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Abstract

Type 2 diabetes mellitus (DM) is the most commamgke cause of
end-stage renal disease (ESRD). In spite of mangemotherapies of
glycemic and blood pressure control for DM, manyigrds continue to
experience progressive renal damage. Thus, ressaiokolving new
markers and a more detailed molecular pathway ofabdNbeneficial to
treatment. Cyclophilin A (CypA) is an 18-kD proteamd the secreted
form of CypA (sCypA) was reported to correlate withrdiovascular
diseases (CVD). Patients with CVD have more semaif CypA, which
stimulate the ERK1/2, Akt and JAK pathway. The cection between
DN and sCypA has never been elucidated beforesthdy, which aims to
investigate sCypA's correlation with renal dysfumctand the associated
molecular pathway. In addition, we examined closaly the renal
protection effects of Linagliptin (BI-1356, Trajent a dipeptidyl
peptidase 4 inhibitors (DPP-4i), and determinedepivl association
between Linagliptin and sCypA.

In the human study, a total of 100 DN patients a@chealthy control
subjects were enrolled. The concentration of uyin@ypA correlated
well with the progression of renal function andigngicant increase in
urinary CypA was noted in stage 2 DN (p=0.012) pedsisted in later
stages. We could diagnose stage 2 DN using uri@pA with a

sensitivity of 90.0% and specificity of 72.7%. Taeea under curve was
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up to 0.85, indicating a good discriminatory power. Thus, urinary CypAis
a good marker for DN.

The mouse model exhibited a higher concentration of urinary sCypA
and8-hydroxy-2' —deoxyguanosine (80OHdG) dh/db groups, both
substances were detected as early as the 8th week up to the 16th week.
Our results indicated that the sCypA is a better, stronger and more
sensitive indicator for DN than 8OHdG. In the cell models,
Hyperglycemia and oxidative stress both can stimulate mesangial cell
(MES-13) and proximal tubular epithelial cells (HK-2) to secret CypA.
Hyperglycemia stimulated HK-2 cells to secrete TGF@hich caused
secretion of CypA. The sCypA further stimulated CD 147 to move
outward from cytosol onto cell membrane in confocal microscopy, which
was associated with the p38 MAPK pathway in the downstream.

According to human, mouse and cellular studies, we proved CypA is a
good marker for DN. Secreted CypA is also associated with the
pathogenesis of DN. Besides, renal protection of Linaglitpin is associated

with this pathway.

Keywords: secreted cyclophilin A, diabetic nephropathy, Linagliptin
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1. Background and introduction

Type 2 diabetes mellitus (DM) is the most common single cause of
end-stage renal disease (ESRD)[1]. Almost half of the patients with
ESRD are due to diabetic neprhopathy (DN). They suffer risks to
cardiovascular disease (CVD), mineral bone disease, coagulopathy and
immunocompromised conditions. Patient survival seen in diabetics
undergoing dialysis is much lower than that in nondiabetic patients[2]. In
addition, Taiwan has the world's highest ESRD prevalence by presenting
with 68940 patients undergoing dialysis in 2010[3]. Such has become an
enormous financial burden on the country[4] . In a 1990s study, DN
developed in up to 50 percent of diabetic Pima Indians within 20 years,
and 15 percent progressed to ESRD by this time[5]. In spite of many
modern therapies of glycemic and blood pressure control for DM, many
patients go on to experience progressive renal damage[6]. Since kidney
injury by DM is inevitable, researches involving new markers and a more

detailed molecular pathway of DN should not be delayed.

Currently, the stage of severity is determined according to the levels of
albuminuria. Albuminuria is the most commonly used marker to predict
onset and progression of DN clinically. However, this traditional marker
for DN lacks both sensitivity and specificity to detect early stage of

DN[7]. Furthermore, some DN patients with ESRD do not present with
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significant albuminuria[8-10]. The lack of a stroagsociation between
glomerular filtration rate (GFR) and albuminuriaggests that an
alternative to this albuminuria-based staging swste needed. Some
studies have noted the existence of pathologicaingh before
microalbuminuria[8]. Therefore, even if microalbumiria can be
regarded as the earliest manifestation of DN, ipassible that a new
biomarker for DN exists.Recently, different markers of DN were
reviewed[8, 11, 12] including fibroblast growth fac 23[13], tubular

markers[14] (kidney injury moleculel, neutrophillgease-associated
lipocalin, liver-type fatty acid-binding protein {EABP)[15]),

inflammatory markers (interleukin 6 (IL-6), IL-8, anocyte

chemoattractant protein 1, and interfenorinducible protein )[16],

urinary 8-hydroxy-20-deoxyguanosine[17], serum aiystC[18], and so
on. Among these, genetic susceptibility almost gbvdeads to
irreversible DN and detection of the clinical makenostly occurs too
late to diagnose and monitor the progression of RNsuch, it is crucial
to find an earlier and reliable marker for DN. Ea&rldiagnosis and
intervention may provide an opportunity to stop gemanent damage

caused by DN.

Cyclophilin A (CypA) is an 18-kD protein with a Hity conserved and

ubiquitous character[19]. It is mostly distributiedthe cytoplasm and is
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capable of peptidyl-prolyl cis-trans isomerase \atgti It facilitates
protein folding and protein trafficking and actsasellular receptor for
cyclosporine A (CsA). The expression of CypA igdatively high level
in the kidney[20], where proximal tubular epithékells are reported to
contain distinctly more of CypA than the others[2A¢r kidney diseases,
the majority of the researches has been focusingthen cellular
relationship between CypA and CsA, which was usexl an
iImmunosuppressant, and leaving behind its secfetaead Such secreted
form of CypA (sCypA) was reported to correlate wiilvD, asthma,
rheumatoid arthritis, lung and liver injury[22]. tlmow, sCypA has been
thought to be a potential biomarker and mediatortCWMD including
vascular stenosis, atherosclerosis, and abdomorét aaneurysms[23].
This possible character was shown by understandowg the reactive
oxidative stress (ROS) in vascular smooth musclecoelld activate a
pathway containing vesicles secretion of CypA, Wwhstimulate the

ERK1/2, Akt and JAK pathway[23].

The connection between DN and sCypA has never ledsridated
before this study. Firstly, sCypA is associatechwtany inflammatory or
infectious diseases such as rheumatoid arthritisthnega and,
periodontitis[24]. Since sCypA can be detected iabetic patients'

plasma, and is secreted by monocytes in responisgperglycemia[25],
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it could be a potential secretory marker of inflaation in type 2 DM[25].
Secondly, it is also reported that sCypA are rdlabdesolid organ diseases
including CVD, acetaminophen-induced liver injuapd lung injury[24].
Hence, a relative high level of CypA expressiomormal kidneys[20]
leads to the rational that if an even higher lesklsCypA existed in
diabetic patients' kidneys and may play a pathageole. Being the
direct product from kidney, urine content could the best candidate
when it comes to renal injury detection. Therefave, believe that the
sCypA level in urine is the most suitable indicatifor renal damage.
Thirdly, in the microscopic level, there are thremjor histological
changes in the glomeruli in DN: mesangial expansiglomerular
basement membrane thickening, and glomerular sit§26]. The state
of hyperglycemia stimulates mesangial cell matrmeodoction[27] and
mesangial cell apoptosis[28]. Hence, our study $esuon mesangial or
other changes in relation to sCypA level. FinaigypA involving in the
pathway of ERK/IJNK has already been mentioned irD{23]. This
pathway has also been found in mesangial celldameyuli under DN
although it is associated with angiotensinogen Iyi@&f]. In the
molecular level, our study looks at the extent tock sCypA is involved
in the ERK/INK pathways in DN, which is presented both the
cardiovascular and renal disease. In summary, \wethgsize that sCypA

might be an important and novel maker for DN inealin mesangial cell

8



and it could also be an early target for the tresthof DN. If we can
prove that the CypA is a good marker for DN, wel ko find out

whether sCypA is also a “maker” of DN or not.

Glucagon-like peptide-1 (GLP-1) including the dipdp peptidase 4
inhibitors (DPP-4i) is a relatively new drug forgerglycemia. GLP-1
acts as a gut incretin hormone as well as an eféettterapeutic agent for
type 2 DM. It is best known for its varies abilgiesuch as cell
proliferation, insulin secretion in a glucose-degemt manner, inhibition
of glucagon, satiation, and gastric emptying delaysch together result
in reduced circulating glucose[30]. GLP-1-basedrapees also benefit
patients with renal protection independent from cghke-lowering
effects[31]. There are growing studies discussimgrenal protection of
DPP4i[32-35] but the mechanism is still unclear.eTstudy of the
saxagliptin assessment of vascular outcomes regardgatients with
diabetes mellitus-thrombolysis in myocardial infaoe (SAVOR-TIMI)
53 is the largest prospective study of DPP4i updw (16,500 patients
with Type 2 DM)[34]. This study presents an imprdwv&CR at 2 years
(372 patients [11.1%] in the saxagliptin group 285 patients [9.2%] in
the placebo group), and is less likely to have asesming ratio (414
patients [12.4%] in the saxagliptin group vs. 4%fignts [14.2%)] in the

placebo group). As mentioned earlier that the repaitection is
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independent from glucose lowering effect, LinaghBI-1356, Trajenta)
can lower albuminuria on top of recommended stahdezatment in
patients with type 2 DM and renal dysfunction[3&]can reduce renal
events by 16% (composite of 6 renal outcomes)[Z®&)me other
preclinical studies revealed the possible mechan@smthe renal
protection of DPP4i[32, 37, 38]. In our study, wisecawant to observe
closely at the mechanism of the renal protectionLimagliptin and

investigate the potential association between Liptg and sCypA.

Specific aims
In this thesis, we illustrate the followings:

|. The correlation between sCypA and renal dysfunchgrexamining
urine from patients with type 2 DM and DN

lI. The relationship between urinary CypA and the sgverf diabetic
nephropathy is diabetic mice.

lll. The hyperglycemia and sCypA in mesangial and prakitanbular
epithelial cells

IVV. The molecular mechanism underlying the effects@fpsA on renal
cells

V. The correlation of sCypA and protective functiorLofagliptin

10



2. Materials and methods
2.1 Human studies
2.1.1 Study Population

We recruited all the DM outpatients and healthytcrgroups with
informed consent. In the group of DM patients, difeerent stages of DN
were screened for the concentrations of urinaryACyxl subjects in this
cross-sectional study were 20 years of age and.dRé#ients were free
from infectious disease, inflammatory disease, rlivdisease, or
malignancy, and all were non-smokers. Only metab&ndrome and/or
CVD were noted. Patients who took drugs for hypesiten, DM,
hyperlipidemia, hyperuricemia, CVD, hyperuricemiadagout were not
excluded. Patients who took drugs for any othezalie or condition were
excluded. These data were collected in the outpatkepartment of
metabolism and nephrology at Taichung Veterans faénidospital
between January of 2014 and December of 2014. Althe study
procedures were conducted in accordance with thieagtstandards of
Taichung Veterans General Hospital and were approby the

institutional review committee (CE14077, TCVGH).

2.1.2 Data Collection
All DM patients were diagnosed according to the QMdelines of

the American Diabetes Association in 2013[39]. Weallected the
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participants' clinical parameters including gendsge (years old), and
duration after diagnosis of DM (years). The stagds DN were
categorized according to the previous literaturgM@ere stage 1 is
associated with hyperfiltration and a measured @ké€eeding the upper
limit of the normal range (120 mL/min per 1.73)nor beyond +2
standard deviation (SD) from mean GFR. Stage 2 BXelbps silently
over many years and is characterized by morpholtggmns without
signs of clinical disease. Thus, it is usually edlthe silent stage. Stage 3
DN is characterized by "microalbuminuria" where namy albumin
excretion is between 30 and 300 mg/day or betwdérarizi 300 mg/g
creatinine on a spot urine sample. Patients withhneabGFR (no > 2SD of
GFR) and without microalbuminuria were defined &gys 2 DN. More
importantly, some patients with normal GFR (no >D2& GFR) and
without microalbuminuria do not have DN. Patiemsluded in our study
should fit the above criteria and should have iaseel GFR (>2 SD of
GFR) before timing of recruitment (progression taige 1 DN) to make
sure they really had DN and they were in the stagé DN. Stage 4 DN
Is defined by severely increased albuminuria, alsmwn as the
"macroalbuminuria" (urinary albumin excretion abo880 mg/day or
above 300 mg/g creatinine on a spot urine samphe.final stage, stage
5, iIs known as end-stage renal disease (ESRD).dB&ammples were

tested for fasting sugar (mg/dl), glycated hemogldblbAlc) (%), SCr
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(mg/dl), GFR (ml/min per 1.73 9i41], total cholesterol (mg/dl),
triglyceride (mg/dl), and low density lipoproteihalesterol (mg/dl). Spot
urine test was used to measure the concentratiddypA (ng/ml) and
ACR (mg/g). The index estimated glomerular filtratde (eGFR) was
calculated using the modification of diet in rerdisease (MDRD)
equation[41]: eGFR (ml/min per 1.73 ®m = 186*SCi***
*Age®?%%0.742 (if female). Patients were screened for CVD
(hypertension, stroke, coronary artery diseasert Hadure, and aortic
aneurysm). Hypertension was defined as an average Isystolic blood
pressure greater than 140mmHg and a diastolic bppedsure greater
than 90mmHg before medication according to thendtedn for stage 1/11
hypertension set forth in the JNC-7 guidelines[4R&tients currently
receiving anti-hypertensive agents were deemedaie hhypertension.
Stroke was confirmed by neurologists or brain insageéoronary artery
disease (CAD) was defined according to arterialagrgphy. Some were
diagnosed according to cardiologists, who made ntisig of CAD
according to if patients with typical angina pepmyocardial infarction,
or silent myocardial ischemia. They used electiogram, cardiac
enzyme, coronary calcium score and stress tesiagnadse CAD. Heart
failure was confirmed by cardiac sonography or guedelines of the
Framingham Study[43]. Drugs such as angiotensirv&timg enzyme

inhibitors (ACEi) or angiotensin receptor blockg/8RB), dipeptidyl
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peptidase 4 inhibitor (DPP4i), sulfonylurea, matior, dipyridamole,
pentoxifylline, and statin were also recorded toalgre possible
correlations with urinary CypA concentration. We ul also like to
point out how we select patients. All data inclygdimedication,
laboratory and clinical parameters are without ificgnt changes within
6 months or between two-time outpatient departmesitis. We checked
all parameters during the period of recruitmenth#y remain similar to
the previous data, we include them in the studyhéfre are significant
changes, we will follow up this patient 3 monthtetaand choose the data

(the ones after 3 months) if it became similahi® previous data.

2.1.3 Urine collection and analysis
Urine was collected in the morning from the outpatisubjects and
stored in an ice package immediately. Within 4 Bput was then

restocked under -80 until analysis.The expression of urinary CypA

was examined using an enzyme-linked immunosorkssaya(ELISA) kit
(SEA979Hu, Uscn Life Science Inc.). All data of nary CypA were

double-checked at least twice.

2.1.4 Statistical Analyses

Data were expressed as the me8D in continuous variables.
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Mann-Whitney U test was used for continuous vaesband theChi
Square test was used for categorical variableen®al linear model was
used for categorical variables and simple linegression was used for
continuous variables. The results from Western hlete expressed as
mean = SEM and were analyzed by Studenttest. All statistical
procedures were performed using the SPSS statkistfiavare package,

version 17.0

2.2. Animal studies
2.2.1 Type 2 DM mouse

All experimental protocols were approved by a nanatthung
Veterans general hospital and licensing commitédid@vit of Approval
of Animal Use Protocol in TVGH, La-1031172) and edperiments were
performed in accordance with relevant guidelines and regulations
Four-week-old male C57BLKS/db/db and db/m mice were purchased
from National Applied Research Laboratories (Taiw&0O.C.); db/m
mice were used as controls in all experiments.fédir groups of mice
(n=10, respectively) were maintained on a 12-htlagrk cycle and were
fed with standard laboratory diet and wader libitum in a room with

constant temperature 8°C) and humidity (5515%). All mice were

age- and gender-matched. Group odi@n() and group 2db/db) were

control groups without any treatment. Group 3 andete treated with
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Linagliptin (5mg/tab, BI-1356, film-coated tabletlissolved in water, 3
or 15 mg/kg per day. The medication and water fdraated groups were
administrated by oral gavages. They were fed froenage of 4 weeks,
and were sacrificed at the age of 20 weeks. Atierifice, the weight of
the right kidney was measured and further histallganalysis of the

kidney tissue was conducted.

2.2.2 Body weight, kidney weight, food intake, watantake and daily
urine collection
We weighed all mice once a week. The blood was draw the
scissors tail method, and blood sugar was meadwydtie rapid blood
assay (blood glucose test strip by glucose metd®®. amounts of daily
food intake and water consumption were measured dmly urine

collection was recorded from the metabolic cagesyefour weeks.

2.2.3 24-hour urinary sCypA and 8-hydroxy-2'-deoxyganosine
(8-OHdG)

The amount of daily urine was collected from theahelic cage and
we used the ELISA kit (SEA979Mu, USCN Life Scientec.) for
determining sCypA. The amount of daily urine andchaantration of
sCypA in urine were calculated as the daily sCyparetion amount.

Urine was stored in an ice package immediatelyhWid hours, it was
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then restocked under -80 until analysis. All data of urinary CypA were

double-checked at least twice. To determine theaikie DNA damage
in the kidney, we determined 24-h urinary 8-OH-d§h@entrations using
the ELISA kit (8-OH-dG Check; Institute for the Qowl of Aging,

Shizuoka, Japan).

