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Abstract

Diabetic nephropathy is one of the health problems that increased the incidence of
renal failure. The prevention of the progression to end-stage renal failure is needed. Mangiferin,
a constituent found in mango leaves, has been reported for anti-oxidant and anti-inflammatory
activities, reduced blood slucose and renal injury in diabetic animal models. Most of research
studies of mangiferin activities were performed in animal models. The extrapolation of
information from animal to human are still limited. In the present study, we aim to study the
pharmacological effect of mangiferin on glucose uptake and its activity on the reduction of renal
fibrosis in human renal proximal tubule epithelial cells (RPTEC). The results showed that high
glucose and diabetic mimicking conditions induced the mRNA expression of the inflammatory
cytokines IL-11J and IL-6, profibrotic marker TGF-[J1 and epithelial to mesenchymal transition
(EMT) markers collagen |, fibronectin and Ol-smooth muscle actin (a-SMA) which are the alterations
similar to those found in patients with diabetic nephropathy progression to chronic kidney disease
and end-stage renal failure. Mangiferin at 40 uM reduced the inflammatory marker IL-6 release in
diabetic-induced human renal proximal tubule epithelial cells. We used recombinant human TGF-
11 to induce fibrosis in RPTEC cells in order to obtain the disease model. We found that
mangiferin at concentrations of 50-100 uM inhibited the reduction of e-cadherin expression and
the elevated expression of fibronectin observed in the TGF-[11-induced fibrosis model of human
RPTEC cells. The anti-fibrotic activity of mangiferin was demonstrated via the inhibition of TGF-
[J1-induced Smad3 activation. For the interaction of mangiferin with a renal organic cation
transporter OCT2 in RPTEC cells using the uptake of a fluorescent OCT substrate, ASP”, the
inhibition of OCT2 was detected with an ICsy value higher than 1000 pM. Since no plasma
membrane expression of organic anion transporter proteins, OAT1 and OAT3 in this RPTEC cell,
we tested the interaction of mangiferin in OAT1 and OAT3 over-expressed MDCK cells instead of
RPTEC cells. The ICsy values of mangiferin on OAT1 and OAT3 were 188.7 and 62.87 UM,
respectively. The glucose transport in the RPTEC cells was not inhibited by mangiferin in this
study. However, further experiments should be performed in the human kidney cell that
expresses glucose transporters, GLUTs and SGLTs in order to finalize the direct action of
mangiferin on glucose reabsorption in kidney if the cells with the mentioned properties are
available in the future.

The information about anti-inflammatory and anti-fibrotic activities of mangiferin
obtained from this study may be useful for further drug development to reduce the progression

of diabetic nephropathy to end-stage renal failure.



Keywords: mangiferin, mango extract, diabetes mellitus, renal fibrosis, renal proximal

tubule, chronic kidney disease



Introduction

The rapid increasing global prevalence of diabetes mellitus has been reported. There
was about 285 million people worldwide diagnosed diabetes in 2010 and was estimated to be
439 million persons by 2030 [1]. Diabetic patients usually develop to diabetic nephropathy (DN),
which is diagnosed by the presence of abnormal quantity of albumin excreted in urine, glomerular
lesions and reduced glomerular filtration rate (GFR) [2], within 10-15 years, in both type 1 (T1DM;
approximately 30%) and type 2 (T2DM; approximately 40%) diabetes mellitus. DN is the most
common cause of the increased morbidity and mortality in diabetic patients and about 20-40%
of them may develop to end-stage renal disease (ESRD) which required treatment by hemodialysis
or renal transplantation, causing increased expense for health care and disturbing quality of life
[2]. In addition, the mortality rate of patient on dialysis was increasing every year and
transplantation was limited by the shortage of donated kidney and matching with recipient.
Hyperglycemia is a risk factor of chronic complication in diabetes mellitus. It is associated with
the enhanced reactive oxygen species (ROS) production, induction of oxidative stress and
inflammatory mediator such as NF-[IB which is involved in progression of renal failure [3].
Therefore, specific and effective prevention or therapy of DM and diabetic kidney disease is really

needed to delay the progression of DN to renal fibrosis and ESRD.

Diabetes mellitus (DM) is one of the metabolic disorders fundamentally characterized
by elevated level of blood glucose and insufficient of endogenous insulin secretion or action.
Hyperglycemia is known to be a pathogenic factor of chronic complication in DM, generating
reactive oxygen species (ROS), known as oxidative stress which is being mediator of kidney injury
[3]. DM has been known to be a major cause of end-stage renal disease (ESRD). Diabetic
nephropathy (DN) has been characterized by glomerular hypertrophy and hyperfiltration,
increased urinary albumin secretion, thickness of glomerular basement membrane and expansion
of mesangial cells. Diabetic glomerulopathy is found in early stages of DN while tubulointerstitial
fibrosis occurs in the advanced stage of the disease [4-5]. In vitro study demonstrated that
exposure of renal epithelial cells to high glucose concentration, the cells could produce type |

and type IV collagen leading to fibrosis [6]. Therefore, this method can be used as model for
developing early fibrosis of renal tubule epithelial cells. TGF-B 1 has been reported as mediator

for making in vitro model of fibrosis in various cell culture types [7].
Natural compounds are in trend for drug discovery since they have various

pharmacological activities and believed that they might have benefits for prevention or health



promoting when use them as functional foods or nutraceuticals. Mangiferin, a constituent
extracted from leaves or stem bark of mango (Mangifera Indica), has been reported to possess
numerous potential effects to protect kidney and delay progression of renal failure as observed
in the studies with diabetic animals [8-9]. These studies demonstrated its anti-oxidative and anti-
diabetic including restoration from diabetic nephropathy. The mechanisms underline its effects
on DN usually performed in rat kidney and focused on glomeruli, podocytes and mesangial cells,
but lack of data on proximal tubule, which is important part of kidney to involve in renal function
alteration and ESRD progression [10]. Translation information from rodents to human sometimes
had limitation because of different species and physiological roles of some proteins, especially
in kidney. To study protective effect of mangiferin and its safety for human kidney, it should
include the studies in diabetic model of human renal proximal tubular epithelial cells. Proximal
tubule is the major site of nephron for reabsorption and secretion of endogenous compounds
such as glucose, amino acids, uric acid and exogenous compounds for example xenobiotic drugs.
In the past, human renal proximal tubular cell lines could not represent the real characteristics
of renal proximal tubule, its expression of various enzyme and endogenous proteins were limited.
The culturing method and type of renal proximal tubule cell line have influenced the expression
of protein [11-14]. Therefore, in this project | used newly developed cell line with adjustment of
culturing method and try to establish disease model in more physiological microfluidic platform,
proximal tubule-on-a-chip [15-16].

This project is aimed to investigate potential effect of mangiferin, which is an
important bioactive compound found in mango leaves, on the reduction of glucose reabsorption
in renal proximal tubular epithelial cells and to provide scientific evidence to support the
protective effect of this compound on fibrosis of renal proximal tubular epithelial cell. We
hypothesized that mangiferin exert significant protective activities on renal function under
hyperglycemic condition by inhibiting renal glucose reabsorption and inhibiting inflammatory

mediator which can delay progression of renal fibrosis.
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Figure 1. Structure of Mangiferin

Mangiferin is an important constituent extracted from leaves or stem bark of Mango
(Mangifera Indica). Many research studies reported numerous pharmacological benefits of
mangiferin for example anti-inflammatory, anti-oxidative, anti-aging, anti-tumor, antibacterial,
antiviral, anti-diabetic, hepatoprotective, neuroprotective, cardiovascular protective and analgesic
effects [17, 18]. The pharmacokinetic study of mangiferin in human showed that its absorption
after oral administration was not good. Mangiferin level in plasma after oral administration of 0.9
grams was detected about 38.64+6.75ng/mL at 1 hour and the elimination half-life was
7.85+1.72h [19]. Mangiferin was distributed to various organs and it was the highest detection in
heart after 1.5 hours of oral administration (30 mg/kg) in Wistar rats. It was also detected in liver
and kidney but the heist dection was in small intestine after 3 hours of oral administration [20].

There were only 2 studies about mangiferin reported in Thailand. Yoosook et al.
(2000) showed that water extract of mango leaves could obtain mangiferin and had anti-HSV1
and anti-HSV2 activities [21]. From report of TRF grant #RDG5220049, Chancharunee S and
coworkers claimed that the ethanol extraction and purification processes from mango dried
leaves gave a yield of mangiferin 6.89%. Since the limited solubility of mangiferin in water and
organic solvents affecting its addition into cosmetics or food development, they tried to modify
mangiferin’s structure to improve its solubility by 3 methods, (1) metal salt formation, (2)
esterification of hydroxyl group on sugar ring, and (3) conversion of hydroxyl group on xanthone
ring to alkoxy and acyl derivatives. All new 14 derivatives have better solubility than mangiferin
and some of them still showed anti-herpes simplex activity [22].

