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Among natural products, mangiferin is a natural C-glucosyl xanthonoid polyphenol with remarkable
pharmacological activities. Emerging evidence indicates the therapeutic benefits of mangiferin against
various kidney disorders, including renal injury, diabetic nephropathy, renal fibrosis, hyperuricemic
nephropathy, and lupus nephritis, in experimental animal models. The mangiferin induced antioxidant

Iﬁ:&?ggﬁn response resulting in vital functions, such as protection against renal inflammation, inhibits renal cell
Mangifera indica apoptosis, activates autophagy, causes immunomodulation, regulates renal urate transporters and mod-
Reno-protective ulates cell signalling pathways. The purpose of this review provide a brief overview of the in vitro/in vivo
Drug delivery reno-protective effect of mangiferin and the underlying mechanism(s) in protecting against kidney dis-
In-silico orders. Understanding the pharmacological actions of mangiferin is prominence due to its excellent ther-
Kidney disorders apeutic potential in managing kidney disorders. Thus, in addition to this review, in-silico molecular

docking is performed against nuclear factor kappa B (NF-xB) and soluble epoxide hydrolase (sEH) to
study the mechanism of action of mangiferin. It is believed that mangiferin is a safe reno-protective mole-
cule. The observed positive effects are attributed to the inhibition of inflammation caused by NF-«xB and
sEH upregulation and oxidative stress activation. Studies on the efficacy and safety of mangiferin in clin-
ical trials are further warranted to confirm its medicinal potential as therapeutic agent for kidney disor-
ders in humans.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Mangiferin (Fig. 1), a yellow crystalline natural glucoxilxan-
thone, is a molecule of interest, which has been extensively inves-
tigated for its biological and therapeutic potentials (Lum et al.,
2020). It is widely present in 96 species, 28 genera and 19 families
of angiospermic plants (Jyotshna et al., 2016; Matkowski et al.,
2013; Sekar, 2015; Walia et al., 2020). However, Mangifera indica
(Mango), which belongs to the Anacardiaceae family, is the primi-
tive and chief source of mangiferin. Almost every part of Mangifera
indica, including the fruits (kernels and peels), twigs, leaves and
stem bark, is rich in mangiferin (Jyotshna et al., 2016; Saha et al.,
2016a).

The xanthonoid structural arrangement is critical to facilitate
the interaction of mangiferin with specific drug receptors
(Jyotshna et al., 2016). According to Lipinski’s rules, mangiferin
exhibits drug-like properties, including its molecular weight, cate-
chol moiety and calculated partition coefficient (C Log P) value,
which enhancing its bioavailability (Saha et al., 2016a; Walia
et al., 2020). For instance, intestinal permeability is enhanced
when mangiferin forms complexes with phospholipids (Pal et al.,
2015). Mangiferin also forms a complex structure with B-
cyclodextrin, causing an increase in water solubility and thermal
stability. Besides, the stable C-glucosyl linkage with multiple aro-
matic —~OH groups in mangiferin contributes to its free radical scav-
enging potential accompanied by iron chelation against reactive
oxygen species (ROS) (Walia et al., 2020). It can inhibit ROS gener-
ation in different organs, including the lungs, heart, liver, and kid-
neys (Mei et al., 2021). In view of this fact, mounting evidence has
indicated that mangiferin possesses strong antioxidant properties
along with multifactorial pharmacological activities including
anti-inflammatory, analgesic, anti-apoptotic, antibacterial, antivi-
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Fig. 1. Structure of mangiferin.

1531

ral, antimicrobial, immunomodulatory, antidiabetic, anticancer,
cardioprotective, hepatoprotective, reno-protective and neuropro-
tective effects (Jangra et al., 2020; Lum et al., 2020; Mei et al.,
2021; Saha et al, 2016a; Walia et al.,, 2020). Thus, emerging
research suggests that mangiferin is an important bioactive leading
compound or is a novel drug for the complementary and alterna-
tive approaches of a wide range of oxidative stress-mediated
pathophysiology.

Nephropathy or kidney dysfunction is one of the major health
problems closely related to nephrotoxicity, mainly due to
increased intracellular oxidative stress and inflammation (Adeola
et al., 2021; Rahman et al., 2021). To date, considerable studies
have been initiated to evaluate the protective potential of mangi-
ferin against kidney disorders. Indeed, the findings indicate mangi-
ferin possesses therapeutic benefits for various kidney disorders
under in vitro and in vivo models. In this review, we include the
recent information gathering the reno-protective effects of mangi-
ferin against renal disorders based on preclinical models. The
pathophysiology of various kidney disorders is outlined. The possi-
ble protective mechanisms along with targeted signalling path-
ways conferred by mangiferin are also briefly described. In
addition to this review, to study the mechanism of action of man-
giferin, in-silico molecular docking is performed against NF-kB and
sEH. This attempt reduces the gap of knowledge on its potential
application as an alternative therapeutic agent for kidney
disorders.

2. Kidneys structure and function

Kidneys are the renal system’s principal functioning organ. They
are necessary for homeostatic processes such as (1) filtering blood
plasma, returning valuable materials to the blood, separating and
eliminating waste from the body, (2) regulating blood volume
and osmolarity, (3) producing hormones like calcitriol, erythropoi-
etin, and renin enzyme, (4) maintaining body fluid acid-base equi-
librium, and (5) detoxifying superoxides, free radicals, and drugs
(Tanner et al., 2017).