2.2.4 Renal function evaluation: serum creatinineurine creatinine,
albuminuria, daily urine amount

Blood were collected from the left ventricle anchitduged after
sacrifice at the 20th week. The plasma was stareddaC for subsequent
analyses. At the 20th week, the concentration abmph and urinary
creatinine were measured using the autoanalyzerA{TH20FR,
Toshiba). Creatinine clearance (Ccr) was calculddgd(urine [Cr] X
urine volume)/(plasma [Cr] X time) at the 20th wedkbuminuria was
measured by the mouse albumin ELISA kit (E-90AL,mumology
Consultants Laboratory, Inc.) at the 8th and 20#eky All results from

ELISA test were confirmed by performing the tesicav

2.2.5 Histological analysis: Light Microscopic Stug
We selected 10 glomeruli from each mouse and thneree 100
glomeruli from 10 mice in each group. The rightreg of each mouse

was obtained for histological analysis. Histologyaswassessed after
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hematoxylin and eosin (HE) staining as well aspbkaodic acid-Schiff

staining (PAS). To examine the effects of Linaghiptn glomerular area
and mesangial matrix area, we performed glomeraaalysis on

PAS—stained kidney sections. Mesangial matrix areh glomerular tuft
area were quantified for each glomerular crossaecas previously
reported[44]. More than 30 glomeruli dissected tigfo the vascular pole
were counted in each kidney, and the average numiasr used for
analysis. We selected 10 glomeruli from each maukthere were 100
glomeruli from 10 mice in each group. Quantitatinstomorphometry to
determine glomerulosclerosis was performed usirey dbmputer-aided
image analysis system Image J and rated as des@iegiously[45]. In

brief, glomerulosclerosis was defined by the preseaf PAS-positive
material within the glomeruli. The level of glom&sclerosis was
assessed using a semiquantitative scoring methed; investigators

scored the results in a blinded fashion.

2.2.6 Histological analysis: Immunohistochemical HC) stain for
CypA and TGF-p1
We performed IHC staining for CypA and TGE-at the 20th week.
Small blocks of kidney tissues were fixed in 10%féned formalin for
24 hours before being embedded in paraffin. Fiverometer thick

sections were de-paraffinized, washed with PBS, madbated with
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1.5% HO, in methanol to block endogenous peroxidase agtivit
Nonspecific binding was blocked with 10% normal gsarum in PBS.
Sections were incubated overnight with the CypALQDO) (Upstate,
Charlottesville, VA), and TGB1 (1:200) (Santa Cruz Biotechnology,
Santa Cruz, CA) in a humidified chamber at 4°C.ti8as were treated
with an antigen-unmasking solution that consistsl@fmM Na citrate
(pH 6.0) and 0.05% Tween 20. Antibodies were |laealiwith the ABC
technique (Vector Laboratories, Burlingame, CA) and
3,3-diaminobenzidine  substrate solution with nickethloride
enhancement. Sections were then dehydrated in@fledmared in xylene,
and mounted without counterstaining. All of thesect®ns were
examined in a masked manner using light micros¢@dympus BX-50;
Olympus Optical, Tokyo, Japan). For the quantifaratof proportional
area of staining, approximately 20 views (400 maggmtions) were
randomly located in the renal cortex and the coniedullary junction of
each slide (Scion Image Beta 4.0.2, Frederick, MD® selected 10
glomeruli from each mouse. There were a total & g@meruli from 10
mice in each group. Quantitative histomorphometigsveonducted to
determine positive staining for CypA and TF Both were assessed
using the computer-aided image analysis system déndagrhe level of
positive staining was assessed using a semiquargitscoring method,

two investigators scored the results in a blindeshion.
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2.3 Cell studies
2.3.1 Cell culture

MES-13 cells (glomerular mesangial cells from amd8\ransgenic
mouse) were obtained from American Type Culture lgtbn
(CRL-1927; Manassas, VA, USA). MES-13 were cultureda 3:1
mixture of M199 (Invitrogen, Carlsbad, CA, USA) ardbm F-12
(Invitrogen), supplemented with 5% FBS, 1% penitiitreptomycin,
1% L-glutamine, and 14 mM HEPES and maintainednnngubator at
37°Cwith 5% CO2. All culturing supplies were acquiretbrh Life
Technologies (Gaithersburg, MD, USA). Subsequetttly,cell lysate and

secreted cellular proteins were collected for Wadsiéot analysis.

HK-2 cells (human proximal tubular epithelial cg¢lisere obtained
from the laboratory of Taichung Veterans Generasp#al. HK-2 cells
were maintained in DMEM/F12 and supplemented widboXetal bovine
serum (FBS), 1% penicillin/streptomycin/amphoteriéi, 1% glutamine
(Invitrogen, Carlsbad, CA), and 1% Insulin-TransfeiSelenium (Sigma,
St. Louis, MO). Western blot analyses were usedetermine the levels

of endo-CypA, sCypA, p38, phosphorylated p38 andf15

2.3.2 Chemicals and reagents

2.3.2.1 HO, treatment on MES-13 cells
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MES-13 cells were seeded in a 6 cm cell culturéepleth 3 x 10
cells/plate and incubated in M199:F12=3:1 compte¢elium for one day,
then were replaced by serum-free medium (M199:F1D=3and
incubated for another 2 Days. After 30 min of O,u&0 or 40 uM H,0,
stimulation, the secreted and cellular proteins eweollected for
immunoblotting analysis. To confirm the role of,(4 in sCypA
upregulation, mesangial cells were treated for 80 with 20, and 40M
H,0, and 300 U mf" catalase (Sigma, St Louis, MO, USA) at the same
time as described previously[46]. Catalase is titagonist to KO, and
this procedure aims at identifying the role of s&yyhile mesangial cells

are under free radical.

2.3.2.2 Glucose treatment on MES-13 cells

To test the response of high glucose concentratdigS-13 cells
were seeded in a 6 cm cell culture plate with ®%cklls/plate and were
incubated in M199:F12=3:1 complete medium for omg. drhen they
were replaced by serum-free medium (M199/low glacé4.2=3:1) for 2
Days. The cells were incubated in the serum-frediunes which were
then supplemented with 10, 25, and 50 mM of glucd$e procedure
was referenced from previous study[46]. After O, @dd 48 hr of
treatment, the secreted cellular proteins were ecwt for

immunoblotting analysis. We also repeated the 25 ghhdose treatment
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procedure with and without Linagliptin managemdntl0, and 100 nM).
Then the secreted cellular proteins were colled¢tedimmunoblotting
analysis. This test was used to determine whetheagliptin would
counteract the effect of glucose. For time depenhds@mination of
Linagliptin on MES-13 cells, we seeded MES-13 ceils5% FBS
medium for one day, then shifted to 0% FBS mediomtivo days, and
shifted again to 25mM glucose + 0.5% FBS medium.thBthe
experimental (Linagliptin) and the control groupMBO) were set to rest
for 8 and 24 hours and we collected the proteinVilesstern blotting. In
order to verify a time dependent factor of Linaghpwe treated MES-13
cells by 25mM glucose, with and without Linaglipfor 8 and 12 hours,

and then collected the protein for Western blotting

2.3.2.3 Linagliptin effect on MES-13 cells

For the study of sCypA expression in glucose tedfiE=S-13 and
rescued by Linagliptin, the protocols were as foHo Linagliptin
(5mg/tab, BI-1356, film-coated tablet) and a pureowger
(WO2013098775 Al,
1-[(4-Methyl-quinazolin-2-yl)methyl]-3-methyl-7-(Butyn-1-yl)-8-(3-(R)
-amino-piperidin-1-yl) xanthine) were sponsoredHly Lilly Company.
The film-coated tablets of Linagliptin were dissadvin water for animal

experiments and the pure powder form was dissolvedimethyl
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sulfoxide (DMSO) for cell experiments. Firstlyy, MHES3 cells were
seeded in a 6 cm cell culture plate with 3 X t@lls/plate and were
incubated in M199:F12=3:1 complete medium for oag dhen culture
media were replaced by serum-free media (M199/lmeasge: F12=3:1)
for 2-day glucose starvation. Then on day 4, thks egere incubated in
the media with 25 mM glucose and 0.5% FBS as hlghoge condition
for 16 hours and the procedure was performed acwptd the protocol
described in a previous study[46]. After that, DM&@ntrol group), 1
nM Linagliptin, 10 nM Linagliptin, or 100 nM Linagitin were applied
to the cells for 8 hours to determine the effedtiofgliptin. The secreted
cellular proteins were collected for immunoblottingalysis. After the
preliminary data showed that 10 nM Linagliptin dalock the secretion
of CypA. For the time-dependent examination of gifatin on MES-13
cells, we seeded MES-13 cells in 5% FBS mediumofoe day, then
shifted to 0% FBS medium for two days, and shiféggin to 25mM
glucose + 0.5% FBS medium. Cells were then treatigél DMSO (as
control group), and 10 nM Linagliptin for 12 and BRéurs. After the
above treatments, the cell lysates and secretddlareproteins were

collected for Western blotting analysis.

2.3.2.4Glucose treatment on HK-2 cells

HK-2 cells were seeded in a 6 cm cell culture plaith 3 x 10

23



cells/plate and were incubated in DMEM/F-12 1:11dmam (10% FBS)
for one day. Then the medium was replaced with B% Fow glucose
DMEM medium for 3-day glucose starvation. Initialkye tried to the
expression of sCypA after glucose treatment. OnStheay, we treated
HK-2 cells with 0, 10, 25, and 50 mM glucose andleated cell lysate
for Western blotting. The Western blotting reveatbé expression of

sCypA.

After the above confirmation, on th& Hay, HK-2 cells were treated
with 35 mM glucose or 5 mM glucose for 30 minutesl antracellular
proteins were collected to determine the expressfqnp38 by Western
blotting analysis. We also treated HK-2 cells wgs mM or 5 mM
glucose for 12 hours and 24 hours to collect egthalar protein to
determine the expressions of TaFand sCypA by Western blotting

analysis.

2.3.2.5 TGR1 treatment on HK-2 cells

HK-2 cells were seeded in a 6 cm cell culture plaith 3 x 10
cells/plate and were incubated in DMEM/F-12 1:11dmam (10% FBS)
for one day. Then the medium was replaced with B% Fow glucose
DMEM medium for 3-day glucose starvation. On tieday, we treated

HK-2 cells with or without 5 ng/ml TG (Recombinant human TGE
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(R&D Systems, Minnesota, USA)). After 30-minute atreent, we
collected intracellular proteins to determine thx@ression of p-p38 by
Western blotting analysis; after a 24-hour treatimmewe collect
extracellular proteins to determine the expressainsCypA by Western

blotting analysis.

2.3.2.6 CypA treatment on HK-2 cells
HK-2 cells were seeded in a 6 cm cell culture plaith 3 x 16

cells/plate and were incubated in DMEM/F-12 1:11dmam (10% FBS)
for one day. Then the medium was replaced with B% Fow glucose
DMEM medium for 3-day glucose starvation. On tfeday, we treated
HK-2 cells with 1 nM or 10 nM CypA. After 30-minuteeatment, we
collected intracellular proteins to determine thx@ression of p-p38 by
Western blotting analysis; after a 24-hour treatmewe collect
extracellular proteins to determine the expressanBEGH31 by Western

blotting analysis.

2.3.2.7 Western blotting

Western blot reagents were obtained from PierceKfeod, USA).
Primary antibodies included polyclonal anti-cycloph A (1:5000,
Millipore, MA, USA) , anti-TGPB1 (1:1000, Gene Tex, Irvine, CA),

anti-p38 MAPK (1:1000, cell signaling, Danvers, MAand B-actin
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(Sigma, MO, USA). All other chemical supplies weaequired from
Sigma (St Louis, MO, USA). Protein extraction frd#iK-2 cells after
treatment with different concentration of D-gluco&igma, St Louis,
MO, USA), TGHB1 (PeproTech, NJ, USA), CypA (Enzo Life Sciences,
Inc) and Western blot analysis were performed asscridzed

previously[47].

2.3.2.8 Immunofluorescence staining for CD147

CD147 (also known as Basigin, or extracellular matr
metalloproteinase inducer (EMMPRIN)), is the memleraeceptor for
sCypA. To detect CD147, 80% confluent HK-2 cell véeeded on the
cover glass coated with 1IN HCIl. The cells were egpoin CypA
recombinant peptides (Enzo Life Sciences, Inc) X0rminutes (O, 1,
10nM), then washed with PBS, fixed in 4% parafodealde in PBS
(pH=7.4) for 20 minutes at room temperature. Afteveral washes with
PBS, cells were blocked with 5% FBS, 20ug/ml RNase PBST (0.2%
Triton X-100, PBS) for 1 hour at room temperatubhe, reacted overnight
with anti-goat polyclone EMMPRIN antibody (1:100ution in PBST;

Santa Cruz) at’@. After several washes with PBS to remove primary

antibody, slides were incubated with 488-labelezbedary antibody and
propidium iodide for 1 hour at room temperatureteAfseveral washes

with PBS, slides were mounted with mounting solutand fluorescent

26



iImages were obtained using a Zeiss LSM 510 confosatoscope. In
addition, in order to observe the expression of £Dafter the treatment
of TGH1 (5 ng/ml), HK-2 cells were exposed in TFprotein for 10
minutes or 24 hours. HK-2 cells without T&Ftreatment were taken as a

control.

2.4 Statistical analysis

The results from Western blot were expressed as1mie8EM. The
suitable cutoff value for the sCypA and 8-OHdG rme at the 8th week
were analyzed using ROC curve to determine thear@ptsensitivity and
specificity of the ROC curveChi Square test was used to differentiate the
two examinations. All statistical procedures wemrf@rmed using the
SPSS statistical software package, version 17.0cégh, IL, USA). A

value of P < 0.05 was considered statistically ifigamt.

3. Results
3.1 Human study and cellular study
3.1.1 Baseline Characteristics of Cohorts

A total of 100 DN patients and 20 healthy contrabjects were
enrolled in this study (Table 1). The DN patientgrev categorized
according to their stages of DN with matched baaitables. The control

individuals were healthy subjects without any meti@bsyndrome or

27



medical drug treatment. Among all 100 DN patierttere were no
significant differences in gender distributiop=0.553), age @=0.469),
fasting sugarpg=0.403), glycated hemoglobip<0.352), total cholesterol
(p=0.447), triglyceride g=0.324), or low density lipoprotein cholesterol
(p=0.199). Prevalence rates of other metabolic syndsoand CVD were
both similar, including hypertensionp<0.668), stroke E=0.480),
coronary artery diseasep=0.724), heart failure pE0.712), aortic
aneurysm (=1.000), and hyperlipidemigp£0.075). All included drugs
were matched (except metformin) as well, such asEIA®r
ARB(p=0.144), insulin =0.625), DPP4i ¢=0.710), sulfonylurea
(p=0.276), dipyridamolep=0.740), pentoxifylline §=0.121), and statin
(p=0.095). It was not possible to match the usagaeiformin because it
Is contraindicated in advanced DN. Among all theibaharacteristics, it
was difficult to match duration of DMp€0.009) because progression of
DN is highly time-dependent. Patients with moreeseVDN had higher
serum creatinine (SCrp€0.001), lower GFRp<0.001), higher albumin
creatinine ratio (ACR) [<0.001), and higher urinary CypAs<0.001).
Taken together, all basic variables were matchedeg@ metformin), and
with later stage of DN, patients had worse renacfiwn parameters,
including SCr, GFR, and ACR. Importantly, the camtcations of urinary
CypA were statistically different among the diffetestages of severity of

DN.
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3.1.2 Correlation between urinary CypA and other ahical variables
Because some variables are clinically associatéunenal functions,
we performed univariate analysis to verify the aggons between these
variables and urinary CypA (Table 2). Our analysilowed that if
patients did not use metformin, the concentratibarmary CypA would
increase by 3.281 ng/ml (Figure 1A). The concemmabdf urinary CypA
increased by 0.395 ng/mL for each 1 mg/dl increds@Cr. With each 1
ml/min decrease in GFR, the concentration of uyir@ypA increased by
0.030 ng/ml. Without proteinuria, the concentratioh urinary CypA
decreased by 3.095 ng/ml (Figure 1B). Even thouggret were no
statistically significant differences among thefalént stages of CKD
(Figure 1D), there seemed to be a trend of inangasiinary CypA in the
later stages of CKD. Also, there was a trend ofargurinary CypA in the
group with GFR less than 60 ml/min per 1.73 m2 @®gared with the
GFR group with more than 60 ml/min per 1.73 m2 (iFeglC). For each
1mg/g increase in ACR, the concentration of urin@gpA increased by
0.001 ng/ml (Figure 2A and table 2). All of the abmentioned variables
were renal function-related or renal function-dejent. In summary, the
concentration of urinary CypA correlated well withe progression of

renal function in DN patients, based on the album&ibased model.

3.1.3 Urinary CypA correlated with the severity ofDN stages
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The relationship between urinary CypA and ACR amammarized in
figure 2A. The R square was 0.054 with a statilyicaignificant
correlation between urinary CypA and ACR. Moreowee, analyzed the
correlation of urinary CypA among all 6 groups,lutting five stages of
DN. The concentrations of urinary CypA were nofatént between the
control group and stage 1 of DN (p=0.117) (FiguB). However, with
progression of DN, urinary CypA significantly inased in stage 2 DN
compared to that in stage 1 DN (p=0.012). Most irtgudly, the
concentration of urinary CypA increased as DN dageogressed
(p=0.003, <0.0001, and 0.005 between stage 2 arsfa8es 3 and 4,
stages 4 and 5, respectively). Consistently, coatpto patients with DN
stage 1, the CypA concentrations in patients wikh §dages 2 to 5 were

significantly increased (p=0.006) (Figure 2C).