Many studies about anti-diabetic effect of mangiferin had been reported. Most of
studies were performed in STZ-induced diabetic rats (Type 1 DM), some had been done with type
2 DM model rats. The effect of mangiferin on improving blood glucose level in diabetic rats or

mice has been controversial [8-9, 23-25], however the recovery of renal function had been
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observed. It attenuated diabetic nephropathy by inhibiting oxidative stress [9]. Mangiferin also
improved glomerulosclerosis and podocyte function in diabetic rats [25]. Rat with diabetic
nephropathy had a decrease in nephrin, a podocyte marker protein, expression level and was
restored with long term oral gavage treatment (12 weeks) of 12.5-50 mg/kg mangiferin. It protected
podocytes via enhancing autophagy, up-regulation of AMPK phosphorylation, down-regulation of
MTOR phosphorylation [25] and osteopontin, a pro-fibrotic adhesion molecule which increased
in diabetic kidney and involved in glomerular damage [26]. Those studies concerned the alteration
in glomeruli but lack of information about renal proximal tubule which is an important part of
nephron having roles for reabsorption and excretion of various endogenous and exogenous
compounds and involves in the renal function alteration in both normal and diabetic
nephropathy including progression of renal fibrosis. Therefore, how mangiferin acts on renal
proximal tubule should be explored to provide scientific information about protective effect of
mangiferin on renal proximal tubule in order to finally develop its benefit to be new

nutraceuticals.

Renal proximal tubule

The kidney is an important organ for homeostasis of our body. It does not only
regulate blood pH and volume homeostasis, but it also functions for nutrient re-absorption and
the excretion of waste products and xenobiotics. It has been known that renal proximal tubule
is the major site of nephron for reabsorption and secretion of endogenous compounds such as
glucose, amino acids, uric acid and exogenous compounds for example xenobiotic drugs. In the
past, human renal proximal tubular cell lines could not represent the real characteristics of renal
proximal tubule, its expression of various enzymes and endogenous proteins were limited. The
culturing method and type of renal proximal tubule cell line have influence to the expression of
protein [11-13, 27]. The idea of new culturing platform of renal proximal tubule has been created
and are developing to obtain more physiological imitation and hopefully to obtain an appropriate
testing platform for renal toxicity that can reduce animal usage and extrapolate to human. In
2013, Jang and co-workers [28] had developed kidney tubule-on-a-chip as 3D platform for drug
toxicity testing and after that the microfluidic platforms of renal proximal tubule were developed
and use to study more physiological renal function and renal toxicity [15-16, 29]. Weber et al.
[16] and Vriend et al. [30] showed that microfluidic flow had effects on cell maturation and cilia
development of the proximal epithelial cells. The flow rate increased the length of cilia but not
the number of cilia on the cells [30]. The use of proximal tubule-on-a-chip might help to obtain

more physiological condition of testing platform for in vitro drug development.
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Proximal tubule injury in diabetic condition

Hyperglycemia activates renal mechanisms, including tubular growth and sodium-glucose
cotransporters, SGLT2 and SGLT1 activities to increase glucose reabsorption in the proximal
tubule. These modifications also result in the reabsorption of sodium. Then, the glomerular
filtration rate (GFR) is increased to restore sodium excretion. Moreover, tubular growth, hyper-
reabsorption, and glomerular hyperfiltration are an important feature that can develop DN. The
higher GFR enhances oxygen requirements, inflammation, and tubulointerstitial fibrosis. The
molecular signaling of tubular growth in diabetes is associated with the ‘salt paradox’ of the
diabetic kidney, whereby renal vasodilation unexpectedly occurs in response to a low dietary
NaCl intake. Proinflammatory and profibrotic factors also release from tubular growth in diabetes
condition and can promote kidney failure [31]. Furthermore, diabetic conditions can promote
proximal tubule injury leading to podocyte detachment and causing albuminuria. The expression
of sirtuin-1 (Sirt1) in the proximal tubular epithelial cell was decreased, leading to the reduction
of nicotinamide mononucleotide (NMN) concentrations that promote Claudin-1 expression in

podocytes, which causes podocyte detachment and increases urinary albumin [32-33].

Mechanisms of proximal tubule fibrosis in DN

In DN, multiple cell types are involved in interstitial fibrosis and responsible for
extracellular matrix (ECM) accumulation [34]. Activation of myofibroblasts is mainly promoted the
renal fibrogenesis by the synthesis of matrix proteins, such as collagen types I, lll, and IV and
fibronectin. The activation of myofibroblasts for tubulointerstitial fibrosis is stimulated by diabetes
factors, which are myofibroblasts progenitors, including interstitial fibroblasts, bone marrow-
derived fibrocytes, endothelial cells, vascular pericytes and tubular cells. It has been contributed
to the activation of myofibroblasts via different processes or mechanisms such as proliferation,
recruitment, endothelial-to-mesenchymal transition (EndMT), epithelial-to-mesenchymal
transition (EMT), and differentiation [35].

For the proximal tubule fibrosis in DN, the early phenotype usually related to
hyperglycemic condition-induces growth factors such as insulin-like growth factor 1 (IGF-1),
phosphoinositide 3-kinase (PI3K) pathway. An initial phase of cell proliferation and an early
transition to hypertrophy are also associated with G1 cell cycle arrest via TGF-B1-induced p21,
the cyclin dependent kinase (CDK) inhibitor. The molecular pathways in the tubule involved the
activation of AGE and Ang Il, the activation of protein kinase C B1 (PKCB1) and Janus kinase/signal
transducers (JAK/STAT), which is the activator molecules of TGF-B1 transcription, leading to the

increase of proinflammatory and profibrotic factors and resulting in the inflammation,
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tubulointerstitial fibrosis, and renal failure [36]. An important cellular mechanism of renal fibrosis
is the stimulation of myofibroblasts, which results in ECM components and inflammatory cell
infiltration [37]. Several cellular mechanisms important to renal fibrosis have been identified.
Some anti-fibrotic agents have shown better promise in slowing and preventing fibrosis. However,
the translation of this knowledge to effective anti-fibrotic therapies in humans has been limited

due to a lack of sufficient effects, off-target effects, or both [38].

Pathological changes in DN lead to irreversible loss of tissue and kidney functions and
eventually end-stage renal failure that requires renal replacement therapy. Furthermore, the
adverse outcomes related to cardiovascular complications have also been reported [39].
Therefore, treatment strategies for DN are aimed at preventing and delaying the destructive
effects and progression of ESRD. At the key of the current treatment of chronic kidney disease
(CKD) is blocking renin-angiotensin-aldosterone system (RAAS) by angiotensin-converting enzyme
(ACE) inhibitors and angiotensin receptor blocker (ARBs), which have a renal protective effect,
significantly slowing the progression of CKD [40-41]. However, the incidence of CKD continues to
increase worldwide and eventually the number of CKD patients developing ESRD remains high.
Therefore, it is imperative to find novel effective drugs. The fibrogenic pathways has been an
interesting therapeutic target for inhibiting or slowing the loss of renal function in patients with
DN. A growing number of studies show that TGF-B1 plays an important role in the pathogenesis
of renal fibrosis associated with progressive kidney diseases [42]. The new compounds, for
example, fresolimumab could neutralize the activity of TGF-B1 [8], pirfenidone, a small synthetic
molecule, had shown the anti-fibrotic effect in preclinical study by blocking the TGF-B1 promotor
[43]. Molecular targets other than blockade of the RAAS by ACE inhibitors, ARBs and the inhibition
of SGLT2 function, such as connective tissue growth factor (CTGF) inhibitor, and BMP-7 agonists
are very promising targets for developing anti-diabetic drugs. Inhibition of CTGF, a profibrotic factor
acting downstream of TGF-B1, can prevent the ECM accumulation in kidney disease models [44].
BMP-7, a natural antagonist of TGF-B1, had a potent renal protective effect by suppression of
renal fibrosis in vivo models [45]. Although great progress has been made in many preclinical
studies on the mechanisms and therapeutic targets of renal fibrosis, there are still no agents
beyond ACE-Is and ARBs have been approved to treat renal fibrosis in clinical practice. Therefore,
the finding a novel effective anti-fibrotic therapy in patients with DN to prevent or slow the

progression of ESRD.

As mentioned above, mangiferin demonstrated anti-hyperglycemic, anti-oxidant and

anti-inflammatory activities. Mangiferin can be detected in various organs after oral administration
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[20]. It’s possible that mangiferin may enter renal proximal tubular cells via some xenobiotic
transporters, i.e., OATs or OCTs, before secretion into tubular lumen and mangiferin may also
reduce glucose uptake via SGLT2 transporter at apical side of renal proximal tubule. This project
also aimed to provides scientific evidence to support how mangiferin protects renal proximal
tubular epithelial cell injury and fibrosis. We hypothesized that mangiferin exerts significant
protective activities on hyperglycemic induced renal injury by inhibiting inflammatory mediator
which can delay progression of renal tubule injury and fibrosis. Therefore, in this project we used
renal proximal tubular epithelial cells (RPTEC) with diabetic model by adjustment of culturing
method and also tried to establish the fibrosis model both in 2D platform and in more
physiological microfluidic model, a proximal tubule-on-a-chip [15-16, 28-30] with hope to obtain

the model that close to physiological function in human kidney.
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Methods

1.  Study the characteristics of human renal proximal tubular epithelial cell lines (RPTEC)

- Renal proximal tubular epithelial cell culture

Before started the experiment in this project, we firstly characterized 2 types of RPTEC
cells (SA7K clone and RPTEC/TERT1) that used recently in many publications. Human renal
proximal tubular epithelial cells (RPTEC control cells SA7K clone) purchased from Sigma-Aldrich
(St. Louis, MO, USA) were cultured according to the manufacturer’s instruction in MEMQL
supplemented with RPTEC complete supplement (Sigma-Aldrich, St. Louis, MO, USA), 2.5 mM L-
glutamine, 30 mg/ml gentamicin and 13 ng/ml amphotericin B. Human renal proximal tubular
epithelial cells (RPTEC/TERT1) were from Evercytes, Inc. (San Diego, CA, USA). The cells were
grown in DMEM/F-12 supplemented with 10 ng/ml hEGF, 3.5 pg/ml L-ascorbic acid, 25 ng/ml
hydrocortisone, 1x ITS (Sigma, St. Louis, MO, USA) and 100 ug/ml G418. Both types of RPTEC cells

were maintained culturing in humidified incubator with 5% CO, at 37 C. The cells were grown and

sub-cultured once they reached 85-90% confluency. Sub-culture was done using 0.25% trypsin-

EDTA and spit cells about 1:5. Culture medium was changed every 2-3 days.