The kidneys are paired bean-shaped organs which weight con-
sist of about 125 g to 150 g each. The kidneys’ anterior surface and
abdominal organs are characterized by the peritoneal reflections
intervening in the overlying organ contact with the kidneys. The
right kidney’s anterior surface contact structures include the
suprarenal gland, duodenum, liver, transverse colon, and jejunum
while the left kidney is in contact with the suprarenal gland, stom-
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Fig. 2. Anatomy of the kidney. The renal cortex and renal medulla are visible in the frontal sections of the kidney. Renal columns made of connective tissue separate 5-8 renal
pyramids in the medulla. Each pyramid produces urine and eventually leads to a renal papilla. Each renal papilla drains into a minor calyx, which unites to form a major calyx.
All major calyces connect to the one renal pelvis, which links to the ureter. The figure was created with the support of BioRender.com under a paid subscription.

Table 1
Overview of kidney disorders and their pathogenesis.
Disorder/disease Causative factor Pathophysiology
Diabetic Diabetes (High blood glucose) An increase of extracellular matrix leads to a thickened glomerular basement membrane and an
nephropathy enlarged mesangium. The portion of the kidneys that filters blood is damaged. Destroyed filters

Diabetics insipidus

Hyperuricemia
nephropathy
Glomerulonephritis

Kidney stones

Lupus nephritis

Polycystic kidney
disease (PKD)

Renal cell
carcinoma (RCC)

Renal fibrosis
Renal injury

Urinary tract
infections (UTI)

Inadequate secretions of anti-diuretics
hormones

Increased serum uric acid concentration

Immune mediated and inflammatory
response

Supersaturations of minerals constituent in
kidney

Autoimmune disorders

Inheritance genetic mutations

The cytotoxic immune system failed to
distinguish the cancer cell

Excessive accumulation and deposition of
extracellular matrix components

Ischemia, nephrotoxicity or hypoxia
Bacterial infections

become 'leaky’, leading to protein released into the urine.

Impaired arginine vasopressin (AVP) secretions from the posterior pituitary gland lead to an
imbalance of plasma osmolality and arterial blood volume, resulting in dilute urine, frequent
urination and excessive thirst (Kalra et al., 2016).

Reduced excretion (underexcretions) or/and increased production (overproducers) of uric acid.

The antigen-antibody reaction and cell-mediated immune response lead to inflammatory
reactions. The pro-inflammatory cytokines and complement products, in turn, proliferate the
glomerular cells (Trachtman et al., 2019).

The imbalance level between the promoter of crystallizations and urinary inhibitors leads to
kidney stones. The ion transformation from a liquid into a solid is influenced by the pH and
concentration of excess minerals (Alelign and Petros, 2018).

Tolerance to nuclear autoantigens is lost, and autoreactive T and B cells are activated, resulting in
the generation of pathogenic autoantibodies and tissue damage.

Decreased amount of PKD protein results in a disturbance of cell homeostasis and signalling
pathways. The vascular endothelial growth factor and hippo signalling is impaired (Bastos and
Onuchic, 2011).

Genetic alterations of Von Hippel-Lindau (VHL) gene and protein polybromo-1 gene (PBRM-1)
leads to renal carcinoma. The cytotoxic immune system unable to recognize, and eliminate and kill
the cancer cells (Petejova and Martinek, 2016).

Failure of tissues wound-healing process due to a persistent and prolonged insult to the kidney
tissues.

Reduction of renal blood flow followed by the decrease in glomerular filtration rate (GFR).
Bacteria spreading and colonizing on the lower or upper urinary tract. The symptoms include fever
and pain during urination (Pulipati et al., 2017).