3.1.4 Diagnosis of silent stage of DN via urinary YpA

Since the concentration of urinary CypA signifidgnincreased in
stage 2 DN (silent stage) and it persistently iaseel significantly with
the progression of DN, we performed an analysisthed receiver
operating characteristic (ROC) curve (Figure 3). r Oanalysis
demonstrated that when the concentration of uri@agyA was more than
0.7250 ng/ml, we could diagnose the silent stageMfwith a sensitivity

of 90.0% and specificity of 72.7%. The area undewve (AUC) was up
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to 0.85, indicating that the use of urinary CypA thagnosis of silent

stage of DN had a moderately good discriminatomygro

3.1.5. Secreted CypA in mesangial cells treated it high
concentration of glucose or free radicals

At the microscopic level, there are three majotahigjical changes
in the glomeruli in DN: mesangial expansion, gloat@r basement
membrane thickening, and glomerular sclerosis[Z6]hyperglycemic
state stimulates mesangial cell matrix producti@p@nd mesangial cell
apoptosis[28]. Hence, we examined whether sCypA sesseted from
mesangial cells following high glucose treatmerg.shown in figure 4A,
glucose increaseslCypA level in a dose-dependent manner (10, 25, and
50 mM). Statistical analysis showed that the insedaexpression of
sCypA was found at 25 mM vs. control (p=0.037), &0dnM vs. control
(p=0.037). Expression of sCypA was much higherGatrtv vs. 10 mM
(p=0.018) (Figure 4B). Meanwhile, it is known tHROS also plays an
important role in DN. NADPH oxidase-mediated refR{DS promotes
mesangial expansion and albuminuria[48]. We fourat the expression
of sCypA was significantly increased after 20 orydd H,0, treatment
for 30 minutes (Figure 4C). Quantitative assessms@oived that either
20 uM or 40 uM H,0O, treatment significantly increased the expression of

sCypA, which could be reversed by 300 U/ml of cegal (scavenger of
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free radicals) (Figure 4D), which was used to ceratt the effects of
H,O.. It is worth noting that all the experiments weagefully performed
with proper controls to eliminate CypA releasedniraell death. Taken
together, free radicals or high concentrations locase stimulate the
secretion of CypA from mesangial cells, suggestimaf there is a link

between sCypA and pathogenesis of DN.

3.1.6 Secreted CypA released from HK-2 cells uponigh glucose or
free radical treatment

Mesangial cell injury is the classical expressidnDdN, but recent
studies suggested that DN is also a tubular disdaady changes in
tubular epithelial cells may be an essential fagtothe development of
progressive kidney diseases[49]. HK-2 cells, hurRdiC, have been
used as a cell model to study tubular diseaseseldre, Western blotting
was used to disclose the expression of sCypA wigeresrious
concentrations of glucose and,® were applied to HK-2 cells. As
expected, different concentrations of glucose 28),and 50 mM) could
effectively increase the expression of sCypA (FegbA), indicating that
hyperglycemia can also induce sCypA release frobular cells. In
addition, either 2QuM or 40 uM H,0O, treatment significantly increased
the expression of sCypA, which could be reversed3B9® U/ml of

catalas€Figure 5B).
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3.2 Animal study
3.2.1 Effects of Linagliptin on the physiology of nte with DM

Since thedb/db (Lepr™) mouse model of leptin deficiency is
currently the most reliable and widely used mousenfodeling type 2
DN[50], we treated botdb/db anddb/m mice with Linagliptin to observe
the effects of Linagliptin on DN. All three group&db/db mice exhibited
the classical manifestations of DM: increased ampéigure 6A), thirst
(figure 6B), urinary frequency (6C), and weightg(fre 1E). However,
regardless of treatments (3 mg/kg/day or 15 mgAy/of Linagliptin),
the blood sugar in all three groups remained thmaes#figure 6D).
Therefore, we hypothesize all findings were indejgen from

glucose-lowering.

3.2.2 Secreted CypA as an earlier indicator than &HdG for DN and
their associations with Linagliptin

Urinary 8-OHdG is a reliable and early marker of reactive oxiati
stress (ROS) and DN because it can represent DNvagla in early
DN[51]. The expression of 8-OHdG in the urine a 8th week in the
db/db was increased significantly compared to thatiwm (p=0.026).
This result could be suppressed by administeriag 15 mg/kg/day of
Linagliptin (p=0.018 and p=0.028 respectively, figu7A). The

expression of 8-OHdG in thelb/db at the 20th week increased
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significantly compared to that ido/m (p=0.018), but it could only be
suppressed by a high dose (p=0.047) rather than(pew.175) (figure
7B). In summary, we were able to detect the expesef 8-OHdG
starting from the 8th week up to 20th. The receivmerating
characteristic (ROC) curve is shown in supplemgntiata (figure 8A).
On the other hand, the sCypA in the urine at tlevBtek in thedb/db
increased significantly compared to thatdbfm (p=0.006), and it could
only be suppressed by high-dose Linagliptin (p=6)Otather than
low-dose (p=0.050) (figure 7C). The expression Gf®A in the urine
from the 20th week in thdb/db also increased significantly compared to
that of db/m (p=0.019), however, the sCypA expression could lmot
suppressed regardless of high- or low-dose of Liptg (p=0.773 and
p=0.149, respectively) (figure 7D). Similarly, weskg able to detect the
expression of sCypA starting from the 8th up tdh20the ROC curve for
sCypA is shown in supplementary data (figure 8B). dontrast to
8-OHdG, however, a much higher dose of Linagliptias needed to

suppress the expression of sCypA at the 8th week.

3.2.3 Histological evidence of CypA in DN at the 20 week
The IHC staining for CypA was significantly increasin thedb/db
(figure 9B) compared tdb/m (figure 9A) in glomeruli, and the increased

expression could be reversed by low-dose Linaglighgure 9C) and
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further reversed by high-dose Linagliptin (figur®)9 All data were
quantified in figure 9E. The data clearly indicéitat a higher level of
CypA exists in the mesangial area of glomeruli iN @Rompared to
non-DN. In addition to IHC staining over glomerulnhere is increased
IHC staining for CypA over peri-glomerrular tubulesthedb/db (figure

10B) compared tdb/m (s figure 10A).

3.2.4 Linagliptin's effects on clinical markers ofDN

The hyperfiltration and albuminuria are landmars®N[40]. At the
20th week, the Ccr (creatinine clearance) increasethe db/db group
compared todb/m (p=0.034)(figure 11A). The hyperfiltration coula b
inhibited by both doses of Linagliptin (p=0.021 gwD.014 respectively)
(figure 11A). On the other hand, albuminuria cobé&reduced at the 8th
week at a low dose (p=0.045) or high (p=0.046) ufilg 11B).
Albuminuria was not reduced at the 20th week, evieh a high dose of

Linagliptin in thedb/db (p=0.347)(figure 11C).

3.2.5 Linagliptin's effects on pathological finding of DN at the 20th
week

TGH31 is a pivotal mediator in the pathogenesis of Irébheosis[52].
Microscopically, the IHC staining for T@&E in glomeruli increased in

the db/db group compared tdb/m (figure 12B vs. 12A). The increased
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glomerular staining in thdb/db (figure 12B) could be reversed by low-
and high-dose Linagliptin (figure 12C and 12D). Alta are quantified
in figure 12E. These results suggest that Linagligian reduce the
expression of TGFL in glomeruli from DN. Increased TQE staining
around peri-glomerular tubules can be detectetenlt/db (figure 13 B)
compared todb/m (figure 13A). However, the expression of TEF
cannot be relieved by low (figure 13C) or high daseagliptin (figure
13D). These persistent increased stainings ofpfllGfound tubules in all
threedb/db groups supported that very limited effect of Lilaign on

tubules because only 3-5% Linagliptin will enteloutar cells[53].

3.3 Cell study
3.3.1 Effects of Linagliptin on expressions of sCypon MES-13

In our previous cell studies, oxidative stress layjgerglycemia could
stimulate MES-13 and HK-2 cells to secrete cyclophA[54]. To
understand whether Linagliptin affects the expmsf sCypA in the
cellular model, MES-13 cells were treated with hgificose to stimulate
sCypA under different concentrations of Linagliptur results showed
that Linagliptin successfully inhibited the expriessof sCypA in cells
treated with 25 mM glucose in all three differennhcentrations (1, 10,
and 100 nM) (figure 14A). Under the same glucoseceatration (25

mM), the 10 nM Linagliptin treatment was able thibit the expression
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of sCypA for 8 hours with statistical significan@e<0.001) (Figure 14D).
The effect could last for 12 hours (figure 14C)t lulonger treatment
time of up to 24 hours diminished the effect (fgu4B). These findings
therefore indicate that Linagliptin certainly cowddt as a rescue reagent
for MES-13 cells under hyperglycemia by reducing/@& production.
Since only 3-5% Linagliptin will enter tubular cgb3], we did not verify

effects of Linagliptin on expressions of sCypA iK42 cells.

3.3.2 Molecular pathway of sCypA related DN

Since sCypA can regulate p38-MAPK signaling[55], hyg@othesize
that p38-MAPK is also involved in sCypA-related DMistead of
MES-13, we chose HK-2 cells because of the follgmeasons. Firstly,
p38 MAPK signaling pathway was associated with RNHK-2 cells[56].
Secondly, receptors of sCypA, CD 147, are mostyrithuted over HK-2
cells[57]. After treating by high glucose on HK-2ells, the
phosphorylated-p38 (p-p38) increased in Westerttiip (figure 15A).
The increased expression of TEFcould be detected earlier (12 hours)
compared to the increased CypA after a relativelygér duration (24
hours) (figure 15B). All were quantified in figudbC for p-p38, figure
15D for TGH1 (12 hours) and figure 15E for sCypA (24 hoursiteA
treating by TGB1, the expression of p-p38 and sCypA both increased

(figure 16A). Nevertheless, after treating by CypRe expression of
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TGH31 did not increased (figure 16B), but the expressid p-p38
increased (figure 16C). Quantified data after tieattment of TGB1 are
shown in figure 16D for p-p38 and figure 16E forypB. Quantified data
of p-p38 after the treatment of CypA is shown igufie 16F. Taken
together, our data indicate that hyperglycemia ceduthe secretion of
TGH31 from HK-2 cells. Also, TGF1 stimulated the secretion of CypA,

which may then result in the increment of p38-MAPK.

3.3.3 Secreted CypA and its receptor (CD147) on HR-cells via
confocal microscopy

CD147 is a membrane receptor for sCypA and is maldtributed
in the cytoplasm[57]. CD147 is mostly concentratedhe PTEC[58].
Without any treatment, the CD147 is mostly distrdalin the cytoplasm
(figure 17A). After being treated with CypA (1 nNhr 10 minutes, the
cytosolic CD147 moved toward cell membranes and dbwetours of
HK-2 cells could be identified (figure 17B). Aftéurther high dose of
CypA treatment (10 nM) for 10 minutes, almost ahwurs of HK-2
cells could be seen clearly (figure 17C). On theepthand, CD147 was
mostly distributed in the cytoplasm (figure 17DjhEre was no treatment
of TGH31. After treatment of TGFL for 10 minutes, the distribution of
CD147 was mainly in the cytoplasm (figure 17E). leoer, after 24

hour- TGH1 treatment, the cytosolic CD147 moved toward cell
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membranes (figure 17F). In summary, CypA was capabimmediately
stimulating cytosolic CD147 of HK-2 cells to moveward the cell

membrane while it would take 24 hours for T&2Ro do so.

4. Discussions
4.1 Current clinical marker for DN is not good enowgh

The current clinical markers for DN are GFR androatbuminuria.
SCr is routinely measured for GFR, which can bedusestage CKD
regardless of DM association. Since all renal dissawill progress to
CKD and the cause and progression of CKD are hg¢eeous, every
cause related to CKD should theoretically have atgn staging or
detection criteria. Specific markers allow physisdo target and treat the
definite cause, thereby potentially preventing Hart renal function
deterioration. Albuminuria or proteinuria is thepiiyal marker used for
staging DN progression. However, it has becomeestithat there exists
a subpopulation of patients with discrepant classibns of DN
(albuminuria-based) and CKD (GFR-based)[8-10]. &fme, some
committees are trying to develop a new classificatiof DN[59],

combining both GFR and albuminuria systems.

4.2 Urinary CypA as a new marker for DN

In this study, we measured renal function parametand
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demonstrated that urinary CypA was significantlgasated with SCr,
GFR, proteinuria, ACR, stages of DN, and stage€kbD. In addition,
either GFR-based or albuminuria-based classifinatiof DN correlated
significantly with urinary CypA. When comparing fdifent stages of DN
or CKD, there was only a trend of higher CypA igher CKD stages, but
truly statistically significant difference existednong the different DN
stages. This finding supports the notion that ugin@€yA is better
correlated using the albuminuria-based classiboatwhich is the better
and earlier detection method for monitoring DN camnga with the
GFR-based system in clinical practice. Although #ifleuminuria-based
system is better than GFR, it is far from ideal onumber of reasons.
First, increased albuminuria is actually a reldyiate manifestation of
early-stage DN, so it is not sensitive enough teatesarly stages of DN.
Second, only one-third of patients with microalbnuaria present with
persistent macroalbuminuria according to one cohstuidy[60],
indicating a poorpredictive power for outcome of DN. Third, some
patients have renal pathological changes withogtaalbuminuria [61].
Finally, albouminuria is not specific enough for DOdé¢cause it can be
detected in other non-DM related nephropathy, saghetinopathy and
congestive heart failure[62]. Therefore, urinary p8y could have

enormous value as an earlier marker than albunairfariidentifying DN.
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4.3 Urinary CypA for diagnosing early DN with goodsensitivity and
specificity

In this well-matched cohort of DN patients, urin&ypA correlated
well to the different severity of DN according teetalbuminuria-based
classification. Compared with the control groupinary CypA indeed
increased significantly in stage 2 DN and this @ase persisted
throughout the later stages. The increment was mmmificant with
worsening DN stage. In stage 1 DN, kidneys becontated and
glomerular capillary hydrostatic pressure increasedN[63]. There was
a hemodynamic change without any ultrastructureoabality. Stage 2
DN is a silent stage but, to date, no useful marKer detection have
been identified. No microalbuminuria can be measumneclinical practice.
However, hyperglycemic effects are initiated irsteiage. The glomerular
basement membrane becomes thicker, followed by remmease in
mesangial volume, and interstitial expansion[4(Qje Tabove structural
changes do not become significant until stage 3 IDstage 2 DN could
be detected early, intensitsod sugar monitoring, timely diet restriction,
and exercise education would be useful to avoidthéur silent
deterioration of DN. In this study, we propose taahary CypA can be
used as an early marker for identifying stage 2Vt a high sensitivity
(90%) and high diagnostic power (AUC=0.885). Datectof urinary

CypA is also very convenient because it is nonsnxe& Now that urinary

41



CypA appears to be capable of identifying DN in $lient stage, perhaps
the term “silent” can be considered redundant. nneatensive review
conducted by Lee et al[64], urinary CypA was notntimmed as a
potential biomarker for DN. This is the first stutdyuse urinary CypA in
early DN detection. CypA was mostly studied in CeBd lung or liver
injury[22]. Asthma and RA are associated with thisw marker[20].
According to an extensive review of CypA in humaisedse[24], its
association with DM was only mentioned once by Ramadran et
al[25]. They examined proteomic profiling of high glucosemed
monocytes, and found that CypA could be a potes&atetory marker of
inflammation in type 2 DM[65]. The present investign is the third
study to identify a correlation between CypA and DMirthermore, this
is the first study to verify the association betweginary CypA and DN

with strong statistical significance in this wekgigned human cohort.

4.4 Urinary CypA for diagnosing DN compared to othe markers in
clinical practice

It has been noted that wurinary podocalyxin[66] and
podocalyxin-positive element[67], which increasésrgpodocyte injury,
could be useful as new biomarkers for early DN. o, podocalyxin
also increases in other diseases with podocyteyije], including IgA

nephropathy, focal segmental glomerulosclerosis, mibmanous
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nephropathy, and lupus nephritis, indicating th@ary podocalyxin is
not specific to DN. In addition, urinary podocalyxilevel or

podocalyxin-positive element were not reported darly detection of
stage 2 DN. Moreover, another biomarker, urinafyABP, expressed in
the proximal tubules of the human kidney, was rdgefound to be

associated with DN[68]. L-FABP increased in a stsgwmanner with
progression of DN[11]. In a study of type 1 DM[68Q}jnary L-FABP was

an independent predictor of progression of DN peesive of disease
stage. The AUC to predict the progression to stadEN by measuring
both urinary L-FABP and urinary albumin was up t@8®. In another
study of type 2 DM[70], when the urinary L-FABP &was more than
8.4 ug/g creatinine, clinicians could predict the pragien of DN to

stage 3 DN with a sensitivity of 0.700 and spettifiof 0.781. Compared
to L-FABP as a marker for predicting stage 3 DNpany CypA is the

first marker to be proposed for predicting progi@ss$o stage 2 DN with
a much higher sensitivity (0.900 vs. 0.700) andidarAUC (0.850 vs.
0.786). In a recent extensive review of urinaryniaokers for early DN
beyond albuminuria[64], it was found that all okétktudied biomarkers
were limited to predicting microalbuminuria (stag§)®N). Therefore, our
data demonstrate that urinary CypA may have vadug movel biomarker

for predicting DN as early as stage 2.
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4.5 Origins in the kidney of urinary CypA: mesangid cells and PTEC
In kidneys, CypA is mostly distributed in tubule®llowed by

glomeruli[21]. Therefore, it is reasonable to hyypesize that urinary
CypA could be secreted by tubular cells or mesancgds. Because
mesangial matrix expansion is a typical patholdgiicaling of DN[26]
and a high glucose state evokes an intrinsic praagio signaling
pathway in mesangial cells[28], we first studied #xpression of sCypA
from mesangial cells. As shown in figure 4, theeswa significant release
of CypA following glucose or free radical treatmeven though DN has
been traditionally considered as a glomerular disgmcreasing evidence
has shown that renal dysfunction correlates eaaherin association with
the degree of tubular injury[71]. A novel mechani$on albuminuria
from PTEC revealed that tubular epithelial celluingj occurs relatively
earlier than glomerular injury. There are many cblkimes released from
PTEC which stimulate certain physiological signated whose effects
culminate in progressive tubular injury, intersgtitinflammation, and
fibrosis in DN[72]. Therefore, we next examined wWiexr CypA can also
be secreted by tubular epithelial cells as wellfignre 5, after treatment
of HK-2 cells with various concentrations of glueosr free radicals,
sCypA was clearly increased in the conditioned on@diln the cell study
using MES-13 and HK-2 cells, our results demonstrahat CypA was

secreted after glucose or free radical stimulatiadicating that CypA
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could be secreted by either mesangial cell or PiFE&Curine in early DN.
Our results are consistent with those of previowslies that showed
earlier renal dysfunction was associated with tabchange[71, 72] and
the later but typical change was related to mesémgil dysfunction in

the glomerulus[27, 28]. Therefore, sCypA could lbasidered as both

tubular and mesangial cell injury markers in DN.