- 3D culture of renal proximal tubule-on-a-chip
Cultrex rat collagen | (R&D systems, Minneapolis, MN, USA) was used as extracellular

matrix (ECM) for 3D platform. 4 mg/ml collagen | was load into gel loading inlet to prepare ECM
for RPTEC/TERT1 cells and kept at 37 C for more than 3 hours until the gel became solid. Then

RPTEC/TERT1 cells at the density of 20,000 cells in 2 ul medium were loaded to the cell inlet
channel of the 3D platforms. After cells attached to collagen gel about 3 hours after seeding,
culture medium was added into the cell inlet and outlet parts of 3D-platform. The flow inside
the tube is controlled by the movement of specific stage on rocker. The cells on chip were

incubated in 37 C humidified CO, incubator. About 7-9 days the tube of cells was formed. The

culture medium was changed every 2 days. When the cells on tube are completely confluence,

this 3D-platform can be used for testing in each experiment.

- Transporter expression in renal proximal tubular epithelial cell lines

RPTEC-SA7K and RPTEC/TERT1 were seeding into 6-well plate and continued culturing
in humidified incubator with 5% CO, at 37 Cfor 7 days. The cells were washed with PBS and
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harvested into 1.5-ml tubes and lysed with lysis buffer. Total RNA from each cell type was
extracted according to the protocol of total RNA extraction and purification kit (New England
BioLabs Inc., Ipswich, MA, USA). 1 pg of total RNA was used to synthesized cDNA using iScript
cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Classical PCR was performed
to detect the expression of transporters (OAT1, OAT3, OCT2, SGLT1, SGLT2, p-gp and MRP4)

expression of GAPDH was used as internal control. The primer sequences are shown in Table 1.

Table 1. Primer sequences for polymerase chain reaction of transporter genes

Transporter Forward primer (5’->3’) Reverse primer (5’->3’)
OAT1 GGCTTCCTTGTCATCAACTCCC CACAGCAAGAGAGGTTCGGACA
OAT3 CAACAGCACCAAGGACTCCATTG CTGTCAGACAGGTCTCCAAGCA
OCT2 GAGATAGTCTGCCTGGTCAATGC GTAGACCAGGAATGGCGTGATG
SGLT1 CGCCTATCCAACCTTAGTGGTG CGCTGTTGAAGATGGAGGTCAG
SGLT2 GCTGGAACATCTATGCCTCCGT TGACGAAGGTCTGTACCGTGTC
p-gp GCTGTCAAGGAAGCCAATGCCT TGCAATGGCGATCCTCTGCTTC
MRP4 CTGTTGGAGGATGGTGATCTGAC CTGCTAACTTCCGCATCTACTGC
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

- Immunostaining of transporter proteins in classical 2D culture, transwell and 3D-

platform of renal proximal tubule

RPTEC cells cultured in 2D, 12-well transwell 0.4 um PET insert and 3D-platforms were
fixed with 4% paraformaldehyde for 15 min at room temperature. After washing with phosphate-
buffered saline (PBS), the cells were permeabilized with 0.3% triton X-100 for 15 min and blocked
with 2% BSA, 0.3% triton X-100 for 30 min at room temperature. The fixed cells were incubated

with primary antibody at 4 C overnight. After washing with PBS, the cells were incubated with

secondary antibody (Alexa 488) plus DAPI or Hoechst 33342 for 1 hour. The images were visualized

under fluorescence microscope or confocal laser scanning microscope (Zeiss, Germany).

2. Evaluating the appropriate non-toxic concentrations of mangiferin
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- Cell viability assay

The concentration of mangiferin that will be used for other studies should be the
non-toxic concentrations. Therefore, MTT assay was used to screen effect of various
concentrations of mangiferin on cell viability.

MTT assay is a colorimetric assay for detection metabolic activity of the cells, the
mitochondria enzyme activity of NADPH-oxidoreductase can reflect number of viable cells. This
enzyme can convert tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide to its insoluble formazan, which has a purple color. This assay can also be used to
measure cytotoxicity (loss of viable cells) or cytostatic activity (shift from proliferation to
quiescence) of potential pharmacological activity compound and toxic compound. MTT assays
are usually performed in the dark because of light sensitive reagent.

RPTEC cells were seeded into 96-well plate with a density of 10,000 cells/well. The
cells were incubated with various concentrations of mangiferin (1, 3, 10, 30, 100, 300 and 500 puM)
for 1, 3, 5 and 7 days. At the end of treatment period, the cells were washed once with PBS and
replaced with 0.1 ml of fresh MTT reagent (0.4 mg/ml)-supplemented medium and incubated at
37 Cfor 3 h, then the reagent-supplemented medium was aspirated and 0.1 ml DMSO was added

to each well. The plate was covered with foil and shaken on plate shaker for 10 min. The
absorbance at OD 570 nm were determined using microplate reader. The absorbance of each
well was subtracted with background control (the average absorbance of 3 wells that have no
cells but were incubated with MTT reagent-supplemented medium). The cell viability was
calculated and expressed as percentage of control treatment (solvent treatment without

mangiferin) in which the control is 100%.

3. Transport function assay and the interaction of mangiferin with transporters

Human OAT1 and OAT3 transfected MDCK (MDCK-OAT1 and MDCK-OAT3) and RPTEC
cells were cultured in 48-well tissue culture plate at a density of 3 x 10* cells/well at 37°C for 2
days. On the day of transport function assay, the cells were washed 2 times with pre-warmed D-
PBS (2.7 mM KCl, 1.5 mM KH,PQOq, 136.9 mM NaCl, 8.9 mM Na,HPO4, 1 mM CaCl,, 0.5 mM MgCl,
and 5 mM D-glucose) and pre-equilibrate for 15 min. In case of glucose transport assay, glucose
was omitted from pre-warmed D-PBS during 15-min incubation. The cells were incubated with D-
PBS containing a substrate with or without inhibitor at 37°C for 10 min (for OAT1, OAT3 and OCT2)
or 40 min (for GLUTs/SGLTs). At the end of incubation periods, the cells were washed 3 times
with ice-cold D-PBS to stop transport assay. The cells were measured fluorescent intensity at

Ex/Em 485/535 nm using microplate reader (Synergy Neo2, Biotek, VT, USA). For *H-glucose
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transport, the cells were lysed with 0.1N NaOH and counted radioactivity with beta counter
(Microbeta-2, PerkinElmer, USA). Substrates used for OATs are fluorescein, and 6-
carboxyfluorescein (6-CF). The fluorescent dye 4-Di-1-ASP (4-(4-(Dimethylamino) styryl) -1-
Methylpyridinium lodide, ASP*) is a substrate for OCT2 and *H-D-glucose (PerkinElmer, Boston,
MA, USA) is GLUTs/SGLTs’ substrate. All fluorescent substrates used are from Sigma (St. Louis,
MO, USA). The positive control of inhibitors used in this study are probenecid for OAT1, estrone-
3-sulfate for OAT3, tetrapentylammonium (TPeA) for OCT2 and phloretin for GLUTs and phlorizin
and dapagliflozin for SGLTs and SGLT2, respectively. The ICsq values of mangiferin on OAT1, OAT3
and OCT2 were calculated from Graphpad prism software.

For the transporter function in 3D-platform, the ASP™ substrate (10 uM) in D-PBS was
loaded in to the basolateral side of the tubule and incubated for 20 min at 37 "C. The ASP*
transport into the cells was observed under fluorescence microscope and determined fluorescent

intensity with ImageJ (NIH. software).