papilla. A major calyx is formed by two or three joined minor

ach, spleen, pancreas jejunum and left colic flexure. The kidney’s
medial surface is concave, with a hilum. The outer cortex and inner
medulla of the renal parenchyma are separated. The medulla is
divided into 6-10 renal pyramids, and each is conical, with a blunt
end facing the sinus which known as the papilla. The papilla is nes-
tled in a small calyx, which collects the urine leaving from the
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calyces. The renal pelvis is formed by the merging of the main
calyces with more narrowed ureter (Tanner et al., 2017). The cortex
consists of a lighter outer layer, characterized by granular looking
tissue which also seen to dip as renal columns towards the pelvis
of the kidney. It is separating the conical renal pyramids of the
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Table 2
Protective effect of mangiferin against kidney disorders based on the reported in vitro and in vivo studies.
Study models Cell lines/ Mangiferin Duration Outcomes Mode of action References
animals, sex concentration/
dose, route
Cadmium-induced human HRGE cells 75 WM 24h Cell viability 7; ROS |; LPO |; SOD activity T, Antioxidant; anti- Rajendran
renal endothelial GPx activity 1, DNA damage |; alteration of Bax inflammatory; anti- et al. (2016)
damage and Bcl-2 inhibited; NF-xB |; IL-6 |, IL-8 | apoptosis
Cisplatin-induced AKI NKE cells 2,5,10,15,20, 24h ROS |; mitochondrial activity restored; Antioxidant; anti- Sadhukhan
25, 30, 40, caspase-3 expression | apoptosis et al. (2018)
50 uM
Swiss albino 10,20%,40mg/ 21days serum BUN |, SCr |; ROS |; CAT activity 1, GR  Antioxidant; anti- Sadhukhan
mice, male kg, po activity 7, GPx activity 1, GST activity 7, SOD inflammatory; et al. (2018)
activity 1; GSH activity 7; MPO |, TNF-a |, IL-18  anticancer
1, IL-6 |; renal histological changes |; mean
tumour volume |; mean tumour mass |
Albino Wistar 10,207 40 ° 10 days Serum BUN |, SCr |; MDA |, CAT 1, GSH 1, SOD  Antioxidant; anti- Sahu et al.
rats, male mg/kg, ip 1; TNF-a |, IL-6 |; Bax expression |, Bcl-2 inflammatory; anti- (2019)
expression {, caspase 3 expression |; NF- apoptosis
kBp65 |, ERK1/2 |, JNK |, p38 |
DGal-induced Wistar rats, 15 mg/kg, ip 14 days Serum BUN |, SCr |, protein carbonyl |, MDA |, Antioxidant Ghosh et al.
nephrotoxicity male ROS |, NO |; TNF-a |; CAT activity 7, GR (2012)
activity 1, GPx activity 1, GST activity 7, SOD
activity T; GSH activity 1, total thiols ; caspase
3 and 9 expressions |; iNOS |, nuclear NF-xB |,
IxBa 1; histological changes |
Hyperuricemia (induced by  ICR mice, male 50 mg/kg, po 17 days Serum BUN |, SCr |, serum uric acid |; Antioxidant; anti- Li et al.
hypoxathine and oteracil inflammatory changes |; NLRP3 expression |;  inflammatory; anti- (2020)
potassium) fibronectin expression |; PKCPB expression |; apoptosis
urinary uric acid excretion 1, AQP2 expression
1, XO activity |
Hyperuricemia (induced by ~ Sprague- 1.5-24 mg/kg Serum urate |, urinary urate 7, FEUA T1; Renal urate Yang et al.
uric acid and potassium  Dawley rats b ig expression of rtURAT1, rGLUT9 and OAT10 | transporters (2015)
oxonate) downregulation
Lupus nephritis FasL-deficient 20, 40 mg/kg, 84 days  SCr |; urine protein |; o-SMA expression |; Anti-inflammatory; Liang et al.
B6/gld mice po deposition of IgG |; TNF-a |, IL-6 |, I[FN-y |; immunomodulatory ~ (2018)
Tregs proliferation 1 effects
NaF-induced nephrotoxicity ~NKE cells 25, 50, 75, 24, 48, Cell viability 1; ROS |; GSH 7, GSSH | Antioxidant Samadarsi
100 pg/ml ® 72 h and Dutta
(2020)
Renal ischemia reperfusion ~ C57/BL6 mice, 10, 30, 100 * 7 days Serum BUN |, SCr |; caspase-3 expression |; Anti-inflammatory; Wang et al.
injury male mg/kg, po TNF-a |, IL-1B |; NO |; adenosine production {;  anti-apoptosis (2015)
CD-73 expression |
Sepsis-induced AKI/LPS- C57BL/6 mice, 20,50,100 mg/ 7 days Serum BUN |, SCr |; occludin expression Antioxidant; anti- Zhang et al.
induced AKI male kg, po restored; MMP-9 expression |; ROS |, MDA |; inflammatory (2020)
NF-kB expression |, HMGB1 expression |;
kidney pathological damage |
RPTC cells 10,50,100um 1h Increase of annexin V-positive cells inhibited;  Anti-apoptosis He et al.
caspase 3 and 9 expressions |; NLRP3 activity (2014)
inhibited, Nrf2 activity restored
C57BL/6 mice, 15 mg/kg, ig Serum BUN |, SCr |, IL-1B |, IL-18 |; Nrf2 Antioxidant; anti- He et al.
male activity 17, NLRP3 protein | inflammatory (2014)
STZ-induced diabetic Sprague- 12.5, 25, 84 days  Urine protein |, urea nitrogen |, SCr |; nephrin Autophagy Wang et al.
neuropathy Dawley rats, 50 mg/kg °, po expression 1; p62 expression |; LC3-II/LC3-1 (2018)
male ratio 7; p-ULK1 1, AMPK and mTOR
phosphorylation 7; renal lesions improved
MES cells 10 yM 48 h ROS | Antioxidant Xu et al.
(2017)
ICR mice, male 50 mg/kg, po 112 days Serum BUN |, SCr |, urine protein |; Nox4 Antioxidant; anti- Xu et al.
expression |, caspase-3 expression |; apoptosis (2017)
histological alteration |
Wistar rats, 40 mg/kg, po 40 days  Serum BUN |, SCr |, serum uric acid |, urinary  Antioxidant; anti- Pal et al.
male albumin |; plasma glucose |; renal injury |; apoptosis (2014)
LPO |, protein carbonyl |, GSH 1; ROS |; CAT
activity 1, GR activity 1, GPx activity 1, SOD
activity 7; AGE formation suppressed,
hydroxyproline |; PKCa, PKCB and PKCe
expression |; p38, JNK and ERK1/2 MAPKs
activation inhibited; NF-xB |, IKKa |, [kBot T;
TGF-1B |; caspase 8 and t-Bid expression |;
alteration of Bax and Bcl-2 inhibited
Sprague- 15,30,60 mg/ 63 days  Urine protein |, serum BUN |, GSH 7, MDA |;  Antioxidant; up- Liu et al.
Dawley rats, kg ®, po Glo-1 mRNA 1, Glo-1 activity 1; mesangial regulation of Glo-1 (2013)
male matrix expansion |; AGEs |
Wistar rats, 40 mg/kg, po 30 days  Blood glucose |, plasma insulin |; activities of ~ Anti- Sellamuthu
male HK, FBP, G6P, G6PD, LDH and PK restored hyperglycaemic; et al. (2012)
carbohydrate
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metabolic enzyme
activities mediation

(continued on next page)
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Table 2 (continued)

Study models Cell lines/ Mangiferin Duration Outcomes Mode of action References
animals, sex concentration/
dose, route
STZ-induced diabetic renal ~ C57BL/6 mice, 15,30,60 mg/ 28 days Serum BUN |, SCr |, urine protein |; TG |, TC |; Antioxidant; anti- Song et al.
fibrosis male kg °, po TNF-a |, IL-1B |, IL-6 |; ROS |; CAT activity {,  inflammatory (2020)

GPx activity 1, SOD activity 1; MDA |; FN |, Col
1, 0-SMA |; TGF-1p |

Sprague- 15,30,60 mg/ 63 days CollIV |, a-SMA |; OPN |; IL-1B | Anti-inflammatory Zhu et al.