4.6 Urinary CypA is a better, much stronger and edrer markers of
DN compared to 80OHdG in animal models

In the DN animal model, our results demonstrate atthough both
sCypA and 8-OHdG are early indicators for DN, sCygAa better
indicator than 8-OHdG. Firstly, we compared theeaktfor which the
value of the indicator has increased at the same.tA 12.7 folds of
increase [(6656.1pg/day) / (523.1pg/day)] of sCyjmhcentration at the
8th week in thedb/do compared to 1.7 folds [(11.62ng/day) /
(6.83ng/day)] of 8-OHdG concentration also suggestat sCypA is a
more sensitive and specific indicator than 8-OH@®. usedChi square
to examine the ROC curve for sCypA (figure 8B) a&lx@®HIG (figure
8A), and they differed statistically (p<0.0001) fdragnostic power.
Secondly, the sCypA detected at the 8th week isaaly marker for DN
since the blood sugar in tlle/db began to rise slightly from the 4th week

to the 8th (130 + 4 mg/dL and 175 = 29 mg/dL resipety) [73]. This
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period of time corresponds to the duration of eathge DN when
mesangial matrix expansion is still not detectahbieroscopically. The
early-stage DN is characterized by hyperfiltratioasulting in a mere
increase in 23% of glomerular surface (eg. hypphyocor hemodynamic
hyperfiltration) [74]. Hence, urinary sCypA is ararly DN marker
because there is an obvious increase of sCypledtthweek when there
are few pathological changes. On the other haral,rtbreased sCypA
should not be considered as a general effect dugcteased proteinuria
in the db/db mice, because among the 4 groups of mice, theeenega
significant upsurge in albuminuria at the 16th weeknpared to that at
the 8th (p=0.059, 0.064, 0.400, and 0.203 in nurakwrder). Our data
are consistent with previous reports that albuni@nor proteinuria was
not the variable to represent the severity of DNthe db/db and
db/m[74-77]. According to the above reasons, we belithag urinary
SCypA is a much earlier and stronger maker thanH8® for DN.
Consistently, the increased IHC staining for Cypaswalso detected in
mesangial cells (figure 9B vs. 9A; 9E) and tubulells (figure 10B vs.
10A) in DN. The above findings in animal models alleconsistent with
our previous human study that human urinary CypAlma detected since
stage 2 DN[54]. Thus, we conclude that urinary sCgpuld possibly be

a much stronger and earlier factor involved in cagi®N.
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4.7 Renal protection of Linagliptin is associated #h TGFg1 and
sCypA

Significant protective role of Linagliptin on renfainction are similar
to the previous report that renal protection ofdglptin is associated
with TGR31[78]: Linagliptin can interfere with the conversiof latent to
active TGFBl and downstream fibrotic markers[78]. We also
demonstrate that the increased staining for Cypglameruli of DN can
be reduced by Linagliptin (figure 12), which suggeghat renal
protection of Linagliptin may be associated withpByin glomeruli.
Furthermore, it may be independent from tubulalsdetcause less than
5% Linagliptin entered the tubules[53]. Besides,psstulate that sCypA
may be a stronger pathological factor than tha8-@HdG. At the 8th
week, Linagliptin could suppress 8-OHdG at a lowalbut suppression
of sCypA required a high dose. Similarly, high dageLinagliptin was
able to suppress secretion of 8-OHdG but not sCgpthe 20th week.
The more pathogenic marker, sCypA, could existoughé 20th week and
could not be suppressed by high dose Linagliptims s also an indirect
evidence that sCypA has stronger pathogenic eftecfSN than 8-OHdJG.
It is worth noting that renal protection of Lingglin exists in this animal
study independently from glucose loweririlure of glucose lowering

by Linagliptin was similar to previous research8s[39, 80].
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4.8 Renal protection of Linagliptin is independent from
glucose-lowering effect and located on glomeruli

The control of blood sugar was sustained early Vid#P4i in the
animal model ofdb/db. Nonetheless, progression of insulin resistance
(persisted increased body weight) appeared to kloekmprovement of
glucose tolerance through DPPA4i. Linagliptin isntledfective in only the
early stage of type 2 diabetes[79]. Other reasoth® discrepancy of the
blood sugar values obtained before and after 8-weslagliptin
treatments is that the db/db developed frank hypeggiia (175 = 29
mg/dL at the 8th week of age and 283 + 77 mg/dthat10th)[73]. We
highly suspect an unrestricted diet (figure 6A)dieg to the increased
weight gain (figure 6E) which also caused poor dlsagar control after
the 8th week. We believe that one cannot rely merelmedication when
treating diabetes. A restricted diet to preventesgo/e weight gain is as
important as prescription drugs, as reported instuely conducted by
Ishibashi et al[81] where thdb/db mice were fed with two feeding
methods: standard chow twice a day and ad libittm.shibashi's
study[81], they raised mice with two feeding methadhich gave 3.2
g/day or 5 g/day of food at the 12th week. The ltegubody weight was
29.8+0.7g vs. 42.6£2.9 g respectively. DPP4i faitedcontrol blood
sugar in the db/db mice receiving chow ad libituetduse of glucose

toxicity and lipotoxicity[81]. In contrast, our sty did not limit food
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intake for all threedb/db groups. Compared to the Ishibashi's study, all
our 3 groups of db/db at the 12th week weightedem@9.9+0.64qQ,
50.2+0.47g, and 50.2+7.529). As it was also obskmdshibashi's study,
the body weight in our db/db mice remained highardtgss of DPP4i
treatment. However, DPP4i can achieve fair blogghsgontrol in human
because unlimited weight gain is less likely. Iastingly, we could
observe the renal protection effect of Linagliptmependently from its
glucose lowering effect. Moreover, the similar weigain among all 3
db/db groups was consistent with the clinical fmgdithat DPP4i plays a

neutral role in body weight in diabetic patientd[82

In addition, our results are consistent with a mécgudy regarding
DPP4-deficinecy in an animal model[83]. Firstly,rdindings suggest
that the main effects of DPP4i were on glomerulithwess effect on
tubules, which are similar to the effects of DPRfialency on expansion
of glomerular area and albuminuria reported by MafE et al.[83].
Secondly, Matsui Et al. also found that increased 8-OHdG levels in the
kidneys were suppressed significantly in DDP4-defitrats. Our study
echoed their finding. Thirdly, Matsui & al. demonstrated that decreased
Advanced Glycation End Product (AGE)-Receptor fad6E#s (RAGE)
axis in the genetically DPP4 deficiency rats preddenal protection

even though the fasting blood glucose was simitaDN rats with or
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without DPP4 deficiency. In our study, Linagliptin reduced the increment
of glucose-stimulated CypA without lowering fasting blood glucose. Both
the internal (genetically DPP4 deficiency) and external (Linagliptin
treatment) mechanisms resulted in less DN through less glucose toxicity
(lower AGE-RAGE axis and lower glucose-stimulate CypA secretion,
respectively), supporting the notion that the effects of renal protection
from blocking DPP4 are the results from decreased glucose toxicity

without lowering blood glucose,

4.9 The interplay of sCypA may be a paracrine for MES-13 and an
autocrine for HK-2 cells.

We showed pathological evidence of strong positive staining for
CypA over mesangial cells in glomeruli (figure 9B) and peri-glomerular
tubules (Supplementary figure 10B vs. 10A). Typically, findings of DN
are focused on mesangial cells in glomeruli. However, early changes in
PTEC may be an essential factor in the development of progressive
kidney diseases[72, 84, 85]. Based on our previous study[54],
hyperglycemia stimulated both mesangial cells and PTEC to secret CypA.
This finding is compatible with the distribution of CypA staining in the
db/db mice. To this end, we propose that there is interplay between PTEC
and mesangial cells, and sCypA is associated with this relationship.

Secreted CypA is associated with inflammatory or infectious diseases[24],
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especially in CVDI[23, 65]. It is considered as a new promising target in
cardiovascular therapy[23, 65]. ROS inducers, including angiotensin I,
stimulate CypA secretion from vascular smooth muscle cells. The sCypA
activates ERK1/2 and promotes ROS production, thus augmenting the
full response[23]. In rheumatoid arthritis, CypA-CD147 interaction might
cause the destruction of cartilage and bone by upregulating MMP-9
expression[86]. CypA also induced CD147-dependent chemotaxis of
activated CD4+ T cells in asthma[87]. CypA expression correlated with
MMP-1, MMP-2, and MMP-9 expression in periodontitis[88]. In our first
published study[54], we detected increased urinary CypA since the silent
stage of DN. We further examined the mechanism that sCypA is involved
in DN by using the cellular model. It is known that released sCypA will
bind to its receptors, CD147, in many different types of cells. Given the
fact that there are different ligands for CD147 binding, it is worth noting
that the movement of cytosolic CD147 to cell membrane immediately
after cells is treated with CypA (figure 9). The above finding indicates
that sCypA is indeed involved in cell surface localization of CD147. All
the above findings indicated that the interplay of sCypA may be a

paracrine for MES-13 and an autocrine for HK-2 cells.

4.10 Secreted CypA related pathway is associated with T@E,

CD147, and p38 MAPK in the pathogenesis of DN
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We showed that hyperglycemia stimulated PTEC to secret TGFp
which is consistent with the previous reports that the synergism of high
glucose concentrations with cytokines can stimulate TiCH#yfhthesis by
PTECI[89, 90]. TGBL1 is upstream to many fibrotic pathways and is a
multifunctional regulator that modulates cell differentiation, proliferation,
and migration and induces the production of extracellular matrix
proteins[91]. All are pivotal processes that contribute to
glomerulosclerosis[92]. In addition to the association of P&Fwith
glomerular change, TGFihas been shown to participate both directly
and indirectly in tubule degeneration in DN[93]. The epithelial
mesenchymal transition (EMT) is the mechanism in most studies[56, 94,
95]. TGF$1 down-regulates the expression of epithelial cell adhesion
molecules (E-cadherin and ZO-1), increases de meSHMA expression
and actin reorganization, and finally enhances cell migration and invasion
of the interstitium[94]. It is worth noting that TGH- related EMT in
PTEC had been recently studies by Zhi-Mei Lv et al[56]. It is about the
p38 MAPK signaling pathway in hyperglycemia induced EMT in PTEC.
However, how the TGFB stimulate increased expression of p38 MAPK
is still unknown. Our study provides further evidence to confirm that
TGFpL stimulates secretion of CypA which may cause CD147 to move
outward to the cell membrane. CD147 may serve as the membranous

receptor for sCypA. Secreted CypA induced cell surface localization of
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CD147 might cause increased expression of p38 MAB&dJing to a

downstream reaction such as EMT[56].

The reasons that TGE is upstream to sCypA are as follows. Firstly,
TGF31 can stimulate secretion of CypA (figure 16A) Imot vice versa
(figure 16B). Secondly, increased expressions ofFffiGcan be detected
at 12" hour (figure 15B, and 15D) from hyperglycemia-tesh HK-2
cells, but expressions of sCypA was not detectad &4 hours (figure
15B and 15E). Last but not the least, the surfaah@D147 can be
detected as soon as 10 minutes following treatroe@ypA (figure 17B
and 17C) but 24 hours after T@F (figure 17F). Based on the above
findings, in addition to functioning as a marker f@N, sCypA may also
have a pathological role for DN. Taken together, siudy is the first one
to point out the association of sCypA and DN. Wepmse that sCypA is
involved in the cross-talk between mesangial catld PTEC through

TGFB1, CD147, and p38 MAPK (figure18).

CONCLUSION

Based on human, animal and cell studies, sCypAsiag/n to be not
only a marker of DN but also appeared to play aqgagical role for DN.
The renal protective effect of Linagliptin may b&saciated with

blockage of sCypA in glomeruli. The sCypA may hawaential as a
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treatment target and thus further study is needed in the future.
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TABLE 2. Univariate Analysis and Multivariate Analysis

Univariate Analysis” P Value R’
Apge 0.605
Gender 0.305
Hypertension 0,997
Stroke 0.664
Coronary artenial disease 0.470
Heart failure 0.570
ACFi' or ARB! 0.773
Sulfony lurea 0.507
Insulin 0.973
DPP4i* 0.952
Metformin 0.004 0.095
CypA® = 1.581 + metformin (use)"() or metformin (no use)”3.281
Dipyrnidamole 0.794
Pentoxifylline 0.648
Statin 0.177
DM 0.425
Hypedipidemia {).255
Proteinuria 0.008 0.082
CypA® =4.438 + proteinuria(yes) 0 or no proteinuria®(—3.095)
Dialysis 0.389
GFR = 60mL/min per 1.73m” 0.060
Duration 0.957
Fasting sugar 0.898
HbAlc! 0.686
Creatinine 0.037 0.052
CypA* =2.241 + Cr"0.395
Glomernular filtration rate 0.013 0.052
CypA* = 5.270 + GFR"(—0.030)
Total cholesterol (.133
Triglyceride 0.567
Low density lipoprotein cholesterol 0.796
ACRT 0.034 0.054
CypA® =2.461 + ACR"0.001
Multivariate analysis FP value s
ACR 0.414
GFR” 0.547
Metformin 0.081

" General linear model for categorical variables and simple linear
regression for continuous varables.

" Angiotensin-converting-enzyme inhibitor.

! Angiotensin 11 receptor blockers.

¥ Inhibitors of dipeptidyl peptidase 4.

Il Glycated hemoglobin.

l'_l_?n'nf albumm creatmine ratio.

" Glomerular filration rate.

*Cyclophilin A.
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Figure 1. Univariate analysis between clinical parameters and
urinary CypA.

P value for A was <0.001, for B was 0.007, and for C was <0.P60.
value between stages 1 and 2, 2 and 3, 3 and 4, 4 and 5 of CKD were

0.511, 0.633, 0.365, 0.203 and 0.061, respectively.
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Figure 2. Concentrations of urinary CypA in different stages of DN.

(A) Concentration of urinary CypA and ACR were pdot When ACR
increased by 1mg/g, the concentration of urinarp&Ayncreased 0.030
ng/mL (CypA=2.461+ACR*0.001). R linear was 0.054. (B) No
difference in concentration of urinary CypA was ridubetween stage 1
DN and healthy control groupsp<0.117). However, there were
statistically significant differences between s&agend 2, stages 2 and 3,
stages 3 and 4, and stages 4 and 59.012, 0.003, <0.001, and 0.005,
respectively). (C). The differences between stageNland stages 2-5
DN were statistically significanp€0.006).

*p<0.05, **p<0.01, ***p<0.001
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Figure 3. ROC curve for diagnosing silent stage dDN via urinary
CypA.

The concentration of urinary CypA to diagnose silstage of DN was
0.7250 ng/mL with a sensitivity of 0.900 and a sfaty of 0.727. The

area under the ROC curve was 0.850.
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Figure 4. Western blotting of sCypA expression in MES-13 cells
treated with different concentrations of glucose and KD..

(A) Glucose increased the expression of sCypA, whislas
dose-dependent (10, 25, and 50mM). (B) Statistical analysis showed that
the increased expression of sCypA was found at 25mM vs. control
(p=0.037), and 50mM vs. controp£0.037). Increased expression of

sCypA was observed at 50mM vs. 10mp#Q.018). (C) The expression
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of sCypA was increased in cells with 20 or 4Bl H,0, treatments. They

could both be counteracted by 300 U/ml catalase. (D) Quantitative
assessment showed that 2P H,O, increased the expression of sCypA
(p<0.05) (n=6), which could be reversed by 300 U/ml catalps@.Q1)
(n=6). The sCypA expression was also stimulated by: ¥D H,0,
(p<0.01) (n=6), which could be counteracted by 300 U/ml catalase
(p<0.01) (n=6). (n=4)

*p<0.05, **p<0.01.

Endo-CypA: endogenous cyclophilin A.
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Figure 5. Western blotting of sCypA expression in HK-2 cellsreated

with different concentrations of glucose and KO,.

(A) HK-2 cells were treated with different concentrations (10, 25, 50 mM)
of glucose. All concentrations of glucose increased the expression of
sCypA. (B) The expression of sCypA was increased in cells with 20 or
40uM H202 treatments. They could both be counteracted by 300 U/ml
catalase.

Endo-CypA: endogenous cyclophilin A.
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Figure 6. Physical data of mice.

(A) Three groups of mice with

Water intake (ml)

Fasting glucose (mg/dL)

el clb/m)

q s db/db

= db/db + 3 mg/kg/d Linagliptin

= dlb/db + 15 mg/ke/d Linagliptin
>
)
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Time (weeks)
welle db/m
e db/db

e=dlb/db + 3 mg/kg/d Linagliptin

—@=db/db + 15 mg/kg/d Linagliptin

\/‘\-—-\./'\"_.
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Time (weeks)

0.2 o

0.14

kidney weight (gm)

db/db + db/db +
3mgkg/d 15 mgkeg/d
Linagliptin Linagliptin

db/m db/db

diabetic nephropathip/db) ate more

food than mice without diabetic nephropathip/(n). However, there was

no difference among all d&/db groups. (n=10)

(B) Three groups of mice with diabetic nephropatiiydb) drank more
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water than mice without diabetic nephropatlafp/in). However, there
was no difference between altB/db groups. (n=10)

(C) Three groups of mice with diabetic nephrop&titydb) produced a
greater urinary volume than mice without diabetic nephropatbimj.
However, there was no difference between alb/8b groups. (n=10)

(D) Mice with diabetic nephropathy had significantly higher blood
glucose thamb/m. However, there was no difference between alb/8b
groups. (n=10)

(E) Three groups of mice with diabetic nephropaftiiyydb) had much
higher body weight than mice without diabetic nephropaitiyng).
However, there was no difference between alb/8b groups. (n=10)

(F) Three groups of mice with diabetic nephropdititydb) had heavier
kidneys than mice without diabetic nephropathip/ih) did. However,
there was no difference between atitdb groups. (n=10)

#*n<0.001
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Figure 7. Expressions of 8-OHdG and CypA from mice’s urine at the

8th week and 20th week.