4. The alteration of glucose transporters’ expression in high glucose or diabetes mimicking
conditions

RPTEC cells were cultured in 12-well plate. After 1-day of seeding in the culture plate,
the cells were treated with high glucose condition (30 mM D-glucose into culture media) for 3, 7
and 14 days. To imitate insulin resistance condition in diabetes, condition media was used instead
of high glucose medium. The compositions of condition medium were 30mM D-glucose, 2ng/ml
TNF-a, 1ng/ml IL6 and 100nM Insulin. The mRNA expression level of glucose transporters (SGLT1,
SGLT2 and GLUT2) were determined by real-time quantitative-PCR. Total RNA was isolated from
the cell pellet using the Monarch Total RNA Miniprep Kit (New England Biolabs Inc., Ipswich, MA,
USA) according to the manufacturer’s protocols. RNA yields were measured by NanoDrop
Spectrophotometers. The synthesis of double-stranded cDNA from total RNA was using iScript
Reverse Transcription Supermix for RT-gPCR (Bio-rad, Hercules, CA, USA) according to the
manufacturer’s instruction. Real-Time gPCR was performed using the SensiFAST SYBR No-ROX Kit
(Meridian Bioscience, Memphis, TN, USA). The expression level was determined using a CFX96
Touch Real-Time PCR Detection System (Bio-rad, Hercules, CA, USA). The activation was

performed with 95°C for 2 min and then 40 cycles of denaturation at 95°C for 5 seconds and

annealing/extension at 60°C for 30 seconds. Quantitative analysis was performed using the

comparative AACt method by detecting of interesting mRNA level and GAPDH as reference genes.

5. The alteration of kidney injury marker, proinflammatory and profibrotic markers in high

glucose treated RPTEC cells
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RPTEC cells treated with treated with high glucose condition (30 mM D-glucose into
culture media) or condition media imitated DM condition for 3, 7 and 14 days, in some case 5
mM D-glucose plus 25 mM mannitol was used as osmotic control. To imitate insulin resistance
condition in diabetes, condition media (30mM D-glucose, 2ng/ml TNF-a, and 100nM Insulin) was
used instead of high glucose medium. IL-1, IL-6 and TGF B1 released into culture media were
analyzed by ELISA assay (Thermo Fisher Scientific, Waltham, MA USA). The cells pellet was also
used to extract total RNA and used for real-time gPCR. The primer sequences used for gPCR are
shown in Table 2. The appropriate duration of high glucose or condition media treatment was
also used to examine the cell injury in 3D-platform.

The treatment of mangiferin was given to the cells together with high glucose or
condition media. The concentrations of mangiferin used in the experiment were indicated in the

data.

Table 2. Primer sequences for quantitative polymerase chain reaction of genes

Gene name Forward primer (5’->3’) Reverse primer (5’->3’)
IL-1B ACCTGTGTCTTTCCCGTGG TCATCTCGGAGCCTGTAGTG
TGF-B1 TACCTGAACCCGTGTTGCTCTC GTTGCTGAGGTATCGCCAGGAA
KIM-1 CTTCACCTCAGCCAGCAGAAAC GCCATCTGAAGACTCTGTCACG
o-SMA AATCCTGTGAAGCAGCTCCAG TTACAGAGCCCAGAGCCATTG
Fibronectin ACAACACCGAGGTGACTGAGAC GGACACAACGATGCTTCCTGAG
Collagen 1A1 | GATTCCCTGGACCTAAAGGTGC AGCCTCTCCATCTTTGCCAGCA
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

6. The induction of fibrogenesis using IL-18 and TGF-B1 and the anti-fibrotic activity test of
mangiferin

Since the increased IL-1B and TGF-B1 have been found in diabetes-induced kidney

injury and possible to induce the severe progression of renal fibrosis. The fibrosis model was set

up in RPTEC cells.
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RPTEC cells were seeded into 96-well plate at the density of 15,000 cells/well. One
day after seeding the cells were treated with IL-1B or TGF-B1 at various concentrations for 1 or 2
days. In some cases, mangiferin at varying concentrations were pre-incubate for 2 days before
TGF-B1 treatment, then it was also co-treated together with TGF-B1. The ALKSII inhibitor (CAS.
446859-33-2, Calbiochem, CA, USA), an inhibitor of TGF-B1 receptor type 1 kinase, has been used
as a positive control for inhibition of fibrosis forming. At the end of treatment period, the cells in
each well were fixed with 100 pl of 4% paraformaldehyde in PBS for 20 min at room temperature.
After rinsing the cells with cold PBS twice, the cells were stained with 50 ul picro-sirius red (PSR,
ab246832, abcam, MA, USA.) for 1h at room temperature to detect collagen deposition, a marker
of fibrosis. The cells in each well were washed three times with 100 ul of 0.5% acetic acid to
remove unbound dye and air-dried the plates in a fume hood overnight. Next day, the cells were
photograph for a qualitative record under a microscope. After that, the PSR dye that bound to
collagen was eluted with 50 pl of 0.5 N NaOH by mixing on an orbital shaker for 30 min and
measured the absorbance at 540 nm by spectrophotometry.

For the treatment with mangiferin, the cells were pre-treated with varying
concentration of mangiferin for 3 days before induced fibrosis with TGF-B1. Fibronectin and e-
cadherin proteins, markers of fibrosis and normal cell adhesion, were detected by western blot

analysis in the separate treatment of the cells in 6-well plate. The mechanism of anti-fibrotic

activity of mangiferin was also studied via phospho-NF-KB and Smad3 and detected by immune-

blotting.
7.  Statistical analysis

The statistical difference was determined using Mann-Whitney test for the comparison
between 2 groups. In case of more than 2 experimental groups, ANOVA with Tukey’s multiple
comparisons test was used to determine the statistical difference. Data were considered

statistically significant when P<0.05.

Note: Mangiferin used in this study was kindly provided by Dr. Uthai Wichai, Department of Chemistry, Faculty

of Science, Naresuan University, Phitsanulok, Thailand.
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Results and Discussion

1. Characteristics of renal proximal tubular epithelial cell lines

The characteristic of human renal proximal tubular epithelial cell line (RPTEC-SA7K
and RPTEC/TERT1) looks similar when start culturing at low density, the RPTEC-SATK cells showed
loosely contact each other and once they reached complete confluence the cell will change
their appearance to long spindle shape whereas RPTEC/TERT1, when reach confluent, the cells
were closely contact each other and tighter than SA7K cells. The appearance of these cells is

shown in Figure 2.

Figure 2. Renal proximal epithelial cell lines. Left, RPTEC-SA7K (from Sigma) and right,
RPTEC/TERT1 (from Evercyte).

- MRNA expression of transporters in renal proximal tubular epithelial cell lines

Using classical PCR, mRNA expression of 2D-cultured RPTEC-SA7K and RPTEC/TERT1
cells showed dominant expression of two ABC-transporters, P-gp and MRP4, whereas expression
of SLC transporters, OAT1 was undetectable in both cell types within our PCR cycles tested. The
expression of OAT3 was detected in RPTEC/TERT1 better than in SATK. OCT2 was detected in
both cell types and seemed that it was higher in RPTEC-SATK cells. Very low expression of SGLT1
MRNA was seen in the PCR products. SGLT2 was moderately detected in both types of the cells,
as shown in Figure 3. With the higher expression of OAT3 and SGLT2, RPTEC/TERT1 cells has been

used in further experiments.
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Figure 3. Image of RT-PCR of RPTEC/TERT1 and SA7K cells on 2% agarose gel
electrophoresis. The bands of DNA from plasmid were used as control PCR product size.

- Immunostaining of marker proteins in renal proximal tubular epithelial cells

RPTEC cells were characterized using proximal tubule marker by fixing the cells on
96-well plate and staining with lotus tetragonolobus lectin (LTL). LTL has been used to identify
renal proximal tubule because it can bind with fucose-containing oligosaccharide that express on
brush border membrane of renal proximal tubule, not in other nephron segments. In the cultured
epithelial cells, microvilli on the brush border were not well developed, however, the staining of
lotus tetragonolobus lectin can be used to identify renal proximal epithelial cells [46-48]. RPTEC
cells showed the fluorescent staining, it means that the RPTEC cells are from exact renal proximal
tubular epithelial cells. The human colon T84 cells were used as negative control (Figure 4).

To confirm the normal characteristic of the cells, staining of sodium/potassium pump
(Na™/K" ATPase) and tight junction protein ZO-1 were investigated. The cells showed clear staining

of sodium/potassium pump and ZO-1 at the plasma membrane as shown in Figure 5.
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Figure 4. RPTEC cells staining with proximal tubule marker, lotus tetragonolobus lectin (LTL;
green) in upper middle. Nuclei are stained with DAPI (blue) in upper right. Human colon T84
cells (lower panel) does not show the staining with proximal tubule marker, LTL (lower
middle).

LTL

. -
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Figure 5. RPTEC cells staining with proximal tubule marker, lotus tetragonolobus lectin
(LTL) in upper. Na*/K" ATPase (middle) and ZO-1 (bottom). Nuclei are stained with DAPI
(blue), in right panel. The scale bar: 50 um

- Immunostaining of transporter proteins in renal proximal tubular epithelial cells
cultured on different platforms

In RPTEC cells, OAT1 and OAT3 proteins had been very weak detected by western
blot as reported by Aschauer et al. in 2015 [11]. In that article, they did not show protein staining
or localization even though they showed the protein expression but the functional transport of
OAT1 were undetectable in that article [11]. It might be due to low membrane expression of
OAT1 in that cell line. The immunostaining of various transporters expressed in RPTEC cells was
performed in the present study. As shown above in Figure 5, the basolateral marker protein,
Na*/K*-ATPase and tight junction protein, ZO-1, could be detected, whereas Organic anion

transporters (OATs) expression as well as the expression of sodium-glucose cotransporter SGLT2
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and glucose transporter GLUT2 did not appear on the plasma membrane (Figure 6). Only organic

cation transporter OCT2 could be detected on the plasma membrane, as seen in Figure 6.