Dawley rats, kg, po (2015)

male

tBHP-induced renal injury NKE cells 10-200 uM 24 h ROS |; GSH activity 1; Bax/Bcl-2 ratio |; Antioxidant; anti- Saha et al.

caspase 8 and t-Bid expression |; Nrf2 |; apoptosis (2016b)
morphological abnormalities |

Swiss albino 75 mg/kg, po 14 days  Urine protein |; Serum BUN |, SCr |, urea |, uric  Antioxidant; anti- Saha et al.

mice, male acid |; urinary albumin |; ROS |; CAT activity 1, inflammatory; anti- (2019)

GR activity 1, GPx activity 1, GST activity T, SOD  apoptosis
activity 7; GSH activity 1; iNOS |, NO |; TNF-o
1, IL-1p |, IL-6 |, MCP-1 |, ICAM-1 |, VCAM-1 |;
morphological abnormalities |

Combination therapy of mangiferin and metformin

STZ-induced diabetic Sprague- 40 mg/kg, po 28 days  Glucose |; BUN |, creatinine |, albumin |; LPO Antioxidant Sekar et al.
neuropathy Dawley rats, 1; CAT 7, GPx 1, GST 1, SOD 71; GSH T; expression (2020)
male of NF-xB, PKC, TGF-1B and VEGF |

Abbreviations: AGEs, Advanced glycation end products; AKI, Acute renal injury; AMPK, AMP-activated protein kinase; AQP2, Aquaporin 2; Bax, Bcl-2-associated X protein;
Bcl-2, B-cell lymphoma 2; BUN, Blood urea nitrogen; CAT, Catalase; Col I, type-I collagen; Col 1V, type-IV collagen; DGal, D(+) galactosamine; ERK1/2, Extracellular signal-
regulated kinases 1/2; FBP, Fructose-1,6-bisphosphatase; FEUA, Fractional excretion of uric acid; FN, Fibronectin; G6P, Glucose-6-phosphatase; G6PD, Glucose-6-phosphatase
dehydrogenase; Glo-1, glyoxalase; GPx, Glutathione peroxidase; GR, Glutathione reductase; GSH, Reduced glutathione; GSSH, Oxidized glutathione; GST, Glutathione s-
transferase; HK, Hexokinase; HMGB1, High mobility group box protein 1; HRGE, Human renal glomerulus endothelial cells; ICAM-1, Intercellular Adhesion Molecule 1; IFN-v,
Interferon v; ig, Intragastric gavage; IgG, Immunoglobulin G; IL-1B, Interleukin-1p; IL-6, Interleukin-6; IL-8, Interleukin-8; IL-18, Interleukin-18; iNOS, inducible nitric oxide
synthase; ip, Intraperitoneal injection; IkBot, Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; JNK, c-Jun N-terminal kinase; LC3-I, cytosolic
form of LC3; LC3-II, LC3-phosphatidylethanolamine conjugate; LDH, Lactate dehydrogenase; LPS, Lipopolysaccharide; MAPKs, mitogen-activated protein kinases; MCP-1,
Monocyte Chemoattractant Protein-1; MDA, Malondialdehyde; MES, Mouse mesangial; MMP-9, Matrix metallopeptidase 9; MPO, Myeloperoxidase; mTOR, mammalian
target of rapamycin; OAT10, renal organic anion transporter 10; OPN, Osteopontin; NF-kB, Nuclear factor kappa light chain enhancer of activated B cells; NKE, Normal kidney
epithelial; NLRP3, Nod-like receptor protein 3; NO, Nitric oxide; Nox4, NADPH oxidase 4; Nrf2, Nuclear factor erythroid 2-related factor 2; PK, Pyruvate kinase; PKC, Protein
kinase C; po, per os, oral administration; p-ULK1, Phosphorylated Unc51-like kinase 1; rGLUT9, renal glucose transporter 9; ROS, Reactive oxygen species; RPTC, Rat kidney
proximal tubular cell; rURATT1, renal urate-anion transporter 1; SCr, Serum creatinine; SOD, Superoxide dismutase; STZ, Streptozotocin; tBHP, tert-Butylhydroperoxide; t-Bid,
truncated Bid; TC, Total cholesterol; TG, Triglyceride; TGF-1B, Transforming growth factor beta 1; TNF-q, T necrosis factor o; Tregs, Regulatory T cells; VCAM-1, Vascular cell
adhesion molecule 1; VEGF, Vascular endothelial growth factor; a-SMA, Smooth muscle alpha-actin; XO, Xanthine oxidase
2 Most effective concentration/dose. ” Concentration/dose dependent

medulla. In the cortex, the glomeruli and convoluted tubules are 4. Effect of mangiferin against kidney disorders
found. Meanwhile, the renal pyramids contain loop of Henle and

collecting tubes. The research investigating the reno-protective potential of
The kidney has 1.2 million nephrons, which are the kidney’s mangiferin in combating oxidative stress and modulating inflam-
functioning units. A nephron consists of blood vessels and renal mation is significant. Collectively, mangiferin is effective in confer-

tubules, as shown in Fig. 2. Nephron filters the blood, resorbs what ring reno-protection against a variety of renal disorders, including
is needed, and excretes the rest as urine. Its function is essential for kidney injury, diabetic nephropathy, renal fibrosis, hyperuricemic