(A) The expression of 8-OHdG idb/db from the urine at the 8th week
was increased significantly compareddiwm (p=0.026). This could be

suppressed by administering both 3 and 15 mg/kg/day Linagliptin
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(p=0.018 and p=0.028 respectively).

(B) The expression of 8-OHdG db/db from urine at the 20th week was
increased significantly compared db/m (p=0.018), but this could only
be suppressed by higher dose (15 mg/kg/day) ofgliptan (p=0.047)
instead of lower dose (3 mg/kg/day) ( p=0.175)

(C) The expression of sCypA ub/db from urine at the 8th week was
increased significantly compareddb/m (p=0.006), and it could only be
suppressed by higher dose (15 mg/kg/day) of Lipé&gli (p=0.016)
instead of lower dose (3 mg/kg/day) (p=0.050).

(D) The expression of sCypA ub/db from urine at the 20th week was
also increased significantly compareddtdm (p=0.019), but could not be
suppressed by either high or low dose of Linaglipp=0.773 and
p=0.149 respectively).

(n=6 indb/m, n=5 indb/db, n=6 indb/db +3 mg/kg/day Linagliptin, and
n=5 indb/db + 15 mg/kg/day Linagliptin)

*p<0.05, **p<0.01
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Figure 8. ROC curve of SOHdG and urinary CypA

(A) At the 8th week,db/db mice had higher daily urinary 8OHdG (>
9.1254 ng/day) with the sensitivity of 70% and the specificity of 70%
(AUC=0.76)

(B) At the 8th week,db/do mice had higher daily urinary CypA (>
1287.9806 pg/day) with the sensitivity of 98% and the specificity of 99%
(AUC=0.98).

(n=6 indb/m, n=5 indb/db, n=6 indb/db+3mg/kg/day Linagliptin, and

n=5 indb/db+15mg/kg/day Linagliptin).
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(A)(B)(C)(D) IHC staining for CypA (brown staining) was increased in
the db/db group compared tdb/m (B vs. A). The increased staining for
CypA indb/db (B) could not be observed in high dose (C) or low dose (D)
Linagliptin treatment.

(E) Quantitative data (n=100 in each group) for IHC staining for CypA.
Increased staining for CypA idb/db could be reversed by both dose of
Linagliptin treatment significantly.

**+n<0.001. scale bar, 52 m
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i = i

Figure 10. IHC staining for CypA around peri-glomerular tubules

(A) IHC staining for CypA around peri-glomerularbtles in db/m
non-diabetic kidneys at 20th week.

(B) IHC staining for CypA around peri-glomerulambtues for CypA in
db/db diabetic kidneys at 20th week.

scale bar, 5@ m
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Figure 11. Renal function evaluations of mice, including creatinine
clearance and daily albuminuria.

(A) The Ccr was increased at the 20th week indbleb group when
compared to thelb/m (p=0.034). The increased hyperfiltration could be
inhibited by high- or low-dose Linagliptin (p=0.021 and p=0.014
respectively).

(B) Daily albuminuria at the 8th week was increasedlbrdb group
(p=0.006), which could be inhibited by 3 mg/kg/day-Linagliptin (p=0.045)
or 15 mg/kg/day-Linagliptin (p=0.046).

(C) Daily albuminuria at the 20th week was also increased iwlkdfuib
group (p=0.028). The increased albuminuria could not be inhibited by
either high- or low-dose Linagliptin (p=0.327 and p=0.142 respectively).
(n=6 indb/m, n=5 indb/db, n=6 indb/db +3 mg/kg/day Linagliptin, and
n=5 indb/db + 15 mg/kg/day Linagliptin)

*p<0.05, *p<0.01
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Figure 12. IHC staining for TGF A1 in db/db diabetic compared to

db/m nondiabetic kidneys at 20th week.

(A)(B)(C)(D) IHC staining for TGFf (brown staining) in glomeruli was
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increased in thelb/db group compared tdb/m (B vs. A). The increased
glomerular staining inlb/db (B) could not be observed in either low-dose
(C) or high-dose (D) Linagliptin treatment.

(E) Quantitative data (n=100 in each group) for Ist&ining for TGF5 1

in glomeruli. Increased staining for TGEin do/db could be reversed by
both doses of Linagliptin treatment significantly.

**+n<0.001.  scale bar, 50 m
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Figure 13. IHC staining of peri-glomerular tubules for TGF 31
(A) IHC staining of peri-glomerular tubules for TGRAn db/m diabetic

kidneys at 20th week.

(B) IHC staining of peri-glomerular tubules for TGH An db/db diabetic

kidneys at 20th week.

(C) IHC staining of peri-glomerular tubules for TGHR fn db/db diabetic

kidneys treated by low dose Linagliptin at 20th week.

(D)IHC staining of peri-glomerular tubules for TGHAAn db/db diabetic

kidneys treated by high dose Linagliptin at 20th week.

scale bar, 5@ m
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Figure 14. Western blotting of sCypA expression in glucose treated
MES-13 cells and rescued by Linagliptin.

(A) The expression of sCypA treated by 25 mM glucose was inhibited by
Linagliptin in all three different concentrations (1, 10, and 100 nM) for 8
hours.

(B) Under high glucose condition (25 mM), the 10nM Linagliptin
treatment was able to inhibit the expression of sCypA for 8 hours. A
longer treatment time for up to 24 hours diminished the effect.
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(C) The effect of Linagliptin on the inhibition of sCypA could last for 12
hours.

(D) Statistical analysis showed that the inhibition could be sustained for
at least 8 hours with statistical significance (p<0.001) (n=4).

***p<0.001; Endo-CypA: endogenous Cyclophilin A
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Figure 15. Expression of phosphorylated p38, sCypand TGFp1
after high glucose treatment of HK-2 cells in Westa blotting.

(A) After high glucose (35 mM) treatment for 30 mies, the expression
of p-p38 increased.

(B) After high glucose (35 mM) treatment for 12 hguhe expression of
TGF31 increased but not for sCypA. After high glucoszbniM)

treatment for 24 hours, the expression of sCypAeased but not for

TGFS1.

(C) Quantitative data for the expression of p-p884). (p<0.05) (n=3)
(D) Quantitative data for the expression of P&Fafter 12 hours

treatment of high glucose. (p<0.05) (n=3)
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(E) Quantitative data for the expression of sCypAtera 24
hours-treatment of high glucose. (p<0.05) (n=3)
*p<0.05

Exo- TGH1: exogenous TR
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Figure 16. Expression of phosphorylated p38 and sCypA by TGR
treatment and expression of TGB1 by sCypA treatment in HK-2
cells.

(A) After treatment of TGFB (5ng/ml) for 30 minutes and 24 hours, the

expression of p-p38 and sCypA both increased, respectively

(B) After treatment of CypA (1 and 10 nM) for 24 hours, the expression
of TGFfL did not increase.

(C) After treatment of CypA (1 nM) for 30 minutes, the expression of
p-p38 increased.

(D) P-p38 increased significantly after treatment with TGKP<0.05)
(n=3)

(E) SCypA increased significantly after treatment with TGKE<0.01)
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(n=3)
(F) P-p38 increased significantly after treatment with CypA (p<0.05)
(n=3)

*p<0.05, **p<0.01
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No treatment, 24 hrs 5 ng/ml TGFb1, 10mins 5 ng/ml TGFb1, 24 hrs

Figure 17. Confocal microscopy for CD 147 in HK-2 cells treated
with CypA and TGFp1.

(A) Without treatment of CypA, positive staining for CD147 (green
staining) was mostly distributed in the cytoplasm near the nucleus (red
staining by Propidium iodide).

(B) After treatment with 1 nM CypA for 10 minutes, the positive staining
for CD147 moved closely to the cell membrane of HK-2 cells, and cell
membranes can be seen very clearly (white arrow).

(C) After treatment with 10 nM CypA for 10 minutes, the positive
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staining for CD147 moved further closely to the cell membrane of HK-2
cells and cell membranes can be seen much more clearly than the
previous 1 nM CypA. Almost all contours of HK-2 cells can be seen
clearly (white arrow).

(D) Without treatment of TGFB positive staining for CD147 (green
staining) was mostly distributed in the cytoplasm near the nucleus (red
staining by Propidium iodide). The membrane of HK-2 cells cannot be
detected.

(E)After treatment with 5 ng/ml TGHABfor 10 minutes, the positive
staining for CD147 is mostly distributed in the cytoplasm near the
nucleus. The membrane of HK-2 cells cannot be detected.

(F) After treatment with 5 ng/ml TGHP for 24 hours, the positive
staining for CD147 moved closely to the cell membrane of HK-2 cells,
and cell membranes can be seen much more clearly (white arrow).
Almost all contours of HK-2 cells can be seen clearly (white arrow).

scale bar, 50m
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Figure 18. Hypothesis of molecular pathway for the effects of sCypA

on diabetic nephropathy and its association with Linagliptin.

Both ROS (reactive oxidative stress) and hyperglycemia can stimulate
MES-13 cells to secrete sCypA, which can be reversed by catalase and
Linagliptin, respectively. ROS and hyperglycemia can also stimulate
HK-2 cells to secrete sCypA. More precisely, hyperglycemia stimulates
HK-2 cells to release TGHJ which induces HK-2 cells to secrete sCypA.
The sCypA causes cytosolic CD147 to move to the cell membrane and

serves as membrane receptors for sCypA. The binding of sCypA and CD
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147 activates p38 as phosphorylated p38. Then the phosphorylated p38
may cause a downstream reaction, such as epithelial mesenchymal
transition, which will cause diabetic nephropathy.

Two solid lines: cited from others published studies.
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Medicine

OBSERVATIONAL STUDY

Urinary Cyclophilin A as a New Marker for
Diabetic Nephropathy

A Cross-Sectional Analysis of Diabetes Mellitus

Shang-Feng Tsai, MD, Chien-Wei Su, Master, Ming-Ju Wu, MD, PhD, Cheng-Hsu Chen, PhD,
Chia-Po Fu, MD, Chin-San Liu, MD, PhD, and Mingli Hsieh, PhD

Abstract: Type 2 diabetes mellitus (DM) is the most common single
cause of end-stage renal disease. Albuminuria is the most commonly
used marker to predict onset of diabetic nephropathy (DN) without
enough sensitivity and specificity to detect early DN. This is the first
study to identify urinary cyclophilin A (CypA) as a new biomarker for
early DN.

We recruited DM outpatients and healthy control subjects from
January 2014 to December 2014. In this cross-sectional study, patients’
urine samples were collected to determine the expression of urinary
CypA. We also treated mesangial (MES-13) and tubular (HK-2) cells
with glucose or free radicals to observe the expression of secreted CypA
in Western blot analysis.

A total of 100 DN patients and 20 healthy control subjects were
enrolled. All variables were matched. In univariate analysis, the con-
centration of urinary CypA correlated well with the progression of renal
function. A significant increase in urinary CypA was noted in stage 2
DN and persisted in later stages. We could diagnose stage 2 DN using
urinary CypA with a sensitivity of 90.0% and specificity of 72.7%. The

Editor: Pavlos Malindretos.

Received: July 23, 2015; revised: September 16, 2015; accepted:

September 18, 2015.

From the Division of Nephrology, Department of Internal Medicine,

Taichung Veterans General Hospital (S-FT, M-JW, C-HC); School of

Medicine, China Medical University (S-FT, C-HC); Department of Life

Science, Tunghai University (S-FT, C-WS, C-HC, MH); School of

Medicine, Chung Shan Medical University (M-JW, C-HC); Division of

Endocrinology and Metabolism, Department of Medicine, Taichung

Veterans General Hospital, Taichung (C-PF); Vascular and Genomic

Research Center, Changhua Christian Hospital, Changhua (C-SL); and Life

Science Research Center, Tunghai University, Taichung, Taiwan R.O.C.

(MH).

Correspondence: Mingli Hsieh, Department of Life Science, Tunghai
University, No.1727, Sec.4, Taiwan Boulevard, Xitun District,
Taichung 40704, Taiwan R.O.C. (e-mail: mhsieh@thu.edu.tw).

Urinary cyclophilin A is a new and earlier biomarker for diabetic nephro-
pathy.

S-F Tand C-W S carried out the molecular studies. S-F T, M-J W, C-H C, and
MH drafted the manuscript. S-F T and C-W S carried out the immu-
noassays. S-F T, M-J W, C-H C, C-PF, C-S L, and MH participated in the
design of the study. S-F T performed the statistical analysis. S-F T, M-J
W, C-H C, C-S L, and MH conceived of the study. S-F T and MH
participated in its design and coordination and helped to draft the
manuscript. All authors read and approved the final manuscript.

This study was supported by grant TCVGH-T1037804 from Taichung
Veterans General Hospital and Tunghai University, Taichung, Taiwan
and grants from the Ministry of Science and Technology of the Republic
of China (MOST102-2311-B-029-002; NSC101-2311-B-029-001).

The authors have no conflicts of interest to disclose.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

This is an open access article distributed under the Creative Commons

Attribution-NonCommercial-NoDerivatives License 4.0, where it is

permissible to download, share and reproduce the work in any medium,

provided it is properly cited. The work cannot be changed in any way or
used commercially.

ISSN: 0025-7974

DOI: 10.1097/MD.0000000000001802

Medicine * Volume 94, Number 42, October 2015

area under curve was up to 0.85, indicating a good discriminatory
power. In cellular models, MES-13 and HK-2 cells can both release
CypA.

Urinary CypA is a good biomarker for early DN detection in humans
and it can be released from either mesangial or tubular cells. The
underlying molecular mechanisms still need further clarification in
cellular and animal studies.

(Medicine 94(42):¢1802)

Abbreviations: AUC = area under curve, CypA = cyclophilin A,
CKD = chronic kidney disease, CAD = coronary arterial disease,
CVD = cardiovascular disease, DM = diabetes mellitus, DN =
diabetic nephropathy, ESRD = end-stage renal disease, GFR
glomerular filtration rate, L-FABP = liver-type fatty acid-binding
protein, MES-13 = mesangial, PTEC = proximal tubule epithelial
cell, RA = rheumatoid arthritis, sCypA = secreted cyclophilin A.

INTRODUCTION

ype 2 diabetes mellitus (DM) is the most common single

cause of end-stage renal disease (ESRD).! ESRD in almost
half of patients is due to diabetic nephropathy (DN), and these
cases have the worst outcome compared to patients with other
causes of ESRD. Although there are many novel drugs for DM,
there are no specific curative treatments yet for DN. Reasons for
poor outcome include inadequate markers and the complicated
mechanisms of DN.? Currently, the stage of severity is deter-
mined according to the levels of albuminuria. Albuminuria is
the most commonly used marker to predict onset and pro-
gression of DN clinically. However, this traditional marker
for DN lacks both sensitivity and specificity to detect early
stage of DN.? Furthermore, some DN patients with ESRD do
not present with significant albuminuria.* ¢ The lack of a strong
association between glomerular filtration rate (GFR) and albu-
minuria suggests that an alternative to this albuminuria-based
staging system is needed. Some studies have noted the existence
of pathological change before microalbuminuria.* Therefore,
even if microalbuminuria can be regarded as the earliest mani-
festation of DN, it is possible that a new biomarker for DN
exists. Recently, different markers of DN were reviewed*”®
including fibroblast growth factor 23,° tubular markers'® (kid-
ney injury molecule 1, neutrophil gelatinase-associated lipoca-
lin, and liver-type fatty acid-binding protein [L-FABP]),'
inflammatory markers (interleukin 6 [IL-6], IL-8, monocyte
chemoattractant protein 1, and interferony—inducible
protein),'? urinary 8-hydroxy-20-deoxyguanosine,'> serum
cystatin C,'* and so on. Among these, genetic susceptibility
almost always leads to irreversible DN, and detection of the
clinical markers mostly occurs too late to diagnose and monitor
the progression of DN. As such, it is crucial to find an earlier and
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reliable marker for DN. Earlier diagnosis and intervention may
provide an opportunity to stop the permanent damage caused
by DN.

Cyclophilin A (CypA) is an 18-kDa protein with ubi-
quitous characteristics.'” It is mostly distributed in the cyto-
plasm and facilitates protein folding and protein trafficking. It
also acts as a cellular receptor for cyclosporine A (CsA). The
expression of CypA is relatively high in the kidney,'® where
proximal tubular epithelial cells (PTECs) are reported to
contain considerably more CypA than other kidney tissues.'’
With respect to kidney diseases, the majority of research has
been on the cellular relationship between CypA and CsA,
which is used as an immunosuppressant, and leaves behind its
secreted form. This secreted CypA (sCypA) was reported to
be correlated with cardiovascular disease (CVD), asthma,
rheumatoid arthritis (RA), and lung and liver injury.'® sCypA
has been suggested to be a potential biomarker and mediator
in CVD."

In addition, sCypA is associated with inflammatory or
infectious diseases such as RA, asthma, and periodontitis.zo
Interestingly, sCypA was also detected in diabetic patients’
plasma® and was shown to be secreted by monocytes in
response to hyperglycemia,* indicating that sCypA could be
a potential secretory marker in type 2 DM.?* Furthermore, a
relatively high expression level of CypA in normal kidneys'®
has led to speculation that sCypA may be associated with solid
organ damage. As a product directly produced by kidney, urine
could be best measure for renal injury detection. Therefore, we
postulated that CypA level in urine would be the most suitable
indicator of DN.