OAT1

OAT3

OCT2

SGLT2

GLUT2

Figure 6. RPTEC cells cultured in regular 2D plate staining with antibodies of proximal tubule
transporters, OAT1, OAT3, OCT2, SGLT2 and GLUT2 (green). The merge figures with nucleus
staining (blue, DAPI) are in right panel. The scale bar: 50 pym

When the RPTEC cells were cultured on the membrane insert in transwell format
(Figure 7), plasma membrane expressions of Na'/K™-ATPase and OCT2 were clearly detected
similar to the regular 2D culture platform (Figure 6) but the sub-membranous expression of OAT1,
OAT3, SGLT1 and SGLT2 was observed in the cells. However, GLUT2 was still localized inside the
cells similar to that detected in regular 2D culture plate (data not shown). Na'/K*-ATPase and
OCT2 expression on the plasma membrane were also revealed in the cells cultured in 3D
microfluidic platform (proximal tubule-on-a-chip), as shown in Figure 8. Other transporters were

still disappeared from the plasma membrane localization (data not shown).
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Na*/K* ATPase OCT2

OAT1

OAT3

SGLT1 SGLT2

Figure 7. RPTEC cells cultured in transwell-inserts with 0.4 um pore size clear polyester
membrane staining with antibodies of Na®/K-*ATPase and proximal tubule transporters,
OCT2, OAT1, OAT3, SGLT1 and SGLT2 (all are in green color). The scale bar: 50 pm

Na*/K* ATPase OCT2

Figure 8. RPTEC cells cultured in 3D microfluidic platform (proximal tubule-on-a-chip)
staining with antibodies of Na'/K-"ATPase (left, in green) and OCT2 (right, in green). The
merge figures with nucleus staining (blue, Hoechst 33342) are in lower panel. The scale bar:

50 um
From the above results, RPTEC cells are still lack the expression of renal proximal
tubule transporters, especially OATs and SGLTs. There may be other factors beyond the physical
flow rate and extracellular matrix, since the culture in 3D platform did not help the expression
of the necessary transporters in renal tubule The combination of other cells might be necessary;
for example, renal tubular capillary. Some factors or cytokine release from the capillaries may
send a signal to activate other factors to promote movement of transporter to locate on the cell
membrane. This is our prediction and need to be proven in other challenging projects of the

grants.

2. Evaluating the appropriate non-toxic concentrations of mangiferin
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- Cell viability assay
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Figure 9. Effect of mangiferin on the cell viability of RPTEC cells. The cells were incubated
with mangiferin at concentrations of 0, 3, 10, 30, 100, 300 and 500 uM for 1, 3, 5 and 7 days.
Cell viability was determined by MTT assay. Data are expressed as % of control, mean +
S.D., n=3, ¥**p<0.0001 vs. control at the same incubation period, two-way ANOVA with
Tukey’s multiple comparisons test.

In order to determine the non-toxic concentrations of mangiferin for further
experiments, MTT assay was used to examine cell viability of RPTEC cells treated with varying
concentrations of mangiferin (0, 1, 3, 10, 30, 100, 300 and 500 uM) for 1, 3, 5 and 7 days. The
concentrations that showed no toxicity were used for further experiments. In this study the
concentrations of mangiferin up to 500 uM can be used without toxicity when duration of
treatment is increasing up to 5 days. The higher concentrations (100 and 500 uM) of mangiferin
showed toxicity when the cells were longer exposed to these concentrations for 7 days (Figure
9). Therefore, the concentrations of mangiferin for the experiments should bring the exposure

time of treatment to be considered, too.

3. Transport function assay and the interaction of mangiferin with transporters

- The functional test of transporter proteins in renal proximal tubule cells
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Figure 10. The functional test for OCTs transporters in RPTEC cells. Transport of 4-Di-1-ASP
(ASP*) were performed at 37°C for 10 min in the cells cultured in classical 2D platform (A),
and 20 min in 3D microfluidic platform (B and C). Control is the uptake without an inhibitor
The fluorescent uptake into the cells was observed under fluorescent microscope (B) and
the calculated intensity of the fluorescent dye (C).: ASP™: 4-Di-1-ASP; TPeA: Tetrapentyl
ammonium. **p<0.01, ***p<0.001, ***p<0.0001. Data are mean + SD, n=3.

The other method to confirm the membranous localization of transporter expressed
in RPTEC cells is functional test of that transporter. The functional study using known substrates
and inhibitors for OCT2 transporters were examined. The uptake of fluorescent substrate of OCTs,
4-Di-1-ASP (ASP), was performed both in 2D (Figure 10A) and in 3D (Figure 10B) platforms. The
result showed that OCT2 was existing on the plasma membrane of the cells since ASP* could be
transported into RPTEC cells and was inhibited by tetrapentylammonium (TPeA), an inhibitor of
OCTs (Figure 10). In 3D platform the substrate and inhibitor were added to the basolateral side
which is the position that OCT2 localized on the membrane. After 20 min of incubation the cells
had changed to be green under fluorescent microscopy, as shown in Figure 10B. The % change
of substrate uptake in the presence of inhibitor (TPeA) was higher in 2D than 3D platform. It may
explain by having the ECM space between the loading site and the cells in 3D structure platform,
whereas the direct exposure of the substrate and inhibitor were applied to the cells in 2D culture
system.

The inhibition test of OCT2 by mangiferin was also performed in RPTEC cells cultured

on conventional 2D platform since the cells were proven to express OCT2 on the membrane.
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The dose-dependent inhibition was observed and the inhibition was significant difference from
control when the concentrations were 500 uM or more. The ICs, value of mangiferin on the
inhibition of OCT2 in RPTEC cells was higher than 1000 pM (Figure 11). This indicate that the

interaction of mangiferin with OCT2 was not strong.
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Figure 11. The uptake of 4-Di-1-ASP (ASPY), a fluorescent substrate of OCTs by RPTEC cells.
The cells were incubated with 10 uM ASP™ in the absence (control) and presence of 1 mM
tetrapentylammonium (TPeA), an inhibitor of OCTs, and various concentrations of
mangiferin for 10 min at 37°C. The fluorescent intensity in the cell was measured to
determine the accumulation of fluorescein inside the cells (A). The ICso of mangiferin for
ASP" uptake by OCTs was calculated (B). **p<0.01, ****p<0.0001 vs. control, one-way ANOVA
with Bonferroni’s multiple comparisons test. Data are mean + S.D., n=3.

The studies with OAT1 and OAT3 substrates and inhibitors uptake on the RPTEC cells
showed no transport function of OATs (Data was not shown.). The results were correlated with
the immunofluorescence staining mentioned above. Therefore, the interaction of mangiferin with
OATs could not be performed in RPTEC cells. The over-expressing OAT1 and OAT3 were
constructed, instead, in MDCK cells. As shown in Figure 12C and 13C, OAT1 and OAT3 were existed
on the membrane of MDCK cells after transfection. 6-carboxyl fluorescein (6-CF) and fluorescein
(FC) were used as fluorescent substrates of OAT1 and OAT3, respectively. The function of these
two transporters was confirmed by the inhibition test using their known inhibitors, probenecid
(PB) for OAT1 and estrone-3-sulfate for OAT3, respectively. The mangiferin inhibition of OAT1 was
dose-dependent with an ICsy of 188.7 uM (Figure 12). The OAT3 inhibition by mangiferin was with
an ICso value of 62.76 uM (Figure 13).
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Figure 12. The uptake by OAT1-transfected MDCK cells (MDCK-OAT1). The cells were
incubated with 3 uM 6-carboxyfluorescein (6-CF) in the absence (control) and presence of
0.1 mM probenecid (PB), an OATs inhibitor, and varying concentrations of mangiferin for 10
min at 37°C (A). The ICsp was calculated from the plot (B). The OAT1 protein on the
membrane of the cells were stained in green and the nuclear staining using DAPI are in blue
(Q). Data are mean + S.D., **p<0.01, ****p<0.0001, n=3-4.
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Figure 13. The fluorescein uptake by OAT3-transfected MDCK cells (MDCK-OAT3). MDCK-
OAT3 cells were incubated with 5 uM fluorescein (FC) in the absence (control) and presence
of 0.1 mM estrone-3-sulfate (ES), an OAT3 inhibitor, and varying concentrations of mangiferin
for 10 min at 37°C (A). The ICso was calculated from the plot (B). Immunofluorescence
staining of MDCK-OAT3 are shown in (C). Data are mean + S.D., one-way ANOVA with
Bonferroni’s multiple comparisons test, ***p<0.0001, n=3-4.

The radioactive glucose (*H-glucose) uptake by RPTEC cells was significantly inhibited
by phloretin, an inhibitor of GLUTs transporters, but not inhibited by phlorizin and dapagliflozin
and empagliflozin, inhibitors of SGLTs and SGLT2, respectively (Figure 14). Mangiferin slightly
inhibited glucose transport in RPTEC cells but not significant difference from control. The result
indicates that there may be no or very low plasma membrane expression of SGLTs, but GLUTs
function was detected in this cell line and was not inhibited by mangiferin. With this limitation of
the expression, we could not conclude whether mangiferin inhibited glucose transport by SGLT2,
or not. We tried to find other cells or over-expressing SGLT2 in cells to test this curiosity but the

function of SGLT2 was not high enough to test the inhibition study.