homeostasis of blood volume, blood pressure, and plasma osmolar- nephropathy and lupus nephritis, mainly via the antioxidant sys-
ity (Tanner et al., 2017). tem. Comprehensive detail of their reno-protective efficacy against
kidney disorders under in vitro/in vivo models are summarized in
Table 2.
3. Kidney disorders and pathophysiology 4.1. Mangiferin and renal injury
Renal dysfunction is a predominant factor contributing to the Renal dysfunction or injury due to nephrotoxicity is an oxida-
occurrence of acute kidney injury (AKI), followed by the progres- tive stress-mediated pathological condition induced by various

sion of chronic kidney disease (CKD) and end-stage renal disease exogenous or endogenous toxins such as heavy metals and drugs
(ESRD) (Wei et al., 2020). AKI involves a sudden decline in (Kabir et al., 2021). Several studies have indicated that certain
glomerular filtration rate (GFR), creatinine accumulation, reduc- environmental toxins including cadmium (Rajendran et al,
tion in urine output, disturbances of electrolyte, and uremia 2016), D(+) galactosamine (DGal) (Ghosh et al., 2012), sodium flu-
(Hultstrém et al., 2018; Wei et al., 2020). Clinically, incomplete oride (NaF) (Samadarsi and Dutta, 2020) and tert-butyl hydroper-
recovery of renal function along with a persistent decrease in oxide (tBHP) (Saha et al.,, 2019) induce renal damage in both
GFR and renal tissue damage may lead to the development of in vitro and in vivo models. AKI is a frequent and severe complica-
CKD, one of the main contributors to the morbidity and mortality tion of sepsis (Zhang et al., 2020), renal ischemia-reperfusion
of non-communicable diseases (NCDs) (Wei et al., 2020). In this (Wang et al., 2015), shock and due to drug toxicity such as from
context, understanding the pathogenesis of kidney disorders is of cisplatin (Sahu et al., 2019). In the development of AKI, a sudden

great significance in developing the novel therapeutic approaches. reduction of GFR along with an increase in serum creatinine, ure-
Table 1 summarizes an overview of kidney disorders and their mia, electrolyte imbalance and rapid decline in renal function com-
pathogenesis. monly occurs, leading to a direct AKI-induced cytotoxicity that is
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accompanied by an extensive or persistent-cell and tubular dam-
age (Succar et al., 2017; Wei et al., 2020). In this case, incomplete
recovery of AKI may lead to onset or further development of CKD.

In trying to identify natural product-based therapeutic agents,
accumulating reports have suggested mangiferin’s potent reno-
protective effects. Interestingly, a report by Ghosh et al. (2012)
confirmed the therapeutic benefits of mangiferin (15 mg/kg, ip)
against D(+) galactosamine (DGal)-induced nephrotoxicity and
renal damage in rats. The protection is largely attributed to the
antioxidant activities of mangiferin occurring via the mediation
of inducible nitric oxide synthase (iNOS) and NF-KB pathways in
renal tissue. A recent study by Samadarsi and Dutta (2020) also
supported the antioxidant efficacy of mangiferin against NaF-
induced nephrotoxicity in normal kidney epithelial (NKE) cells.
The anti-inflammatory activities of mangiferin have been demon-
strated in an ischemia-reperfusion renal injury model indicating
that mangiferin (100 mg/kg, po) administration alleviated renal
injury by suppressing tubular apoptosis and pro-inflammatory
response via the adenosine-CD73 signalling pathway. The suppres-
sive effect of mangiferin is also reported in an in vitro study per-
formed on cadmium-treated human renal endothelial cells. In the
study, co-treatment with mangiferin (75 uM) inhibits the expres-
sion of interleukin-6 (IL-6) and interleukin 8 (IL-8) by deactivating
the mitogen-activated protein kinases (MAPKs) and NF-KB signal-
ing pathways (Rajendran et al., 2016).

To gain insight into the reno-protective mechanism, a similar
study was conducted by Saha et al. (2016b) on tBHP-induced renal
damage on NKE cells. Apparently, the intracellular antioxidant sta-
tus was maintained by mangiferin corresponding to an enhanced
expression of cyclin D1, heme oxygenase-1 (HO-1), superoxide dis-
mutase 2 (SOD-2) and NF-KB via activation of phosphatidylinositol
3 kinase (PI3K)/protein kinase B (Akt) pathways. Similar mecha-
nisms were also elucidated by Sadhukhan et al. (2018) in both
cisplatin-induced AKI in vitro and in vivo models. Mangiferin ame-
liorated the nephrotoxicity by upregulating the expression of
nuclear factor erythroid 2-related factor 2 (Nrf2) cascade via PI3K
signalling pathway. Recently, Saha et al. (2019), who further
explored the molecular mechanism of mangiferin on tBHP-
treated animals in vivo, found that mangiferin (75 mg/kg, po)
exhibited an anti-apoptotic activity acting via downregulation of
pro-apoptotic cascade as mediated by c-Jun N-terminal kinase
(JNK) and p38MAPK pathways. Similarly, Sahu et al. (2019) also
demonstrated the attenuation of cisplatin-induced renal injury
and apoptotic cascade by mangiferin pre-treatment (20 and
40 mg/kg, po) occurring via modulation of the MAPK pathway.

Additionally, He et al. (2014) confirmed the reno-protective
effect of mangiferin by virtue of its antioxidant, anti-
inflammatory and anti-apoptotic properties in both sepsis-
induced AKI in vitro and in vivo models, with increased renal
Nrf2 expression and inhibition of renal Nod-like receptor protein
3 (NLRP3) activation. Supporting the previous studies, the study
by Zhang et al. (2020) revealed that mangiferin (20, 50, and
100 mg/kg, po) dose-dependently reduced the renal injury due to
sepsis, suggesting the protection to occur via the suppression of
high mobility group 1 inflammatory (HMGB1) and NF-KB sig-
nalling pathways.