RESEARCH DESIGN AND METHODS

Study Population

We recruited all the DM outpatients and healthy control
groups with informed consent. In the group of DM patients, the
different stages of DN were screened for the concentrations of
urinary CypA. All subjects in this cross-sectional study were 20
years of age and older. Patients were free from infectious
disease, inflammatory disease, liver disease, or malignancy,
and all were nonsmokers. Only metabolic syndrome and/or
CVD were noted. Patients who took drugs for hypertension,
DM, hyperlipidemia, hyperuricemia, CVD, hyperuricemia, and
gout were not excluded. Patients who took drugs for any other
disease or condition were excluded. These data were collected
in the outpatient department of metabolism and nephrology at
Taichung Veterans General Hospital between January 2014 and
December 2014. All of the study procedures were conducted in
accordance with the ethical standards of Taichung Veterans
General Hospital and were approved by the institutional review
committee (CE14077, TCVGH).

Data Collection

All DM patients were diagnosed according to the DM
guidelines of the American Diabetes Association in 2013.>* We
collected the participants’ clinical parameters including gender,
age (years old), and duration after diagnosis of DM (years). The
stages of DN were categorized according to the previous
literature®* where stage 1 is associated with hyperfiltration
and a measured GFR exceeding the upper limit of the normal
range (120 mL/min per 1.73 m?) or beyond +2 standard devi-
ation from mean GFR. Stage 2 DN develops silently over many
years and is characterized by morphologic lesions without signs

2 | www.md-journal.com

of clinical disease. Thus, it is usually called the silent stage.
Stage 3 DN is characterized by ‘‘microalbuminuria’ where
urinary albumin excretion is between 30 and 300 mg/day or
between 30 and 300 mg/g creatinine on a spot urine sample.
Patients with normal GFR (no>2SD of GFR) and without
microalbuminuria were defined as stage 2 DN. More impor-
tantly, some patients with normal GFR (no >2SD of GFR) and
without microalbuminuria do not have DN. Patients included in
our study should fit the above criteria and should have increased
GFR (>2 SD of GFR) before timing of recruitment (progression
of stage 1 DN) to make sure they really had DN and they were in
the stage 2 of DN. Stage 4 DN is defined by severely increased
albuminuria, also known as the ‘‘macroalbuminuria’’ (urinary
albumin excretion above 300 mg/day or above 300 mg/g crea-
tinine on a spot urine sample). The final stage, stage,’ is known
as ESRD. Blood samples were tested for fasting sugar (mg/dL),
glycated hemoglobin (%), SCr (mg/dL), GFR (mL/min per
1.73m?),%® total cholesterol (mg/dL), triglyceride (mg/dL),
and low density lipoprotein cholesterol (mg/dL). Spot urine
test was used to measure the concentration of CypA (ng/mL)
and albumin creatinine ratio (ACR) (mg/g). The index esti-
mated glomerular filtrate rate (¢GFR) was calculated using the
modification of diet in renal disease QMDRD) equation:*> eGFR
(mL/min per 1.73m?%)=186"SCr~"">* *Age 02%%*0.742 (if
female). Patients were screened for CVD (hypertension, stroke,
coronary artery disease, heart failure, and aortic aneurysm).
Hypertension was defined as an average home systolic blood
pressure greater than 140 mmHg and a diastolic blood pressure
greater than 90 mmHg before medication according to the
definition for stage I/Il hypertension set forth in the JNC-7
guidelines.?® Patients currently receiving antihypertensive
agents were deemed to have hypertension. Stroke was con-
firmed by neurologists or brain images. Coronary artery disease
(CAD) was defined according to arterial angiography. Some
were diagnosed according to cardiologists, who made diagnosis
of CAD according to if patients with typical angina pectoris,
myocardial infarction, or silent myocardial ischemia. They used
electrocardiogram, cardiac enzyme, coronary calcium score,
and stress test to diagnose CAD. Heart failure was confirmed by
cardiac sonography or the guidelines of the Framingham
study.?” Drugs such as angiotensin-converting enzyme inhibi-
tors or angiotensin II receptor blockers, dipeptidyl peptidase 4
inhibitor sulfonylurea, metformin, dipyridamole, pentoxifyl-
line, and statin were also recorded to analyze possible corre-
lations with urinary CypA concentration. We would also like
to point out how we select patients. All data including medi-
cation, laboratory, and clinical parameters are without signifi-
cant changes within 6 months or between 2-time outpatient
department visits. We checked all parameters during the period
of recruitment. If they remain similar to the previous data,
we include them in the study. If there are significant changes,
we will follow up this patient 3 months later and choose the
data (the ones after 3 months) if it became similar to the
previous data.

Urine Collection and Analysis

Urine was collected in the morning from the outpatient
subjects and stored in an ice package immediately. Within
4 hours, it was then restocked under —80 °C until analysis.
The expression of urinary CypA was examined using an
enzyme-linked immunosorbent assay kit (SEA979Hu, Uscn
Life Science Inc., Texas, USA). All data of urinary CypA were
double-checked at least twice.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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MATERIALS AND METHODS OF CELL STUDY

Cell Culture

Mesangial cell (MES-13 cells, glomerular mesangial cells
from an SV40 transgenic mouse) were obtained from the
American Type Culture Collection (CRL-1927; Manassas,
VA). MES-13 cells were cultured in a 3:1 mixture of M199
(Invitrogen, Carlsbad, CA) and Ham F-12 (Invitrogen), supple-
mented with 5% FBS, 1% penicillin—streptomycin, 1%
L-glutamine, and 14 mM HEPES, and maintained at 37 °C in
an incubator with 5% CO,. All culture supplies were acquired
from Life Technologies (Gaithersburg, MD). HK-2 cells
(human PTEC) were obtained from American Type Culture
Collection (CRL-2190; Manassas, VA). HK-2 cells were main-
tained in DMEM/F12 and supplemented with 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin/amphotericin B, and
1% glutamine (Invitrogen, Carlsbad, CA).

Western Blotting

The cell lysates were collected from MES-13 and HK-2
cells, and Western blot analysis was performed as described
previously.?® Western blot reagents were obtained from Pierce
(Rockford). Primary antibodies included polyclonal anti-CypA
(1:10,000, Millipore, MA) and B-actin (Novus, Colorado) over-
night at 4 °C followed by incubation with a horseradish peroxi-
dase conjugated secondary antibody. Proteins were visualized
using enhanced chemiluminescence (Amersham Biosciences,
Amersham, UK). Protein bands of Western blot analysis were
quantified using Quantity One software (BioRad). All other
chemical supplies were acquired from Sigma (St Louis, MO).

Glucose Treatment

MES-13 and HK-2 cells were seeded in a 6 cm cell culture
plate with 4 x 10° and 3 x 10° cells/plate, respectively. They
were incubated in M199:F12 (3:1) and DMEM:F12 (1:1)
complete medium, respectively, for 1 day. Then culture media
were replaced by 0.5% FBS (M199/low glucose:F12 =3:1) for
2 days. The cells were incubated in the serum-free media
supplemented with 0, 10, 25, and 50mM of glucose. The
procedure was conducted according to the methods described
in a previous study (Su et al, unpublished data). After 24 hours
of treatment, the secreted cellular proteins were collected for
immunoblotting analysis.

H,O, TREATMENT

MES-13 and HK-2 cells were seeded in a 6 cm cell culture
plate with 5 x 10% and 3 x 10° cells/plate, respectively. They were
incubated in M199:F12 =3:1 complete medium for 1 day and
were then replaced by serum-free medium (M199:F12 =3:1) and
incubated for another 2 days. After 30 minutes of 0, 20 wM, or
40 pM of H,0, stimulation, the secreted and cellular proteins were
collected for immunoblotting analysis. To confirm the role of
H,0, in sCypA upregulation, mesangial cells and tubular cells
were treated for 30 minutes with 20, and 40 uM of H,0, in the
presence or absence of 300 U/mL catalase (Si §ma, St Louis, MO)
according to a previously described method.*

Statistical Analyses

Data were expressed as the mean4 SD in continuous
variables. Mann—Whitney U test was used for continuous
variables and the Chi-square test was used for categorical

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

variables. A general linear model was used for categorical
variables, and simple linear regression was used for continuous
variables. The results from Western blot were expressed as
mean + SEM and were analyzed by Student’s #-test. All stat-
istical procedures were performed using the SPSS statistical
software package, version 17.0 (Chicago, IL). A value of
P <0.05 was considered statistically significant.

RESULTS

Baseline Characteristics of Cohorts

A total of 100 DN patients and 20 healthy control subjects
were enrolled in this study (Table 1). The DN patients were
categorized according to their stages of DN with matched basic
variables. The control individuals were healthy subjects without any
metabolic syndrome or medical drug treatment. Among all 100 DN
patients, there were no significant differences in gender distribution
(P=0.553), age (P =0.469), fasting sugar (P = 0.403), glycated
hemoglobin (P = 0.352), total cholesterol (P = 0.447), triglyceride
(P=0.324), or low density lipoprotein cholesterol (P =0.199).
Prevalence rates of other metabolic syndromes and CVD were both
similar, including hypertension (P = 0.668), stroke (P = 0.480),
coronary artery disease (P = 0.724), heart failure (P = 0.712), aortic
aneurysm (P =1.000), and hyperlipidemia (P=0.075). All
included drugs were matched (except metformin) as well, such
as angiotensin-converting enzyme inhibitors or angiotensin II
receptor blockers (P = 0.144), insulin (P = 0.625), dipeptidyl pep-
tidase 4 inhibitor (P = 0.710), sulfonylurea (P = 0.276), dipyrida-
mole (P=0.740), pentoxifylline (P=0.121), and statin
(P=10.095). It was not possible to match the usage of metformin
because it is contraindicated in advanced DN. Among all the basic
characteristics, it was difficult to match duration of DM (P = 0.009)
because progression of DN is highly time-dependent. Patients with
more severe DN had higher serum creatinine (SCr) (P < 0.001),
lower GFR (P < 0.001), higher ACR (P < 0.001), and higher
urinary CypA (P < 0.001). Taken together, all basic variables were
matched (except metformin), and with later stage of DN, patients
had worse renal function parameters, including SCr, GFR, and
ACR. Importantly, the concentrations of urinary CypA were stat-
istically different among the different stages of severity of DN.

Correlation Between Urinary CypA and Other
Clinical Variables

Because some variables are clinically associated with renal
functions, we performed univariate analysis to verify the associ-
ations between these variables and urinary CypA (Table 2). Our
analysis showed that if patients did not use metformin, the
concentration of urinary CypA would increase by 3.281 ng/mL
(Fig. 1A). The concentration of urinary CypA increased by
0.395 ng/mL for each 1 mg/dL increase of SCr. With each 1 mL/
min decrease in GFR, the concentration of urinary CypA
increased by 0.030ng/mL. Without proteinuria, the concen-
tration of urinary CypA decreased by 3.095ng/mL (Fig. 1B).
Even though there were no statistically significant differences
among the different stages of chronic kidney disease (CKD)
(Fig. 1D), there seemed to be a trend of increasing urinary CypA
in the later stages of CKD. Also, there was a trend of higher
urinary CypA in the group with GFR less than 60 mL/min per
1.73m? as compared with the GFR group with more than
60 mL/min per 1.73m? (Fig. 1C). For each 1mg/g increase
in ACR, the concentration of urinary CypA increased by
0.001 ng/mL (Fig. 2A and Table 2). All of the abovementioned
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TABLE 2. Univariate Analysis and Multivariate Analysis

Univariate Analysis” P Value R?
Age 0.605
Gender 0.305
Hypertension 0.997
Stroke 0.664
Coronary arterial disease 0.470
Heart failure 0.570
ACEi' or ARB? 0.773
Sulfonylurea 0.507
Insulin 0.973
DPP4i® 0.952
Metformin 0.004 0.095
CypA® =1.581 + metformin (use)*0 or metformin (no use)*3.281
Dipyridamole 0.794
Pentoxifylline 0.648
Statin 0.177
DM 0.425
Hyperlipidemia 0.255
Proteinuria 0.008 0.082
CypA® =4.438 + proteinuria(yes)“0 or no proteinuria®(—3.095)
Dialysis 0.389
GFR > 60 mL/min per 1.73 m? 0.060
Duration 0.957
Fasting sugar 0.898
HbAlc! 0.686
Creatinine 0.037 0.052
CypAS=2.241 +Cr"0.395
Glomerular filtration rate 0.013 0.052
CypA® =5.270 + GFR"(—0.030)
Total cholesterol 0.133
Triglyceride 0.567
Low density lipoprotein cholesterol 0.796
ACR' 0.034 0.054
CypAS=2.461 + ACR"0.001
Multivariate analysis P value R?
ACR 0.414
GFR" 0.547
Metformin 0.081

" General linear model for categorical variables and simple linear
regression for continuous variables.

" Angiotensin-converting-enzyme inhibitor.

* Angiotensin II receptor blockers.

$ Inhibitors of dipeptidyl peptidase 4.

Il Glycated hemoglobin.

“'Urine albumin creatinine ratio.

# Glomerular filtration rate.

$ Cyclophilin A.

variables were renal function-related or renal function-depen-
dent. In summary, the concentration of urinary CypA correlated
well with the progression of renal function in DN patients, based
on the albuminuria-based model.

Urinary CypA Correlated With the Severity of DN
Stages

The relationship between urinary CypA and ACR is sum-
marized in Fig. 2A. The R* was 0.054 with a statistically
significant correlation between urinary CypA and ACR. More-
over, we analyzed the correlation of urinary CypA among all 6

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

groups, including 5 stages of DN. The concentrations of urinary
CypA were not different between the control group and stage 1
of DN (P =0.117) (Fig. 2B). However, with progression of DN,
urinary CypA significantly increased in stage 2 DN compared to
that in stage 1 DN (P =0.012). Most importantly, the concen-
tration of urinary CypA increased as DN stages progressed
(P=0.003, <0.0001, and 0.005 between stage 2 and 3, stages 3
and 4, stages 4 and 5, respectively). Consistently, compared to
patients with DN stage 1, the CypA concentrations in patients
with DN stages 2 to 5 were significantly increased (P = 0.006)
(Fig. 2C).

Diagnosis of Silent Stage of DN via Urinary CypA

Since the concentration of urinary CypA significantly
increased in stage 2 DN (silent stage) and it persistently
increased significantly with the progression of DN, we per-
formed an analysis of the receiver operating characteristic curve
(Fig. 3). Our analysis demonstrated that when the concentration
of urinary CypA was more than 0.7250ng/mL, we could
diagnose the silent stage of DN with a sensitivity of 90.0%
and specificity of 72.7%. The area under curve (AUC) was up to
0.85, indicating that the use of urinary CypA for the diagnosis of
silent stage of DN had a moderately good discriminatory power.

Secreted CypA in Mesangial Cells Treated With
High Concentration of Glucose or Free Radicals

At the microscopic level, there are 3 major histological
changes in the glomeruli in DN: mesangial expansion, glomer-
ular basement membrane thickening, and glomerular
sclerosis.*® A hyperglycemic state stimulates mesangial cell
matrix production®! and mesangial cell apoptosis.? Hence, we
examined whether sCypA was secreted from mesangial cells
following high glucose treatment. As shown in Figure 4A,
glucose increased sCypA level in a dose-dependent manner
(10, 25, and 50mM). Statistical analysis showed that the
increased expression of sCypA was found at 25mM versus
control (P=0.037) and 50mM versus control (P=0.037).
Expression of sCypA was much higher at 50 versus 10 mM
(P=0.018) (Fig. 4B). Meanwhile, it is known that reactive
oxidative stress also plays an important role in DN. NADPH
oxidase-mediated renal reactive oxidative stress promotes
mesangial expansion and albuminuria.>> We found that the
expression of sCypA was significantly increased after 20 or
40 pM H,O, treatment for 30 minutes (Fig. 4C). Quantitative
assessment showed that either 20 or 40 uM H,O, treatment
significantly increased the expression of sCypA, which could be
reversed by 300 U/mL of catalase (scavenger of free radicals)
(Fig. 4D), which was used to counteract the effects of H,O,. It is
worth noting that all the experiments were carefully performed
with proper controls to eliminate CypA released from cell death.
Taken together, free radicals or high concentrations of glucose
stimulate the secretion of CypA from mesangial cells,
suggesting that there is a link between sCypA and pathogenesis
of DN.

sCypA Released From HK-2 Cells Upon High
Glucose Or Free Radical Treatment

Mesangial cell injury is the classical expression of DN, but
recent studies suggested that DN is also a tubular disease. Early
changes in tubular epithelial cells may be an essential factor in
the development of progressive kidney diseases.** HK-2 cells,
human PTEC, have been used as a cell model to study tubular
diseases. Therefore, Western blotting was used to disclose the
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expression of sCypA whereby various concentrations of glucose
and H,0, were applied to HK-2 cells. As expected, different
concentrations of glucose (10, 25, and 50 mM) could effectively
increase the expression of sCypA (Fig. 5A), indicating that
hyperglycemia can also induce sCypA release from tubular
cells. In addition, either 20 or 40 uM H,O, treatment signifi-
cantly increased the expression of sCypA, which could be
reversed by 300 U/mL of catalase (Fig. 5B).

DISCUSSION
The current clinical markers for DN are GFR and micro-
albuminuria. SCr is routinely measured for GFR, which can be
used to stage CKD regardless of DM association. Since all renal
diseases will progress to CKD and the cause and progression of

6 | www.md-journal.com

CKD are heterogeneous, every cause related to CKD should
theoretically have its own staging or detection criteria. Specific
markers allow physicians to target and treat the definite cause,
thereby potentially preventing further renal function deteriora-
tion. Albuminuria or proteinuria is the typical marker used for
staging DN progression. However, it has become evident that
there exists a subpopulation of patients with discrepant classi-
fications of DN (albuminuria-based) and CKD (GFR-based).* ©
Therefore, some committees are trying to develop a new
classification of DN,>* combining both GFR and albuminuria
systems.