30



50

[3H]Glucose uptake (pmol/40 min)

Figure 14. The [’H] glucose uptake in RPTEC cells. The cells were incubated with 50 UM
[*H] glucose for 40 min at 37°C Various inhibitors as indicated in graph were added to the
uptake solution together with [*H] glucose. Data are mean + S.D., one-way ANOVA with
Bonferroni’s multiple comparisons test, ****p<0.0001, n=3-.

4. The alteration of glucose transporters’ expression in high glucose or diabetes mimicking

conditions

The mMRNA expression of glucose transporters, GLUT2, SGLT1 and SGLT2, was
evaluated by real-time gPCR to detect the alteration after the RPTEC cells were exposed either
with high glucose (HG) condition (30 mM D-glucose) or high glucose with other components
imitated DM condition (in this study called condition media, CM), as mentioned in the part of
methods, for 3, 7 and 14 days. There were no significant changes of mRNA expression of the
glucose transporters (Figure 15). This may be due to the low plasma membrane expression of the
glucose transporters in the cells and/or the mRNA inside the cell was also low and no increased
synthesis, resulting in no movement of the protein into the membrane during the cells was

exposed in high amount of glucose.

Together with this mRNA expression result in Figure 15 and the glucose transport
function (Figure 14) were not changed with mangiferin treatment, thus, it is no advantage to test

the action of mangiferin on the glucose transporter expression.
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Figure 15. The mRNA expression of glucose transporters in RPTEC cells exposed to high
glucose. RPTEC cells was exposed to high glucose (30 mM D-glucose, HG) or in the condition
imitate diabetes condition using condition media (CM), as mentioned in the method, for 3,
7 and 14 days. The cell pellet was collected to extract total RNA and used for gRT-PCR.
Data are mean + S.D, n=3.

5. The alteration of kidney injury marker, proinflammatory and profibrotic markers in high

glucose treated RPTEC cells

The effect of high glucose exposure in RPTEC cells on the proximal tubule cell injury
and inflammation was evaluated by detecting the kidney injury marker proinflammatory and
profibrotic markers in the cells treated with the high glucose (HG: 30 mM D glucose) or condition
media (CM: 30mM D-glucose, 2ng/ml TNF-a, 1ng/ml IL6 and 100nM Insulin) in 2D-culture platform
for varying durations (3, 7, and 14 days). Using real-time PCR, IL-1B was significantly increased in
the cells treated with high concentration of glucose (30 mM) and condition media at day 3 (Figure

16A), whereas TGF-B1 was significantly increased only in the cells treated with condition media,
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not with high glucose alone at day 3 (Figure 16B). The mRNA of KIM-1, fibronectin, collagen | and
a-SMA were significantly increased in the cells treated with condition media after exposure to
high concentration of glucose for 7 days (Figure 17). Collagen | was also increased in the cells

treated with high glucose for 7 days as shown in Figure 17C.
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Figure 16. The mRNA levels of inflammatory cytokines and profibrotic markers. IL-1B (A),
TGF-B 1 (B), in RPTEC cells treated with 30 mM D-glucose (HG), condition media (CM)
compared to the control cells treated with normal medium containing 5 mM D-glucose for
3, 7 and 14 days were determined by quantitative RT-PCR. Data are mean + SD, n=3.
*p<0.05, *p<0.01 vs. control.

The elevation of TGF- B1, IL-1 B and IL-6 cytokines released from the cells was
detected by ELISA assay using the supernatant of the cells treated with condition media. High
glucose alone also significantly increased the release of IL-6 from the cells at 7 days of treatment
(Figure 18). Osmotic control condition (25 mM Mannitol + 5 mM D-glucose) did not affect the
released of cytokines in every time point of treatment. All treatment conditions had no effect on

the cytokine release at day 3 and day 14 as shown in the Figure 18.

From these results indicate that the cells exposed to high glucose concentration for
a certain period could induce the increased mRNA expression of cell inflammation, injury, and
profibrotic markers, then the mRNAs of factor involved fibrogenesis were observed. The cytokine
release was appeared after the mRNA production, in consequentially. However, at the longer
duration (14 days) the cytokines might be degraded. The components that imitated the diabetes
condition may be the factors that can activate the severity of the kidney disease progression

together with high level of blood glucose.
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Figure 17. The mRNA levels of kidney injury and fibrogenesis markers. The kidney injury
marker; KIM-1 (A), fibronectin; FN (B), collagen I; Col | (C) and a-smooth muscle actin; a-SMA
(D) in the RPTEC cells treated with 30 mM D-glucose (HG), and condition media (CM)
compared to the control cells treated with normal medium containing 5 mM D-glucose for
3 and 7 days were determined by quantitative RT-PCR. Data are mean + SD, n=3-4. *p<0.05
vs. control.
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Figure 18. The levels of inflammatory cytokines detected in cell culture supernatant. IL-1[]
(M), TGF-J1 (B), and IL-6 (C) in the RPTEC cells cultured in conventional 2D platform and
treated with 30 mM D-glucose (HG), condition media (CM) and 5 mM D-glucose plus 25 mM
mannitol (MN) compared to the control (C) cells treated with normal medium containing 5
mM D-glucose for 3, 7 and 14 days were measured by ELISA. Data are mean + SD, n=3.
*p<0.05, **p<0.01 vs. control.
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When mangiferin (20 and 40 uM was applied into the culture media containing high
glucose or condition media for 7 days, the induction of IL-6 release from RPTEC cells cultured in

high glucose or condition media group were significantly inhibited as shown in Figure 19.
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Figure 19. The effect of mangiferin on IL-6 release in RPTEC cells in conventional culture,
treated with high glucose (HG) and condition media (CM). Mangiferin (MF) 20 and 40 uM
were co-treated with high glucose and condition media for 7 days. The level of IL-6 in the
supernatant of the cells treated with HG (A) and CM (B) were measured by ELISA. The data
are the relative value compare with control, *p<0.05, **p<0.01, n=3-4.
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Figure 20. The IL-6 and LDH release in RPTEC cells in 3D culture platform of proximal
tubule-on-a-chip, treated with high glucose (HG) and condition media (CM) for 7 days. The
level of IL-6 and LDH was measured by ELISA and LDH assay kit, respectively. The data are
the relative value compare with control. n=3

Surprisingly, the treatment with high glucose and condition media in the 3D

microfluidic platform, a proximal tubule-on-a-chip showed the different result with the one in 2D
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culture platform, as shown in Figure 20. There was no any significant effect of high glucose or

diabetic mimicking condition on IL-6 and LDH release.
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Figure 21. The RPTEC cell survival test in 3D culture platform of proximal tubule-on-a-chip.
RPTEC cells were treated with high glucose (HG) and condition media (CM) for 7 days (A), or
with 10 uM cisplatin (B) the cell viability was determined by WST-8 assay. The representative
Live/Dead staining of the cells after 24-h cisplatin treatment was presented as green and
red color for live and dead cells, respectively, under fluorescence microscope. **p<0.001,
n=3-4.

To check the possibility whether the materials of 3D platform or ECM may delay or
had some unknown action on the sensitivity of the cells to treatment condition. We determined
the survival of the cells in the high glucose (HG) and condition media (CM) using WST-8 assay
since it is convenient to use in 3D platform. The cells exposed to HG or CM did not show the
reduction of their survival (Figure 21A), whereas the survival of the cells treated with 10 uM
cisplatin, an anti-cancer drug, was about 70% compared to control (figure 21B). The image of
live/dead staining of the cells was shown in Figure 21C. Compare to cisplatin affected on RPTEC

survival with an ICsp about 10 pM (our result obtained in other study in this cell) on 2D platform

similar to the concentration used in this study, the survival rate in this 3D platform was higher
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than the one in 2D culture platform. This may be explained by the effect of the accessibility of

the treatment to the cells in 3D platform, it may need time that drug reach to the cells.

6. The induction of fibrogenesis using IL-18 and TGF-B1 and the anti-fibrotic activity test of
mangiferin

Since the results in earlier part showed the increased IL-1B and TGF-B1 releases from

the RPTEC cells treated with high concentration of glucose (Figure 18), The increase of these

cytokines may be the ones induced fibrogenesis in patient with DM and result in the progression

of the disease to ESRD. Therefore, we tried to develop fibrosis model using the induction by

either IL-1B or TGF-B1.

As shown in Figure 22, after the varying concentrations and incubation times of IL-1B
in RPTEC cells, IL-1B at the concentrations of 20 and 50 ng/mL after incubated with RPTEC cells
for 24, 48 and 72h did not change the accumulation of collagen stained with Picro-Sirius Red
(PSR) in the cells (Figure 22), whereas the cells treated with 2-20 ng/mL of TGF-B1 for 24 and 48h
(Figure 23, 24) showed significant changes in collagen accumulation The collagen accumulation

was abolished by the co-treatment with a TGF-B receptor 1 kinase inhibitor, ALK5 inhibitor.