4.2. Mangiferin and diabetic nephropathy

Diabetic nephropathy is the most serious diabetic microvascu-
lar complication commonly seen in type I and II diabetes mellitus
worldwide (Dagar et al., 2021). It is one of the notorious leading
causes of CKD and ESRD (Rossing, 2006). It is typically character-
ized by persistent proteinuria, glomerular hyperfiltration followed
by accumulation of glomerular extracellular matrix proteins
(ECM), hypertrophy, basement membrane thickening, expansion
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of mesangial matrix, injury of podocytes (by autophagy impair-
ment), consequently leading to glomerular sclerosis as well as
tubulointerstitial fibrosis (Nogueira et al., 2017; Soetikno et al.,
2011). Pathologically, diabetic nephropathy is primarily caused
by chronic hyperglycaemia as a result of a long-term impairment
in insulin production and resistance (Hajiaghaalipour et al., 2015;
Sekar et al, 2020). Under diabetic conditions, there are an
increased generation of ROS and production of the inflammatory
response due to hyperglycaemia, indicating that oxidative stress
and chronic inflammation play a crucial role in the development
and progression of diabetic nephropathy (Rivero et al., 2009;
Soetikno et al., 2011). Therefore, it has been suggested that meta-
bolic control is the key therapeutic approach in maintaining a bal-
anced state of renal functions (Sekar et al., 2020).

To investigate the reno-protective effects of naturally occurring
bioactive compounds, streptozotocin (STZ) has been widely used to
induce diabetes in preclinical models. Interestingly, mangiferin
administration (40 mg/kg, po) significantly reduces blood glucose
levels while restoring renal endogenous antioxidant enzymes in
STZ-induced diabetic nephropathy rats, thus suggesting its anti-
hyperglycemic effects occurring following mediation of kidney car-
bohydrate metabolic enzyme activities (Sellamuthu et al.,, 2012).
Another study by Liu et al. (2013) reported that chronic adminis-
tration of mangiferin (15, 30, and 60 mg/kg, po) dose-
dependently alleviate diabetic nephropathy in STZ-treated rats by
suppressing the oxidative stress damage and advanced glycation
end products (AGEs) formation along with increased glyoxalase
(Glo-1) expression in the renal cortex of rats.

The mechanism underlying the prophylactic effect of mangi-
ferin was further investigated by Pal et al. (2014). Mangiferin treat-
ment (40 mg/kg, po) regulated different signalling molecules
including NF-KB, transforming growth factor-beta 1 (TGF-1B),
MAPKs and protein kinase C (PKC) isoforms along with the caspase
3 and 9 apoptotic pathways, thereby ameliorating the altered
levels of renal biomarkers in STZ-intoxicated diabetic nephropathy
rats (Fig. 3). Additionally, mangiferin reduces the collapsed mito-
chondrial membrane potential (AW) and prevents oxidative stress
damage via inhibition of mitochondrial bound hexokinase II disso-
ciation and NADPH oxidase 4 (Nox4) expression in both STZ-
treated mouse mesangial (MES) cells and mice models (Xu et al.,
2017).

Furthermore, Wang et al. (2018) suggested that mangiferin
(12.5, 25.0, and 50.0 mg/kg, po) potentially exerted podocyte pro-
tection as shown by the restoration of nephrin expression in a
dose-dependent manner. In addition, mangiferin mediates a series
of autophagy processes, including augmentation of the expression
of LC3-phosphatidylethanolamine conjugate (LC3-II), AMP-
activated protein kinase (AMPK) phosphorylation and phosphory-
lated Unc51-like kinase 1 (p-ULK1) levels, as well as the inhibition
of p62 expression and mammalian target of rapamycin (mTOR)
phosphorylation (Bonam et al., 2020; Wang et al., 2018). Such find-
ing indicates that mangiferin can prevent renal damage due to dia-
betic nephropathy from occurring via autophagy induction (Wang
et al.,, 2018).

Since renal tubular fibrosis is one of the clinical manifestations
of diabetic nephropathy, the therapeutic potency of mangiferin
was also evaluated against diabetic renal fibrosis in experimental
models. Mangiferin administration (15, 30, and 60 mg/kg, po)
effectively suppressed osteopontin (OPN) production, type-IV col-
lagen (Cov IV) and a-smooth muscle actin (a-SMA) levels, which
in turn reduce renal inflammation, thereby ameliorating renal
interstitial fibrosis (Zhu et al., 2015). Similarly, another recent
study also indicates that mangiferin (15, 30, and 60 mg/kg, po)
dose-dependently prevented renal fibrosis by decreasing the levels
of a-SMA, type-I collagen (Col I) and fibronectin (FN) via downreg-
ulation of TGF-1B and vascular endothelial growth factor (VEGF)
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Fig. 3. Effect of mangiferin in diabetic nephropathy. The pathophysiology of diabetic nephropathy is multifaceted, involving metabolic and hemodynamic alterations, chronic
inflammation, activation of the renin-angiotensin system, and oxidative stress. The activation of AGEs, autoxidation of glucose, and xanthine oxidase activity are some of the
most likely main sources of ROS production. PKC isoforms, TGF-f1 pathways, and NF-kB were found to be implicated in diabetic nephropathy’s oxidative stress-mediated
signaling cascades. In the hyperglycemic state, TNF-o. was produced, which activated caspase 8, cleaved Bid to tBid, and finally activated the mitochondria-dependent
apoptotic pathway. Following hyperglycemia, mangiferin therapy successfully suppressed all of these alterations and preserved the cells from apoptosis. Several novel
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mellitus type 1, poor glycemic control is an independent predictor of progression to proteinuria (albuminuria). Abbreviations: AGEs, Advanced glycation end products; Bax,
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along with the upregulation of phosphatase and tensin homologue
deleted on chromosome 10 (PTEN) (Song et al., 2020). A further
investigation by Sekar et al. (2020) confirmed the strong synergis-
tic interaction of mangiferin with metformin in attenuating dia-
betic nephropathy in rats indicating that the combined therapy
of mangiferin and the conventional oral hypoglycaemic drug is a
suitable alternative therapeutic approach.