In this study, we measured renal function parameters and
demonstrated that urinary CypA was significantly associated
with SCr, GFR, proteinuria, ACR, stages of DN, and stages of
CKD. In addition, either GFR-based or albuminuria-based

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. ROC curve for diagnosing silent stage of DN via urinary
CypA. The concentration of urinary CypA to diagnose silent stage
of DN was 0.7250 ng/mL with a sensitivity of 0.900 and a speci-
ficity of 0.727. The area under the ROC curve was 0.850.
CypA = cyclophilin A, DN = diabetic nephropathy, ROC = receiver
receiver operating characteristic.

classifications of DN correlated significantly with urinary
CypA. When comparing different stages of DN or CKD, there
was only a trend of higher CypA in higher CKD stages, but truly
statistically significant difference existed among the different
DN stages. This finding supports the notion that urinary CyA is
better correlated using the albuminuria-based classification,
which is the better and earlier detection method for monitoring
DN compared with the GFR-based system in clinical practice.
Although the albuminuria-based system is better than GFR, it is
far from ideal for a number of reasons. First, increased albu-
minuria is actually a relatively late manifestation of early-stage
DN, so it is not sensitive enough to detect early stages of DN.
Second, only one-third of patients with microalbuminuria pre-
sent with persistent macroalbuminuria according to 1 cohort
study,*® indicating a poor predictive power for outcome of DN.
Third, some patients have renal pathological changes without

FIGURE 2. Concentrations of urinary CypA in different stages of
DN. (A) Concentration of urinary CypA and ACR were plotted.
When ACR increased by 1mg/g, the concentration of urinary
CypA increased 0.030ng/mL (CypA=2.461+ACR"0.001). R?
linear was 0.054. (B) No difference in concentration of urinary
CypA was found between stage 1 DN and healthy control groups
(P=0.117). However, there were statistically significant differ-
ences between stages 1 and 2, stages 2 and 3, stages 3 and 4, and
stages 4 and 5 DN (P=0.012, 0.003, <0.001, and 0.005,
respectively). (C) The differences between stage 1 DN and stages
2 to 5 DN were statistically significant (P=0.006). “P<0.05,
"P<0.01, "P<0.001. ACR=albumin creatinine ratio,
CypA =cyclophilin A, DN =diabetic nephropathy.
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FIGURE 4. Western blotting of sCypA expression in MES-13 cells treated with different concentrations of glucose and H,0O,. (A) Glucose
increased the expression of sCypA, which was dose-dependent (10, 25, and 50 mM). (B) Statistical analysis showed that the increased
expression of sCypAwas found at 25 mM versus control (P=0.037), and 50 mM versus control (P=0.037). Increased expression of sCypA
was observed at 50 versus 10 mM (P=0.018). (C) The expression of sCypA was increased in cells with 20 or 40 uM H,0O, treatments. They
could both be counteracted by 300 U/mL catalase. (D) Quantitative assessment showed that 20 uM H,0O, increased the expression of
sCypA (P < 0.05) (n=6), which could be reversed by 300 U/mL catalase (P< 0.01) (n=6). The sCypA expression was also stimulated by
40 uM H,0, (P<0.01) (n=6), which could be counteracted by 300 U/mL catalase (P<0.01) (n=6). (n=4) "P<0.05, "*P<0.01.
Endo-CypA = endogenous cyclophilin A, MES-13 =mesangial, sCypA = secreted cyclophilin A.

microalbuminuria.®” Finally, albuminuria is not specific enough
for DN because it can be detected in other non-DM related
nephropathy, such as retinopathy and congestive heart failure.*®
Therefore, urinary CypA could have enormous value as an
earlier marker than albuminuria for identifying DN.

In this well-matched cohort of DN patients, urinary CypA
correlated well to the different severity of DN according to the
albuminuria-based classification. Compared with the control
group, urinary CypA indeed increased significantly in stage 2
DN and this increase persisted throughout the later stages. The
increment was more significant with worsening DN stage. In
stage 1 DN, kidneys become dilated and glomerular capillary
hydrostatic pressure increased in DN.*° There was a hemody-
namic change without any ultrastructure abnormality. Stage 2
DN is a silent stage but, to date, no useful markers for detection
have been identified. No microalbuminuria can be measured in
clinical practice. However, hyperglycemic effects are initiated
in this stage. The glomerular basement membrane becomes
thicker, followed by an increase in mesangial volume, and
interstitial expansion.** The above structural changes do not
become significant until stage 3 DN. If stage 2 DN could be
detected early, intensive blood sugar monitoring, timely diet
restriction, and exercise education would be useful to avoid

8 | www.md-journal.com

further silent deterioration of DN. In this study, we propose that
urinary CypA can be used as an early marker for identifying
stage 2 DN with a high sensitivity (90%) and high diagnostic
power (AUC = 0.885). Detection of urinary CypA is also very
convenient because it is noninvasive. Now that urinary CypA
appears to be capable of identifying DN in the silent stage,
perhaps the term “‘silent’” can be considered redundant. In an
extensive review conducted by Lee et al,** urinary CypA was
not mentioned as a potential biomarker for DN. This is the first
study to use urinary CypA in early DN detection. CypA was
mostly studied in CVD and lung or liver inriury.]8 Asthma and
RA are associated with this new marker.'® According to an
extensive review of CypA in human disease,”” its association
with DM was only mentioned once by Ramachandran et al.*>
They examined proteomic profiling of high glucose primed
monocytes and found that CypA could be a potential secretory
marker of inflammation in type 2 DM.?! The present investi-
gation is the 3rd study to identify a correlation between CypA
and DM. Furthermore, this is the 1st study to verify the
association between urinary CypA and DN with strong statisti-
cal significance in this well-designed human cohort.

It has been noted that urinary podocalyxin*' and podoca-
lyxin-positive element,** which increases after podocyte injury,

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 5. Western blotting of sCypA expression in HK-2 cells treated with different concentrations of glucose and H,0,. (A) HK-2 cells

were treated with different concentrations (10, 25, and 50 mM)

of glucose. All concentrations of glucose increased the expression of

sCypA. (B) The expression of sCypA was increased in cells with 20 or 40 uM H,O, treatments. They could both be counteracted by 300 U/
mL catalase. Endo-CypA =endogenous cyclophilin A, sCypA =secreted cyclophilin A.

could be useful as new biomarkers for early DN. However,
podocalP/Xin also increases in other diseases with podocyte
injury,*’ including IgA nephropathy, focal segmental glomer-
ulosclerosis, membranous nephropathy, and lupus nephritis,
indicating that urinary podocalyxin is not specific to DN. In
addition, urinary podocalyxin level or podocalyxin-positive
element was not reported for early detection of stage 2 DN.
Moreover, another biomarker, urinary L-FABP, expressed in
the proximal tubules of the human kidney, was recently found to
be associated with DN.** L-FABP increased in a stepwise
manner with progression of DN.” In a study of type 1 DM,**
urinary L-FABP was an independent predictor of progression of
DN irrespective of disease stage. The AUC to predict the
progression to stage 3 DN by measuring both urinary L-FABP
and urinary albumin was up to 0.786. In another study of type 2
DM,* when the urinary L-FABP level was more than 8.4 pg/g
creatinine, clinicians could predict the progression of DN to
stage 3 DN with a sensitivity of 0.700 and specificity of 0.781.
Compared to L-FABP as a marker for predicting stage 3 DN,
urinary CypA is the first marker to be proposed for predicting
progression to stage 2 DN with a much higher sensitivity (0.900
vs 0.700) and larger AUC (0.850 vs 0.786). In a recent extensive
review of urinary biomarkers for early DN beyond albumi-
nuria,* it was found that all of the studied biomarkers were
limited to predicting microalbuminuria (stage 3 DN). Therefore,
our data demonstrate that urinary CypA may have value as a
novel biomarker for predicting DN as early as stage 2.

In kidneys, CypA is mostly distributed in tubules, followed
by glomeruli.'” Therefore, it is reasonable to hypothesize that
urinary CypA could be secreted by tubular cells or mesangial
cells. Because mesangial matrix expansion is a typical patho-
logical finding of DN*° and a high glucose state evokes an
intrinsic proapoptotic signaling pathway in mesangial cells,*?
we first studied the expression of sCypA from mesangial cells.
As shown in Figure 4, there was a significant release of CypA
following glucose or free radical treatment. Even though DN
has been traditionally considered as a glomerular disease,
increasing evidence has shown that renal dysfunction correlates
earlier and in association with the degree of tubular injury.*® A
novel mechanism for albuminuria from PTEC revealed that
tubular epithelial cell injury occurs relatively earlier than
glomerular injury. There are many chemokines released from
PTEC which stimulate certain physiological signals and whose
effects culminate in progressive tubular injury, interstitial
inflammation, and fibrosis in DN.*’ Therefore, we next
examined whether CypA can also be secreted by tubular
epithelial cells as well. In Figure 5, after treatment of HK-2

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

cells with various concentrations of glucose or free radicals,
sCypA was clearly increased in the conditioned medium. In the
cell study using MES-13 and HK-2 cells, our results demon-
strated that CypA was secreted after glucose or free radical
stimulation, indicating that CypA could be secreted by either
mesangial cell or PTEC into urine in early DN. Our results are
consistent with those of previous studies that showed earlier
renal dysfunction was associated with tubular change*®*” and
the later but typical change was related to mesangial cell
dysfunction in the glomerulus.*'*? Therefore, sCypA could
be considered as both tubular and mesangial cell injury markers
in DN.

In summary, we have demonstrated in this well-designed
study of DN patients that urinary CypA is a good biomarker for
early DN. Even though we cannot exclude the possibility that
urinary CypA is released by renal cell lysis, our results from
cellular models indicate it is very likely that CypA is secreted
from either mesangial or PTEC in early DN. In addition to its
role as a novel biomarker of early DN, sCypA may also play a
pathological role in the development of DN and may be
involved in the interplay between the tubulointerstitial and
glomerular compartments. The underlying molecular mechan-
isms need to be elucidated in further cellular and animal studies.
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Background: Our previous clinical indicated that urinary cyclophilin A was a good marker for diabetic nephropathy.
Methods: We used animal and cell models of diabetic nephropathy to examine the role of cyclophilin A in disease
progression.

Results: Significantly increased urinary cyclophilin A could be detected in db/db at the 8th week. Linagliptin (3 mg/
kg/day and 15 mg/kg/day) could suppress urinary 8-hydroxy-2’-deoxyguanosine at the 8th and 16th week but only
the high dose Linagliption could suppress cyclophilin A at the 8th week. Compared to 8-hydroxy-2’-

K d: . a1 . o . . -
C;}c’rgg;mn A deoxyguanosine, cyclophilin A was a stronger, earlier, and more sensitive marker. Immunohistochemical staining
Diabetic nephropathy for cyclophilin A was also positive for db/db. In cell studies, oxidative stress and hyperglycemia could stimulate

MES-13 and HK-2 cells to secrete cyclophilin A. Hyperglycemia stimulated HK-2 cells to secrete TGF31, which
caused secretion of cyclophilin A. The secreted cyclophilin A further stimulated CD 147 to move outward from cy-
tosol onto cell membrane in confocal microscopy, which was associated with the p38 MAPK pathway in the down-
stream.

Conclusions: Secreted cyclophilin A may play an important role in diabetic nephropathy in the mouse model and is
associated with TGF31, CD 147, and the p38 MAPK pathway.

Mesangial cell
Proximal tubular epithelial cell
Dipeptidyl peptidase 4 inhibitors

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Type 2 diabetes mellitus (DM) is the most common single cause of
end-stage renal disease (ESRD) [1], and diabetic nephropathy (DN) is
the cause of ESRD in almost half of all patients with ESRD. Despite the
availability of many modern therapies for glycemic control, many dia-
betic patients still progressed to severe renal damage [2]. Therefore, it
is important to identify new markers for DN and to further elucidate
the molecular pathway that leads to DN. Cyclophilin A (CypA) is an
18-kD highly conserved protein [3] that mostly distributed in the cyto-
plasm, where it facilitates protein folding and trafficking. It can also act
as a cellular receptor for cyclosporine A. Aside from the above described
“cellular” form of CypA, the level of a secreted form of CypA (sCypA) cor-
relates with cardiovascular disease [4], rheumatoid arthritis, and liver
injury. Serum CypA level had been reported to be higher in diabetic pa-
tients and may be a new biomarker for DM [4,5]. The expression of CypA

* Corresponding author at: Department of Life Science, Tunghai University, No. 1727,
Sec. 4, Taiwan Boulevard, Xitun District, Taichung 40704, Taiwan.
E-mail address: (M. Hsieh).
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0009-8981/© 2016 Elsevier B.V. All rights reserved.

is at arelatively high level in the kidney [6], where proximal tubular ep-
ithelial cells (PTECs) contains a considerably greater level of CypA rela-
tive to other kidney cells [7]. The relationship between DN and sCypA
has never been elucidated until our previous report [8]. Our study
showed that the CypA was detectable in patients with stage 2 DN,
with high sensitivity and specificity, and the level increased as DN
progressed. Furthermore, high glucose treatment increased sCypA ex-
pression in cultured mesangial cells and PTECs [8]. Secreted CypA has
been shown to be a good marker for DN according to our previous re-
port [8]. Herein, we hypothesize that there might be an important path-
ological role of sCypA for DN as well.

Dipeptidyl peptidase 4 inhibitors (DPP-4is) benefit patients with
renal protection independent from their glucose-lowering effects [9]
and they also benefit patients by providing renal protection [10-13]
without clear mechanism. Linagliptin (BI-1356, Trajenta) can lower al-
buminuria on top of the recommended standard treatment in patients
with type 2 DM [13]. It can reduce renal events by 16% (composite of
6 renal outcomes) [14]. There are other preclinical studies describing
possible mechanisms of the renal protection of DPP4i [10,15,16]. In
this study, we examined the renal protective effect conferred by
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Fig. 1. Physical data of mice. (A) Three groups of mice with diabetic nephropathy (db/db) ate more food than mice without diabetic nephropathy (db/m). However, there was no difference
among all 3 db/db groups. (n = 10). (B) Three groups of mice with diabetic nephropathy (db/db) drank more water than mice without diabetic nephropathy (db/m). However, there was
no difference between all 3 db/db groups. (n = 10). (C) Three groups of mice with diabetic nephropathy (db/db) produced a greater urinary volume than mice without diabetic
nephropathy (db/m). However, there was no difference between all 3 db/db groups. (n = 10). (D) Mice with diabetic nephropathy had significantly higher blood glucose than db/m.
However, there was no difference between all 3 db/db groups. (n = 10). (E) Three groups of mice with diabetic nephropathy (db/db) had much higher body weight than mice without
diabetic nephropathy (db/m). However, there was no difference between all 3 db/db groups. (n = 10). (F) Three groups of mice with diabetic nephropathy (db/db) had heavier
kidneys than mice without diabetic nephropathy (db/m) did. However, there was no difference between all 3 db/db groups. (n = 10) ***p < 0.001.

Linagliptin in the db/db mouse model and the associations between
Linagliptin and sCypA.

2. Material and methods
2.1. Type 2 DM mouse
All experimental protocols were approved by a named Taichung

Veterans general hospital and licensing committee (Affidavit of Approv-
al of Animal Use Protocol in TVGH) and all experiments were performed

in accordance with relevant guidelines and regulations. Four-week-old
male C57BLKS/] db/db and db/m mice were purchased from National
Applied Research Laboratories (Taiwan, R.0.C.); db/m mice were used
as controls in all experiments. They were fed from the age of 4 weeks,
and were sacrificed at the age of 20 weeks.

2.2. 24-h urinary sCypA and 8-hydroxy-2'-deoxyguanosine (8-OHdG)

The amount of daily urine was collected from the metabolic cage and
we used the ELISA kit (SEA979Mu, USCN Life Science Inc.) for determining
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Fig. 2. Expressions of 8-OHdG and CypA from mice's urine at the 8th week and 20th week. (A) The expression of 8-OHdG in db/db from the urine at the 8th week was increased significantly
compared to db/m (p = 0.026). This could be suppressed by administering both 3 and 15 mg/kg/day Linagliptin (p = 0.018 and p = 0.028 respectively). (B) The expression of 8-OHdG in
db/db from urine at the 20th week was increased significantly compared to db/m (p = 0.018), but this could only be suppressed by higher dose (15 mg/kg/day) of Linagliptin (p = 0.047)
instead of lower dose (3 mg/kg/day) (p = 0.175). (C) The expression of sCypA in db/db from urine at the 8th week was increased significantly compared to db/m (p = 0.006), and it could
only be suppressed by higher dose (15 mg/kg/day) of Linagliptin (p = 0.016) instead of lower dose (3 mg/kg/day) (p = 0.050). (D) The expression of sCypA in db/db from urine at the 20th
week was also increased significantly compared to db/m (p = 0.019), but could not be suppressed by either high or low dose of Linagliptin (p = 0.773 and p = 0.149 respectively). (n =6
indb/m,n = 5 in db/db, n = 6 in db/db + 3 mg/kg/day Linagliptin, and n = 5 in db/db + 15 mg/kg/day Linagliptin.) *p < 0.05, **p < 0.01.

sCypA. The amount of daily urine and concentration of sCypA in urine
were calculated as the daily sCypA excretion amount. Urine was stored
in an ice package immediately. Within 4 h, it was then restocked under
—80 °C until analysis. All data of urinary CypA were double-checked at
least twice. To determine the oxidative DNA damage in the kidney, we de-
termined 24-h urinary 8-OH-dG concentrations using the ELISA kit (8-
OH-dG Check; Institute for the Control of Aging).