TGF-B1 at the concentration of 5 ng/mL treated for 24h were used for testing the
action of mangiferin, as shown in Figure 25. RPTEC cells were pre-treated with mangiferin at the
concentrations of 50 and 100 uM for 3 days before giving 5 ng/mL TGF-B1 together with
mangiferin. For control group, the cells were treated with vehicle during the time of mangiferin
pre-treatment, instead, and 5 ng/mL TGF-B1 alone was used for 24h treatment in this control
group. ALK5 inhibitor (10 pM) was used as positive control treatment, it blocks TGF-B receptor 1,
thus the fibrogenesis was suppressed. The result in Figure 25 demonstrated the reduction of TGF-
B1l-induced collagen accumulation in the cells by the action of 10 uM ALK5 inhibitor and
mangiferin at 50 and 100 uM. Furthermore, mangiferin also lowered the increased fibronectin
mediated by TGF-B1, as demonstrated in Figure 26. E-cadherins, an adhesion molecule,
expression was reduced with TGF-B1 treatment and its reduction was abolished with pre-treated
mangiferin. As shown by Western blotting (Figure 26A and C). This indicates that mangiferin has

an anti-fibrotic activity for the human renal proximal tubular cells.
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Figure 22. The induction of fibrogenesis with IL-1B in RPTEC cell. The cells were treated
with IL-1B for 24, 48 and 72h and the collagen was detected with PSR staining and read the
intensity using plate reader. n=3

39



S5ng/ml 10ng/ml 20ng/ml
A TGF-B1 TGF-B1

V.

R S
3 wq-xﬂ’?:xj:.

_ 5ng/ml 10ng/ml 20ng/ml
TGF-B1 TGF-B1 TGF-B1
10 uM ALKSi
B
48h . .
2.0- mm with ALKSI
* N —1 without ALKSI
=
T x

-
(63}
1

PSR at OD 540nm
(Fold change)
p -

* 9

o
o

Control 5ng/ml  10ng/ml 20ng/ml
TGF-p1

Figure 23. The induction of fibrogenesis with TGF-B1 for 48h in RPTEC cell. The cells were
treated with 5, 10 and 20 ng/mL TGF-B1 for 48h and the TGF-B1 receptor 1 kinase inhibitor
(ALK5i) at 10 uM were co-administered to the cells as a positive inhibitor. and the collagen
was detected with PSR staining and the intensity of red color were determined using a plate
reader. *p<0.05 vs. control, #p<0.05 vs. TGF-B1 alone. n=3
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Figure 24. The induction of fibrogenesis with TGF-B1 for 24h in RPTEC cell. The cells were
treated with 5, 10 and 20 ng/mL TGF-B1 for 24h and the TGF-B1 receptor 1 kinase inhibitor
(ALK5i) at 10 uM were co-administered to the cells as a positive inhibitor. and the collagen
was detected with PSR staining and the intensity of red color were determined using a plate

reader. *p<0.05 vs. control, #p<0.05 vs. TGF-B1 alone. n=3
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Figure 25. The effect of mangiferin on the reduction of TGF-B1-induced fibrosis. RPTEC cells
were pre-treated with 50 and 100 pM for 3 days before 5 ng/mL TGF-B1 application for 24h.
TGF-B receptor 1 kinase inhibitor (ALK5i) at 10 uM were co-administered with TGF-B1 to the
cells as a positive inhibitor. The collagen accumulation was detected with PSR staining, the
images of the cell staining was taken under light microscope (A) and the intensity of red
color was determined using a plate reader (B). ****p<0.0001, Data are mean + S.D., n=3.
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Figure 26. The effect of mangiferin on the reduction of TGF-Bl-induced the alteration of
fibronectin and e-cadherin. RPTEC cells were treated in the same protocol described in
Figure 25. The fibronectin and e-cadherin expression were detected by Western blot
analysis (A). The band intensity of fibronectin (B) and e-cadherin (C) from Western blotting
were determined using ImageJ software. *p<0.05, **p<0.01, **p<0.001. Data are mean +
S.D., n=3.

To figure out the site of mangiferin action, we examined the alteration of phospho-
NF-KB and phospho-Smad3 in the cells that the fibrogenesis induced by TGF-B1. As shown in
Figure 27, TGF-B1l-induced fibrosis could activate the phosphorylation of Smad3 and mangiferin
demonstrated the inhibition of this change. The increased phospho-NF-KB and total NF-KB was
observed in the cells treated with TGF-B1 and their reduction was observed in the cells treated
with mangiferin 50 and 100 pM in the presence of TGF-B1. Surprisingly, there was a reduction of
the ratio of phospho/total NF-KB during 24h TGF-B1 treatment, this result was unexpectedly
appeared, it was opposite effect from the our taught as consequence of increased chronic injury
and inflammation before fibrogenesis. The occurrence may be from the direct activation of fibrosis

by TGF-B1, not from the high glucose exposure that made the cell injury and inflammation before
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induction of fibrosis from the elevation of TGF-B1 release. This finding can be explored in the

next project.
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Figure 27. The effect of mangiferin on the mechanism of TGF-B1-induced fibrosis. RPTEC
cells were treated in the same protocol described in Figure 25. The cell lysate was collected
for determination of phospho-NF-KB and phospho-Smad3 proteins by Western blot analysis
(A). The band intensity of NF-KB (B) and e-Smad3 (C) from Western blotting were
determined using ImageJ software. *p<0.05, **p<0.01. Data are mean + S.D., n=3.
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Figure 28. The effect of mangiferin on the expression of TGF-B1-induced the alteration of
fibronectin in 3D platform of RPTEC cells. The cells were treated in the same protocol
described in Figure 25 but the treatment was applied on both basolateral and apical sides
of the cells. The fibronectin was detected by immunofluorescence (in green) under
microscopy. The intensity of fibronectin (B) was calculated using ImageJ software. *p<0.05.
Data are mean + S.D.
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The induction of fibrosis was also performed in 3D-micrifluidic platform of proximal
tubule-on-a-chip. The fibronectin expression was detected by the anti-fibronectin antibody in this
model. TGF-B1 induced the accumulation of fibronectin in this platform, the positive inhibitor
ALK5 was inhibited the increased fibronectin by TGF-B1, however, pre-treated mangiferin for 3
days did not alter the TGF-B1-induced fibronectin expression, as seen in Figure 28. The failure of
mangiferin treatment may be the accessibility of compound in this model.

The action of mangiferin itself may not be strong enough if it was reached to the cells
with lower amount in the 3D construct of the tubule, when compared to direct compound
application to the cells in 2D platform. In addition, the RPTEC cell lines we used in this study did
not express organic anion transporters OAT1 and OAT3 that may help to taken up mangiferin into
the cells since our results of mangiferin interaction with OATs was demonstrated. RPTEC cells
express OCT2, but mangiferin was less interact with OCT2. There may also have other factors that
we could not investigate at this moment for the transport in 3D model and might be the pitfall

of the study.
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Conclusion and Suggestion

In this project, we aimed to study the pharmacological activities of mangiferin in 2
aspects, the first one is the action on glucose absorption in the cells and the second is the anti-
fibrotic effect of mangiferin on the human renal proximal tubular epithelial cells.

The experiments were performed using renal proximal tubular epithelial cells
cultured in conventional 2D platform and microfluidic 3D platform (proximal tubule-on-a-chip).
The mangiferin action on glucose absorption in this RPTEC cells could not be concluded because
of the lacking or very low SGLT2 protein expression in this cell type. The treatment of the cells
with high glucose condition (30 mM D-glucose) and the condition that imitate diabetes (high
glucose with insulin and TNF-a) in 2D culture platform caused the increase in inflammatory
cytokines IL-1B, IL-6 and profibrotic markers TGF-B1. However, the treatment conditions did not
affect the cells cultured in 3D platform. Mangiferin demonstrated the reduction of inflammatory
cytokines induced by high g¢lucose and diabetes conditions in 2D culture platform and also
inhibited TGF-B1 induced fibrosis in 2D, not 3D platform.

The main finding from this project is the anti-fibrotic activity of mangiferin on the
inhibition of cytokine release during the cells were exposed to high glucose (diabetes). The
proposed mechanism of mangiferin is via the inhibition of phosphorylation of Smad3. In general,
the binding of TGF-B1 on its receptor results in the receptor dimerization and activate
phosphorylation of Smad2/3 complex and move to nucleus to increase the expression of ECM
proteins involving for the induction of ECM accumulation resulting in cell fibrosis. The infographic

summary is as follow:
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The limitation of this project

RPTEC cells was used to established the disease model of the renal proximal tubule
cell injury and fibrosis, even though the cells lack some drug transporters and also sodium-
glucose co-transporters. The induction of cell injury by using high concentration of glucose and
diabetic condition was possible in the 2D culture, but not in 3D culture platform that the
polarization of the cells may exist. By the fact that exposure of the cells in high glucose condition
at both apical and basolateral sides in 3D-platform should increase the ability of glucose entering
the cells via the glucose transporters and should increase the possibility of cell inflammation/
injury but the finding in this study was in the opposite way. There may lack some factors to
stimulate transporter expression, may be from contacting with other cell types. The 3D culture
of renal proximal tubular cell with renal endothelial cells might be in the challenging to imitate
the existing of peritubular capillaries for further studied to imitate the real environment of the
tubule in our body.