4.3. Mangiferin and hyperuricemic nephropathy

Urate or uric acid, the final product of purines, is a breakdown of
the liver’s oxidation of xanthine and hypoxanthine. Serum urate
level is mainly regulated and is excreted by the kidney (Yang
et al.,, 2015). Hyperuricemia is characterized by an abnormally high
circulating urate level as well as accumulation in blood and crystal-
lization in tissues (Li et al., 2020). The development of the abnor-
mal condition is predominantly caused by the excessive
production or/and less excretion of urate. However, insufficient
renal excretion of urate is the preliminary cause of hyperuricemia
among approximately 90% of individuals (Perez-Ruiz et al., 2015).
Hyperuricemia induces oxidative stress, renal inflammation,
endothelial dysfunction subsequent to renal fibrosis, ultimately
leading to hyperuricemic nephropathy (Jalal et al.,, 2013; Rock
et al,, 2013). A growing body of evidence has reported that hyper-
uricemia associated pathological complications involve urolithia-
sis, gouty arthritis, obstructive uropathy, renal dysfunction,
nephritis, metabolic syndrome, diabetes, hypertension, and cardio-

1536

vascular diseases (Ciarla et al., 2014; Jalal et al., 2013; Zoccali and
Mallamaci, 2013) making a higher focus towards research that lean
towards the identification of natural products as an alternative to
anti-hyperuricemic agent.

Motivated by the above-mentioned concerns, the uricosuric
properties of mangiferin were evaluated in uric acid-induced hype-
ruricemia experimental models by Yang et al. (2015). Mangiferin
treatment (1.5-24.0 mg/kg, ig) effectively decreased serum urate
levels and augmented urate excretion in a dose-dependent manner
by downregulating the renal urate transporters, including the renal
glucose transporter 9 (rGLUT9), urate-anion transporter 1 (rtURAT1)
and organic anion transporter 10 (rOAT10). On the contrary, the
recent study by Li et al. (2020) revealed that instead of reducing
the expression of renal urate transporters, mangiferin (50 mg/kg,
po) enhances urate excretion mainly by downregulating the expres-
sion of renal aquaporin-2 (AQP2) in a hyperuricemic mice model.
The decreased expression of AQP2 evidences the findings. Neverthe-
less, the expression of renal urate transporters was not affected by
mangiferin administration. Taken together, these findings sug-
gested that the uricosuric action of mangiferin occurs by prevention
of hyperuricemic nephropathy (Fig. 4) via the modulation of oxida-
tive, inflammatory and fibrotic pathways (Li et al., 2020).

4.4. Mangiferin and lupus nephritis

Systemic lupus erythematosus (SLE), an autoimmune disease, is
also a chronic inflammatory disease that can trigger renal inflam-
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mation, secondary to lupus nephritis (Almaani et al., 2017; Bonam histologically evident in approximately 50% of SLE patients
et al., 2018). Lupus nephritis, which is also known as autoimmune (Lewis and Jawad, 2017). A series of pathological mechanisms,
glomerular nephritis that causes high morbidity and mortality, is including dysregulation of T-regulatory cells (Tregs) due to the
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hyperactivity of T- and B- lymphocytes, aberrant autoimmune
antibodies generation, immune complexes deposition and pro-
inflammatory responses activation which ultimately attack kidney
tissues are involved in lupus nephritis-related kidney damage
(Almaani et al., 2017; Hoover and Costenbader, 2016).

To date, current therapeutic strategies are aimed at targeting
renal immunopathology notably by normalizing Tregs function.
Nevertheless, significant advancement in immunosuppressive
drugs, various severe side effects are inevitable. Thus, research is
dedicated towards investigating natural compounds as an alterna-
tive application in treating a wide range of autoimmune diseases.
The immunomodulatory activity of mangiferin has been investi-
gated in a FasL-deficient B6/gld mice in vivo model (Liang et al.,
2018). Mangiferin (20 and 40 mg/kg, po) conferred reno-
protection by attenuating lupus nephritis in mice via immunoreg-
ulatory and anti-inflammatory processes. The immunomodulatory
effects were exerted by inhibiting T-cells proliferation, inducing
the expression of Tregs (CD4"'CD25'CD127 FoxP3*) via the sup-
pression of mTOR signalling pathways (Liang et al., 2018).

5. Molecular docking analysis highlights the role of mangiferin
in controlling kidney disorders

Molecular docking studies demonstrating the association of
mangiferin with molecular targets implicated in the development
of kidney disorders that are still to be revealed. To circumvent this
constraint, molecular docking investigations were conducted using
a flexible docking approach (Ghosh et al., 1995) using the Maestro
12.5 package (Schrodinger 2020-3). Protein Data Bank (PDB) was
used to obtain the target proteins NF-kB-DNA (PDB ID: 1NFK)
(Amilkanthawar et al., 2020) p50 homodimer with a resolution of
2.30 A and human soluble epoxide hydrolase (sEH; PDB ID:
3ANS) (Tanaka et al., 2011) in complex with synthetic inhibitor
with a resolution of 1.98 A.
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Diverse pathophysiological progressions in renal cells stimulate
NF-kB, which is responsible for inflammation in kidney disorders
(Sanz et al., 2010; Zhang and Sun, 2015). Chronic inflammation
and oxidative stress, which link to NF-kB activation, play a vital
role in the progress of CKD. sEH is found in a variety of cells and
tissues (Khan et al., 2013). Several investigations have indicated
that sEH inhibitors have anti-inflammatory and nephroprotective
properties (Khan et al., 2013; Liu et al., 2016; Zhang et al., 2017).
The aforesaid factors motivated us to look into mangiferin’s molec-
ular docking against NF-xB and sEH, which are responsible for the
majority of kidney diseases.

