; Conen, D. Factors associated with 24-hour urinary volume: The Swiss
salt survey. BMC Nephrol. 2013, 14, 246. [CrossRef] [PubMed]

191. Roowi, S.; Stalmach, A.; Mullen, W.; Lean, M.E.J.; Edwards, C.A.; Crozier, A. Green tea flavan-3-ols: Colonic degradation and
urinary excretion of catabolites by humans. J. Agric. Food Chem. 2010, 58, 1296–1304. [CrossRef]

192. Urpi-Sarda, M.; Llorach, R.; Khan, N.; Monagas, M.; Rotches-Ribalta, M.; Lamuela-Raventos, R.; Estruch, R.; Tinahones, F.J.;
Andres-Lacueva, C. Effect of milk on the urinary excretion of microbial phenolic acids after cocoa powder consumption in
humans. J. Agric. Food Chem. 2010, 58, 4706–4711. [CrossRef]

193. Olthof, M.R.; Hollman, P.C.H.; Buijsman, M.N.C.P.; Van Amelsvoort, J.M.M.; Katan, M.B. Chlorogenic acid, quercetin-3-rutinoside
and black tea phenols are extensively metabolized in humans. J. Nutr. 2003, 133, 1806–1814. [CrossRef]

194. Loke, W.M.; Jenner, A.M.; Proudfoot, J.M.; McKinley, A.J.; Hodgson, J.M.; Halliwell, B.; Croft, K.D. A metabolite profiling
approach to identify biomarkers of flavonoid intake in humans. J. Nutr. 2009, 139, 2309–2314. [CrossRef] [PubMed]

195. Baba, S.; Osakabe, N.; Natsume, M.; Yasuda, A.; Muto, Y.; Hiyoshi, K.; Takano, H.; Yoshikawa, T.; Terao, J. Absorption, metabolism,
degradation and urinary excretion of rosmarinic acid after intake of Perilla frutescens extract in humans. Eur. J. Nutr. 2005, 44,
1–9. [CrossRef]

196. Feliciano, R.P.; Istas, G.; Heiss, C.; Rodriguez-Mateos, A. Plasma and urinary phenolic profiles after acute and repetitive intake of
wild blueberry. Molecules 2016, 21, 1120. [CrossRef] [PubMed]

197. Urpi-Sarda, M.; Monagas, M.; Khan, N.; Llorach, R.; Lamuela-Raventós, R.M.; Jáuregui, O.; Estruch, R.; Izquierdo-Pulido, M.;
Andrés-Lacueva, C. Targeted metabolic profiling of phenolics in urine and plasma after regular consumption of cocoa by liquid
chromatography-tandem mass spectrometry. J. Chromatogr. A 2009, 1216, 7258–7267. [CrossRef] [PubMed]

198. Visioli, F.; Galli, C.; Bornet, F.; Mattei, A.; Patelli, R.; Galli, G.; Caruso, D. Olive oil phenolics are dose-dependently absorbed in
humans. FEBS Lett. 2000, 468, 159–160. [CrossRef]

199. Castello, F.; Costabile, G.; Bresciani, L.; Tassotti, M.; Naviglio, D.; Luongo, D.; Ciciola, P.; Vitale, M.; Vetrani, C.; Galaverna, G.;
et al. Bioavailability and pharmacokinetic profile of grape pomace phenolic compounds in humans. Arch. Biochem. Biophys. 2018,
646, 1–9. [CrossRef]

200. Visioli, F.; Caruso, D.; Galli, C.; Viappiani, S.; Galli, G.; Sala, A. Olive oils rich in natural catecholic phenols decrease isoprostane
excretion in humans. Biochem. Biophys. Res. Commun. 2000, 278, 797–799. [CrossRef]

201. Feliciano, R.P.; Boeres, A.; Massacessi, L.; Istas, G.; Ventura, M.R.; Nunes Dos Santos, C.; Heiss, C.; Rodriguez-Mateos, A.
Identification and quantification of novel cranberry-derived plasma and urinary (poly)phenols. Arch. Biochem. Biophys. 2016, 599,
31–41. [CrossRef]

202. De Ferrars, R.M.; Czank, C.; Zhang, Q.; Botting, N.P.; Kroon, P.A.; Cassidy, A.; Kay, C.D. The pharmacokinetics of anthocyanins
and their metabolites in humans. Br. J. Pharmacol. 2014, 171, 3268–3282. [CrossRef]

203. Lea-Henry, T.N.; Carland, J.E.; Stocker, S.L.; Sevastos, J.; Roberts, D.M. Clinical pharmacokinetics in kidney disease: Fundamental
principles. Clin. J. Am. Soc. Nephrol. 2018, 13, 1085–1095. [CrossRef]

204. Mahmoodpoor, F.; Rahbar Saadat, Y.; Barzegari, A.; Ardalan, M.; Zununi Vahed, S.V. The impact of gut microbiota on kidney
function and pathogenesis. Biomed. Pharmacother. 2017, 93, 412–419. [CrossRef] [PubMed]

http://doi.org/10.1016/j.freeradbiomed.2020.05.002
http://doi.org/10.1080/10408398.2018.1546669
http://www.ncbi.nlm.nih.gov/pubmed/30614249
http://doi.org/10.1081/DMR-120000654
http://www.ncbi.nlm.nih.gov/pubmed/11768771
http://doi.org/10.1093/database/bat070
http://www.ncbi.nlm.nih.gov/pubmed/24103452
http://doi.org/10.1007/s11356-017-8709-y
http://doi.org/10.1186/1471-2369-14-246
http://www.ncbi.nlm.nih.gov/pubmed/24199987
http://doi.org/10.1021/jf9032975
http://doi.org/10.1021/jf904440h
http://doi.org/10.1093/jn/133.6.1806
http://doi.org/10.3945/jn.109.113613
http://www.ncbi.nlm.nih.gov/pubmed/19812218
http://doi.org/10.1007/s00394-004-0482-2
http://doi.org/10.3390/molecules21091120
http://www.ncbi.nlm.nih.gov/pubmed/27571052
http://doi.org/10.1016/j.chroma.2009.07.058
http://www.ncbi.nlm.nih.gov/pubmed/19671472
http://doi.org/10.1016/S0014-5793(00)01216-3
http://doi.org/10.1016/j.abb.2018.03.021
http://doi.org/10.1006/bbrc.2000.3879
http://doi.org/10.1016/j.abb.2016.01.014
http://doi.org/10.1111/bph.12676
http://doi.org/10.2215/CJN.00340118
http://doi.org/10.1016/j.biopha.2017.06.066
http://www.ncbi.nlm.nih.gov/pubmed/28654798

	Introduction 
	Implication of Polyphenols in Renal Pathophysiology 
	Acute Kidney Injury 
	Chronic Kidney Disease 
	Diabetic Nephropathy 
	Renal Cancer 
	Drug-Induced Nephrotoxicity 

	Polyphenols Bioavailability and Their Relevant Metabolites 
	Conclusions 
	References