With lacking glucose transporter expression, especially SGLT2, in the cell used in this
study we cannot conclude the action of mangiferin on glucose absorption. The protective effect
of mangiferin on the proximal tubule injury and fibrosis observed in this research project with
conventional 2D platform culture of RPTEC might be the benefit to use it as lead compound for
further drug development and may also be the scientific evidence supporting activities of
mangiferin in the human renal cells that may be translate to human better than the study using
other species.

The present study had many limitations to translate to real epithelial cells of human
proximal tubule. The appropriate cell model is still needed and researchers are looking for it. If
the establishment of the renal proximal tubular cells succeed in the near future, the information

using proximal tubule will be expanded. That is the hope of researcher in this field.
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Abstract

Renal fibrosis is known to be the end stage of chronic kidney diseases initiated by various causes
including renal injury or chronic inflammation. The effective drug for delayed progression of renal fibrosis is
needed. To attenuate the progression of renal disease to its end stage, the inhibition of transforming growth
factor beta 1 (TGF—ﬁ 1) pathway which induced fibrogenesis has believed to be a potential therapeutic for
renal fibrosis. Mangiferin, an active ingredient found in mango tree, had previously reported for
anti-inflammatory and anti-diabetic effects in rats. There is no study about anti-fibrotic effect of mangiferin
in human renal epithelial cells. In this study, TGF-ﬁl-induced fibrosis was performed in human renal
proximal tubular epithelial cells (RPTEC) as a model for renal tubulointerstitial fibrosis. Mangiferin at 50-100
HM reduced collagen accumulation and profibrotic marker fibronectin in the model RPTEC compared with
non-treated cells and also recovered e-cadherin, an adhesion molecule in epithelial cells, which lowered
in epithelial fibrosis. Our study indicates that mangiferin has potential for further drug development for
prevention of renal fibrogenesis.
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Abstract
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Resuts com)

The transforming growth factor beta 1 (TSF-f1) is one of the major player of 2. Effect of mangiferin on collagen depasition
tubulcinterstitial fibrosis induction. Mor=over, the most potent anti-fibrotic Bgents drwin I\Ib:li:_: - ‘ N .
turs\eﬁna the TEFE1 inhibition [L2| but the effectveness of anti-fibrotic therapies in Wang! 5

humans has Deen limited. Thus, this study aim to 'ﬁElIFE owt an alternative trestmant
for renal fiorosis. The natural compounds have been investigated for health benefits
and disease prevention. Some have potential to be effective remedy for anti-fiorosis.
Mangiferin is an active ingredient found in mango tree. According to the prewious
stusdies, the anti-inflam matory and anti-disbatic afact of munﬁl'f:rin had DEan
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prewention of renal fibrosis and may be useful informetion for the future trestment
in kigney dizesse patients.

Dbjective

To investigate the anti-fibrotic effect of mangiferin in human renal proximal tubular
epithelial cedis.
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Discussion and Conclusion

1. Effect of mangiterin on the ozl viability
MangHerin The present study axhibits the antifibrotic efMect of mangiferin. It sttenuated renal
ﬁbmﬁ:msis through the mnhigition of collagen d:p-usil:iun. the reduction of the
profiorotic markers and the restoration of epithelisl E-cagherin protein in human
r=nal =pithedial cells. The mechanisms in deep should be further clarified. The: study
ingicates that mangiferin might prevent renal fiorogenesis and may b= & potential
"‘ lead compound for the cewelopment of fubure novel therapeutic agents for lidney
dizemse patients.
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1. To investigate the glucose
lowering effect of mangiferin
on human renal proximal

tubular epithelial cells.

1.1.Characterization of the
RPTEC cells on 2D (transwell
culture) and 3D microfluidic
culture.

-Stain RPTEC cells with lotus
lectin (proximal tubule marker),
Na'/K" ATPase, ZO-3, SGLT1 and
2, OAT1 and 3 and visualize them
by confocal fluorescence

microscopy

1.2.Evaluating appropriate non-
toxic concentrations of
mangiferin to use in the
glucose uptake experiment.
-RPTEC cells will be cultured in
96-well plate and incubated with
different concentrations of
mangiferin at the varying
incubation time to be test in
further experiments. The cell
viability will be determined using
MTT assay.

1.3.Determination of glucose
uptake by RPTEC cells and the
inhibitory effect of mangiferin
-The uptake of fluorescence-
tagged glucose will be performed
in 2D culture if there is SGLT2
transporter is detected in 1.1 and
mangiferin inhibition of glucose
uptake will be performed with
varying concentration of
mangiferin to determine its IC50,
0.5 uM empagliflozin (SGLT2
inhibitor) will be used as positive
control. The inhibitory effect of
mangiferin on glucose uptake will
also be confirmed in 3D-

microfluidic culture that mimic

All are examined as the plan but
Z0O-1 was used instead of ZO-3

Already performed the test

Already performed the uptake of
glucose in RPTEC cells but the
IC50 with SGLT2 could not obtain
because of very low expression of

SGLT2 on the cell membrane

The interaction of mangiferin with
OATs and OCT2 were performed

instead.
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2.To provide scientific

evidence to support the

protective effect of

mangiferin on human renal

proximal tubular epithelial

cells

physiological condition of renal
proximal tubule

1.4. To test whether mangiferin
reduce expression of glucose
transporters in RPTEC cells that
expose to normal and high
glucose condition.

- RPTEC cells will be incubated
in normo (5 mM) and high (30
mM) glucose conditions
(osmolarity control with 5 mM
glucose + 25 mM mannitol) for 0O,
1, 3, 5, 7 days and determine
expression of SGLT1, SGLT2 and
GLUT2 by WB

2.1.Determination of the
protective effect of mangiferin
on high glucose-induced human
renal proximal tubular
epithelial cell injury (early stage
before fibrosis)

-Pre-incubate RPTEC with 0, 10,
100 pM mangiferin for 1 wk then
exposure to normo (5 mM) and
high (30 mM) glucose for 7 days
with continuing mangiferin
treatment

-Determination of proximal
tubular injury marker KIM-1, LDH
release and inflammatory
cytokine IL-1, NF-kB, TGF-B1

2.2.To investigate the protective
effect of mangiferin on IL-1
induced inflammation and
fibrosis of renal proximal
tubular epithelial cells

-Establish condition for inducing
fibrosis by exposure of RPTEC
with recombinant IL-1 8
-Pre-incubate RPTEC with 0, 10,
100 UM mangiferin for 1 wk, then

Quantitative RT-PCR of glucose
transporters was performed
instead of western blot because
of undetectable glucose
transporters on the plasma
membrane, the detection of
mMRNA was the best way for this

situation.

The time points were varying to
select an appropriate one and
continued to check the alteration
of each parameter during high
glucose treatment and the
condition imitate diabetic
condition was added to the study
in order to cover the component
exist in blood of diabetes patient.
IL-6 was also added to use
instead of NF-kB The fibronectin,
COL 1, a-SMA were also included

in the parameters.

Already test condition with
varying concentrations and
exposure times but the
consistency and the effect of IL-1
B to induce fibrosis during
screening the accumulation of

collagen was not significant
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expose RPTEC with recombinant
IL-1B (concentration and time
that will be used depending on
result above) together with
continuing mangiferin treatment
-Measure COL1, COL4, FN, Ol-SMA
expression by WB

2.3.To investigate the protective
effect of mangiferin on TGF-1
induced fibrosis of renal
proximal tubular epithelial cells
-Establish condition for inducing

fibrosis by exposure of RPTEC

difference, so the effect of
mangiferin was not performed

with this condition

The induction of fibrosis was
already established and the

effect of mangiferin on this

with TGF-B1 10 ng/ml for 24-48 hr | condition was tested. And

-Pre-incubate RPTEC with 0, 10,
100 pM mangiferin for 1 wk, then
expose RPTEC with TGF-B1 10

measured the alteration of
COL1,4 by PSR staining, detected
FN by WB and IF

ng/ml for 24 or 48 hr depending
Also test the condition in 3D-

platform.

on result above with continuing
mangiferin treatment

-Measure COL1, COL4, FN, OI-SMA
expression by WB

nanlasunasnlasinig

fanssu (activities)

Hafild3u (outputs)

1.1-1.2

Check the expression of transporters and found that OATs and SGLTs are
missing in RPTEC cells and the culturing on different platform did not improve

transporter expression

1.3-1.4

- Glucose uptake was tested and only function of GLUT appeared but lack
SGLT2 function related to the loss of expression checked by IF. Therefore, the
action of mangiferin on SGLT2 was not obtained. We checked the interaction
with OATs and OCT2, instead, and the IC50s with OATs and OCT2 were

obtained.

1.4-2.1

- The early-stage model of fibrosis with high glucose was set up and protective
effect of mangiferin can be tested and found the inhibition of cytokine release-

induced by high glucose condition.

2.2-2.3

- The fibrosis condition was successfully set up with TGF-B1 and protective
effect of mangiferin was observed by the inhibition of collagen accumulation

and recovered the fibronectin and the alteration of e-cadherin.
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- The addition of mechanism of mangiferin was examined and found the

suppression of Smad pathway.
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