Mangiferin showed a docking score of —4.583 kcal/mol against
NF-xB and —10.058 kcal/mol against sEH. The hydrogen-bonding
interactions of mangiferin with the target 1NFK & 3ANS are
depicted in Fig. 5A and 5B, respectively. Also, the docking poses
of protein-ligand interaction are depicted in Fig. 5C for NF-xB
and Fig. 5D for sEH. Overall, the in-silico results showed that man-
giferin potentially inhibits NF-xB and sEH, implying that mangi-
ferin may protect kidneys from injury through anti-inflammatory
and antioxidant mechanisms.

6. Challenges and opportunities when developing drug delivery
system of mangiferin for kidney disorders

Mangiferin is mainly obtained from mango and is reported to
have low lipophilicity and hydrophilicity (Imran et al., 2017). It
has potent anti-inflammatory, antioxidant and other properties,
making it a great candidate for inclusion in the treatment of kidney
disorders. Nevertheless, a considerable number of clinical trials are
needed to demonstrate its effectiveness in kidney disorders. Man-
giferin has a C Log P of —0.26, the molecular weight of 422.3, the
rotating bond of 2, hydrogen bonding acceptors of 8 and hydrogen
bonding donors of 11. According to the “Lipinski rule of five”
(Lipinski et al., 2001), all the above results predicts that mangiferin
is less likely to be poorly absorbed.
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Fig. 5. Stereo-view of mangiferin docked into the DNA binding region of (A) NF-xB (1NFK) and (B) active site of SEH (3ANS). The best docked postions of protein-ligand

interaction of mangiferin with (C) NF-xB and (D) sEH.
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glomerular vasculature for in-situ targeting in the mesangial region.

According to Jiamboonsri et al. (2015), intestinal permeability is
a vital aspect that influences the bioavailability of compounds.
Although mangiferin may exert its effects by altering intestinal
permeability (Vazquez-Olivo et al.,, 2019), its efficacy can be
enhanced if it can antagonize inflammatory mediators in the
bloodstream. In a study by Liu et al. (2011), mangiferin was sub-
jected to substantial phases I and Il metabolisms following an oral
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administration. The first-pass effect was attributed to the low oral
bioavailability which constitutes a key impediment for mangiferin.
Bhattacharyya et al. (2014) reported that the bioavailability of
mangiferin in rats increased by 9.75-fold with the administration
of mangiferin complex as opposed to its pure form. Furthermore,
a higher bioavailability of a mangiferin-soya phospholipid complex
resulted in a better hepatoprotection in rats (Bhattacharyya et al.,
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2014), indicating the potential of complex or combinations with
mangiferin.

Therefore, the effective kidney-targeted drug delivery systems
(KDDSs) is an intriguing method and an appealing option in the
quest of improving the therapeutic and pharmacokinetic profiles
of mangiferin against kidney disorders (Fig. 6). Drug distribution
to the proximal tubules can enhance the treatment of kidney dis-
eases while reducing the side effects on other organs and tissues.
KDDSs is of great significance in shock, kidney transplantation,
ureteral blockage, diabetes, proteinuria, and other disorders such
as Fanconi and Bartter’s syndromes which require alterations in
the function of the renal tubules (Zhou et al., 2014). Macromolec-
ular carriers, such as lysozyme, low molecular weight chitosan
and proteins, anionized polyvinylpyrrolidone, poly-(vinylpyrroli
done-co-dimethylmaleic acid) as well as galectin-3 carbohydrate
recognition domain (G3-C12) are highly useful methods for target-
ing drugs to the kidney. Furthermore, sugar-, amino acid-, and
folate-modified prodrugs can effectively deliver drugs to the kid-
ney (Sarko and Georges, 2016; Zhou et al., 2014). Additionally, nan-
otechnology and nanocarrier-based methods in the delivery of
mangiferin include (1) liposomal nanoencapsulation, (2) polymeric
micelles (3) cyclodextrins, (4) nanosuspensions and (5) nanoemul-
sions, may aid in resolving pharmacokinetics-related issues, as
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well as improving therapeutic responses and efficacy against kid-
ney disorders.

7. Conclusion

A comprehensive account of the reno-protective activity of
mangiferin against kidney disorders based on experimental models
is presented. The plausible mechanism of action has been exten-
sively studied whereby the reno-protection may occur mainly
through the antioxidant, anti-inflammatory, anti-apoptotic, autop-
hagy activation, immunomodulation, regulation of renal urate
transporters and modulation of specific signalling pathways
(Fig. 7). Besides, combined mangiferin with other hypoglycaemic
drugs would be greatly suggested to induce synergistic effects.
Studies on the efficacy and safety of mangiferin in clinical trials
are further warranted to confirm its medicinal potential as thera-
peutic agent for kidney disorders in humans. Despite high-cost
clinical studies and the risk of few individuals trying drugs with
low absorption, a vast amount of research is dedicated solely to
improving mangiferin bioavailability. Therefore, it is very likely
that a better-absorbed mangiferin modulating intestinal perme-
ability may find use in treating kidney disorders in the future.
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