2.3. Histological analysis: light microscopic study

We selected 10 glomeruli from each mouse and there were 100 glo-
meruli from 10 mice in each group. The right kidney of each mouse was
obtained for histological analysis. Histology was assessed after hema-
toxylin and eosin (HE) staining as well as the periodic acid-Schiff stain-
ing (PAS).
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Fig. 3. IHC staining of glomeruli for CypA in db/db diabetic compared to db/m nondiabetic kidneys at 20th week. (A)(B)(C)(D) IHC staining for CypA (brown staining) was increased in the
db/db group compared to db/m (B vs. A). The increased staining for CypA in db/db (B) could not be observed in high dose (C) or low dose (D) Linagliptin treatment. (E) Quantitative data
(n =100 in each group) for IHC staining for CypA. Increased staining for CypA in db/db could be reversed by both dose of Linagliptin treatment significantly. ***p < 0.001. Scale bar, 50 um.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

24. Cell culture

MES-13 cells (glomerular mesangial cells from an SV40 transgenic
mouse) were obtained from American Type Culture Collection (CRL-
1927; Manassas, VA, USA). MES-13 were cultured in a 3:1 mixture of
M199 (Invitrogen) and Ham F-12 (Invitrogen), supplemented with 5%
FBS, 1% penicillin-streptomycin, 1% L-glutamine, and 14 mmol/l HEPES
and maintained in an incubator at 37 °C with 5% CO2. All culturing sup-
plies were acquired from Life Technologies (Gaithersburg, MD, USA).
Subsequently, the cell lysate and secreted cellular proteins were collect-
ed for Western blot analysis. HK-2 cells (human proximal tubular epi-
thelial cells) were obtained from the laboratory of Taichung Veterans
General Hospital. HK-2 cells were maintained in DMEM/F12 and

supplemented with 10% fetal bovine serum (FBS), 1% penicillin/strepto-
mycin/amphotericin B, 1% glutamine (Invitrogen, Carlsbad, CA), and 1%
Insulin-Transferrin-Selenium (Sigma, St. Louis, MO). Western blot anal-
yses were used to determine the levels of endo-CypA, sCypA, p38, phos-
phorylated p38 and TGFB31.

2.5. Chemicals, reagents and techniques

2.5.1. Linagliptin effect on MES-13 cells

Linagliptin (5 mg/tab, BI-1356, film-coated tablet) and a pure pow-
der form 1-[(4-methyl-quinazolin-2-yl)methyl]-3-methyl-7-(2-butyn-
1-y1)-8-(3-(R)-amino-piperidin-1-yl)) xanthine) were sponsored by
Eli Lilly Company. The film-coated tablets of Linagliptin were dissolved
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in water for animal experiments and the pure powder form was dis-
solved in dimethyl sulfoxide (DMSO) for cell experiments.

2.5.2. Glucose, TGF31 and CypA treatment on HK-2 cells

HK-2 cells were seeded in a 6 cm cell culture plate with 3 x 10° cells/
plate and were incubated in DMEM/F-12 1:11 medium (10% FBS) for
1 day. Then the medium was replaced with 0% FBS low glucose DMEM
medium for 3-day glucose starvation. b-glucose (Sigma, Aldrich) TGF31
(PeproTech), CypA (Enzo Life Sciences, Inc.) were used to treat HK-2 cells.

2.6. Statistical analysis

The results from Western blot were expressed as mean + SEM. The
suitable cutoff value for the sCypA and 8-OHdG in urine at the 8th week
were analyzed using ROC curve to determine the optimal sensitivity and
specificity of the ROC curve. Chi square test was used to differentiate the
two examinations. All statistical procedures were performed using the
SPSS statistical software package, ver 12.0. A p < 0.05 was considered
statistically significant.

3. Results
3.1. Effects of Linagliptin on the physiology of mice with DM

Since the db/db (Lepr™®) mouse model of leptin deficiency is currently
the most reliable and widely used mouse for modeling type 2 DN [17], we
treated both db/db and db/m mice with Linagliptin to observe the effects
of Linagliptin on DN. All three groups of db/db mice exhibited the classical
manifestations of DM: increased appetite (Fig. 1A), thirst (Fig. 1B), urinary
frequency (1C), and weight (Fig. 1E). However, regardless of treatments
(3 mg/kg/day or 15 mg/kg/day of Linagliptin), the blood sugar in all
three groups remained the same (Fig. 1D). Therefore, we hypothesize
all findings were independent from glucose-lowering.

3.2. Secreted CypA as an earlier indicator than 8-OHdG for DN and their as-
sociations with Linagliptin

Urinary 8-OHdG is a reliable and early marker of reactive oxidative
stress (ROS) and DN because it can represent DNA damage in early DN
[18]. The expression of 8-OHdG in the urine at the 8th week in the db/
db was increased significantly compared to that in db/m (p = 0.026).
This result could be suppressed by administering 3 and 15 mg/kg/day
of Linagliptin (p = 0.018 and p = 0.028 respectively, Fig. 2A). The ex-
pression of 8-OHdG in the db/db at the 20th week increased significantly
compared to that in db/m (p = 0.018), but it could only be suppressed
by a high dose (p = 0.047) rather than low (p = 0.175) (Fig. 2B). In
summary, we were able to detect the expression of 8-OHdG starting
from the 8th week up to 20th. The receiver operating characteristic
(ROC) curve is shown in supplementary data (Fig. S1, A). On the other
hand, the sCypA in the urine at the 8th week in the db/db increased sig-
nificantly compared to that of db/m (p = 0.006), and it could only be
suppressed by high-dose Linagliptin (p = 0.016) rather than low-dose
(p = 0.050) (Fig. 2C). The expression of sCypA in the urine from the
20th week in the db/db also increased significantly compared to that
of db/m (p = 0.019), however, the sCypA expression could not be

Fig. 4. Renal function evaluations of mice, including creatinine clearance and daily
albuminuria. (A) The Ccr was increased at the 20th week in the db/db group when
compared to the db/m (p = 0.034). The increased hyperfiltration could be inhibited by
high- or low-dose Linagliptin (p = 0.021 and p = 0.014 respectively). (B) Daily
albuminuria at the 8th week was increased in db/db group (p = 0.006), which could be
inhibited by 3 mg/kg/day-Linagliptin (p = 0.045) or 15 mg/kg/day-Linagliptin (p =
0.046). (C) Daily albuminuria at the 20th week was also increased in the db/db group
(p = 0.028). The increased albuminuria could not be inhibited by either high- or low-
dose Linagliptin (p = 0.327 and p = 0.142 respectively). (n = 6 in db/m, n = 5 in db/
db, n = 6 in db/db + 3 mg/kg/day Linagliptin, and n = 5 in db/db 4+ 15 mg/kg/day
Linagliptin.) *p < 0.05, **p < 0.01.
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Fig. 5. IHC staining for TGF31 in db/db diabetic compared to db/m nondiabetic kidneys at 20th week. (A)(B)(C)(D) IHC staining for TGF31 (brown staining) in glomeruli was increased in
the db/db group compared to db/m (B vs. A). The increased glomerular staining in db/db (B) could not be observed in either low-dose (C) or high-dose (D) Linagliptin treatment. (E)
Quantitative data (n = 100 in each group) for IHC staining for TGF31 in glomeruli. Increased staining for TGF31 in db/db could be reversed by both doses of Linagliptin treatment
significantly. ***p < 0.001. Scale bar, 50 pum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

suppressed regardless of high- or low-dose of Linagliptin (p = 0.773 3.3. Histological evidence of CypA in DN at the 20th week
and p = 0.149, respectively) (Fig. 2D). Similarly, we were able to detect

the expression of sCypA starting from the 8th up to 20th. The ROC curve The immunohistochemical (IHC) staining for CypA was significantly
for sCypA is shown in supplementary data (Fig. S1, B). In contrast to 8- increased in the db/db (Fig. 3B) compared to db/m (Fig. 3A) in glomeruli,
OHdG, however, a much higher dose of Linagliptin was needed to sup- and the increased expression could be reversed by low-dose Linagliptin

press the expression of sCypA at the 8th week. (Fig. 3C) and further reversed by high-dose Linagliptin (Fig. 3D). All
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Fig. 6. Western blotting of sCypA expression in glucose treated MES-13 cells and rescued by Linagliptin. (A) The expression of sCypA treated by 25 mmol/l glucose was inhibited by
Linagliptin in all 3 different concentrations (1, 10, and 100 nmol/1) for 8 h. (B) Under high glucose condition (25 mmol/1), the 10 nmol/I Linagliptin treatment was able to inhibit the
expression of sCypA for 8 h. A longer treatment time for up to 24 h diminished the effect. (C) The effect of Linagliptin on the inhibition of sCypA could last for 12 h. (D) Statistical

analysis showed that the inhibition could be sustained for at least 8 h with statistical significance (p < 0.001) (n = 4).

data were quantified in Fig. 3E. The data clearly indicate that a higher level
of CypA exists in the mesangial area of glomeruli in DN compared to non-
DN. In addition to IHC staining over glomeruli, there is increased IHC
staining for CypA over peri-glomerrular tubules in the db/db (Supplemen-
tary data, Fig. S2, B) compared to db/m (Supplementary data, Fig. S2, A).

3.4. Linagliptin's effects on clinical markers of DN

The hyperfiltration and albuminuria are landmarks for DN [19]. At
the 20th week, the Ccr (creatinine clearance) increased in the db/db
group compared to db/m (p = 0.034) (Fig. 4A). The hyperfiltration
could be inhibited by both doses of Linagliptin (p = 0.021 and p =
0.014 respectively) (Fig. 4A). On the other hand, albuminuria could be
reduced at the 8th week at a low dose (p = 0.045) or high (p =
0.046) (Fig. 4B). Albuminuria was not reduced at the 20th week, even
with a high dose of Linagliptin in the db/db (p = 0.347) (Fig. 4C).

Fk

p < 0.001; endo-CypA: endogenous cyclophilin A.

3.5. Linagliptin's effects on pathological findings of DN at the 20th week

TGFP1 is a pivotal mediator in the pathogenesis of renal fibrosis
[20]. Microscopically, the IHC staining for TGFB1 in glomeruli in-
creased in the db/db group compared to db/m (Fig. 5B vs. A). The in-
creased glomerular staining in the db/db (Fig. 5B) could be reversed
by low- and high-dose Linagliptin (Fig. 5C and D). All data are quan-
tified in Fig. 5E. These results suggest that Linagliptin can reduce the
expression of TGFB31 in glomeruli from DN. Increased TGFB1 staining
around peri-glomerular tubules can be detected in the db/db (Sup-
plementary data, Fig. S3, B) compared to db/m (Supplementary
data, Fig. S3, A). However, the expression of TGF31 cannot be re-
lieved by low (supplementary data, Fig. S3, C) or high dose
Linagliptin (Supplementary data, Fig. S3, D). These persistent in-
creased stainings of TGFR1 around tubules in all three db/db groups
supported that very limited effect of Linagliptin on tubules because
only 3-5% Linagliptin will enter tubular cells [21].
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Fig. 7. Expression of phosphorylated p38, sCypA and TGFB1 after high glucose treatment of HK-2 cells in Western blotting. (A) After high glucose (35 mmol/l) treatment for 30 min, the
expression of p-p38 increased. (B) After high glucose (35 mmol/l) treatment for 12 h, the expression of TGF31 increased but not for sCypA. After high glucose (35 mmol/1) treatment for
24 h, the expression of sCypA increased but not for TGF31. (C) Quantitative data for the expression of p-p38 in (A). (p < 0.05) (n = 3). (D) Quantitative data for the expression of TGFp1
after 12 h treatment of high glucose. (p < 0.05) (n = 3). (E) Quantitative data for the expression of sCypA after 24 h-treatment of high glucose. (p < 0.05) (n = 3)*p < 0.05; exo-TGFP1:

exogenous TGF31.

3.6. Effects of Linagliptin on expressions of sCypA on MES-13

In our previous cell studies, oxidative stress and hyperglycemia
could stimulate MES-13 and HK-2 cells to secrete cyclophilin A [8]. To
understand whether Linagliptin affects the expression of sCypA in the
cellular model, MES-13 cells were treated with high glucose to stimulate
sCypA under different concentrations of Linagliptin. Our results showed
that Linagliptin successfully inhibited the expression of sCypA in cells
treated with 25 mM glucose in all three different concentrations (1,
10, and 100 nmol/l) (Fig. 6A). Under the same glucose concentration
(25 mmol/1), the 10 nmol/I Linagliptin treatment was able to inhibit
the expression of sCypA for 8 h with statistical significance (p < 0.001)
(Fig. 6D). The effect could last for 12 h (Fig. 6C), but a longer treatment
time of up to 24 h diminished the effect (Fig. 6B). These findings there-
fore indicate that Linagliptin certainly could act as a rescue reagent for
MES-13 cells under hyperglycemia by reducing sCypA production.
Since only 3-5% Linagliptin will enter tubular cells [21], we did not ver-
ify effects of Linagliptin on expressions of sCypA in HK-2 cells.

3.7. Molecular pathway of sCypA related DN

Since sCypA can regulate p38-MAPK signaling [22], we hypothesize
that p38-MAPK is also involved in sCypA-related DN. Instead of MES-
13, we chose HK-2 cells because of the following reasons. Firstly, p38
MAPK signaling pathway was associated with DN in HK-2 cells [23]. Sec-
ondly, receptors of sCypA, CD 147, are mostly distributed over HK-2
cells [24]. After treating by high glucose on HK-2 cells, the phosphorylat-
ed-p38 (p-p38) increased in Western blotting (Fig. 7A). The increased
expression of TGFR1 could be detected earlier (12 h) compared to the
increased CypA after a relatively longer duration (24 h) (Fig. 7B). All
were quantified in Fig. 7C for p-p38, Fig. 7D for TGF31 (12 h) and Fig.
7E for sCypA (24 h). After treating by TGF(1, the expression of p-p38

and sCypA both increased (Fig. 8A). Nevertheless, after treating by
CypA, the expression of TGF1 did not increased (Fig. 8B), but the ex-
pression of p-p38 increased (Fig. 8C). Quantified data after the treat-
ment of TGFP1 are shown in Fig. 8D for p-p38 and Fig. 8E for sCypA.
Quantified data of p-p38 after the treatment of CypA is shown in Fig.
8F. Taken together, our data indicate that hyperglycemia induced the
secretion of TGFP1 from HK-2 cells. Also, TGF31 stimulated the secre-
tion of CypA, which may then result in the increment of p38-MAPK.

3.8. sCypA and its receptor (CD147) on HK-2 cells via confocal microscopy

CD147 is a membrane receptor for sCypA and is mainly distributed
in the cytoplasm [24]. CD147 is mostly concentrated in the PTEC [25].
Without any treatment, the CD147 is mostly distributed in the cyto-
plasm (Fig. 9A). After being treated with CypA (1 nmol/1) for 10 min,
the cytosolic CD147 moved toward cell membranes and the contours
of HK-2 cells could be identified (Fig. 9B). After further high dose of
CypA treatment (10 nmol/I) for 10 min, almost all contours of HK-2
cells could be seen clearly (Fig. 9C). On the other hand, CD147 was
mostly distributed in the cytoplasm (Fig. 9D) if there was no treatment
of TGFP1. After treatment of TGFR31 for 10 min, the distribution of CD147
was mainly in the cytoplasm (Fig. 9E). However, after 24 h TGFp1 treat-
ment, the cytosolic CD147 moved toward cell membranes (Fig. 9F). In
summary, CypA was capable of immediately stimulating cytosolic
CD147 of HK-2 cells to move toward the cell membrane while it
would take 24 h for TGFP1 to do so.

4. Discussion

In the DN animal model, our results demonstrate that although both
sCypA and 8-OHdG are early indicators for DN, sCypA is a better indica-
tor than 8-OHdG. Firstly, we compared the extent for which the value of
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Fig. 8. Expression of phosphorylated p38 and sCypA by TGF31 treatment and expression of TGF31 by sCypA treatment in HK-2 cells. (A) After treatment of TGF31 (5 ng/ml) for 30 min and
24 h, the expression of p-p38 and sCypA both increased, respectively. (B) After treatment of CypA (1 and 10 nmol/1) for 24 h, the expression of TGF31 did not increase. (C) After treatment
of CypA (1 nmol/I) for 30 min, the expression of p-p38 increased. (D) P-p38 increased significantly after treatment with TGF31 (p < 0.05) (n = 3). (E) SCypA increased significantly after
treatment with TGF31 (p < 0.01) (n = 3). (F) P-p38 increased significantly after treatment with CypA (p < 0.05) (n = 3). *p < 0.05, **p < 0.01.

the indicator has increased at the same time. A 12.7 folds of increase
[(6656.1 pg/day)/(523.1 pg/day)] of sCypA concentration at the 8th
week in the db/db compared to 1.7 folds [(11.62 ng/day)/(6.83 ng/day)]
of 8-OHdG concentration also suggested that sCypA is a more sensitive
and specific indicator than 8-OHdG. We used Chi square to examine the
ROC curve for sCypA (Supplementary Fig. 1, B) and 8-OHdG (Supplemen-
tary Fig. 1, A), and they differed statistically (p < 0.0001) for diagnostic
power. Secondly, the sCypA detected at the 8th week is an early marker
for DN since the blood sugar in the db/db began to rise slightly from the
4th week to the 8th (130 4+ 4 mg/dl and 175 4 29 mg/dl respectively)
[26]. This period of time corresponds to the duration of early-stage DN
when mesangial matrix expansion is still not detectable microscopically.
The early-stage DN is characterized by hyperfiltration, resulting in a
mere increase in 23% of glomerular surface (e.g. hypertrophy or hemody-
namic hyperfiltration) [27]. Hence, urinary sCypA is an early DN marker
because there is an obvious increase of sCypA at the 8th week when
there are few pathological changes. On the other hand, the increased
sCypA should not be considered as a general effect due to increased pro-
teinuria in the db/db mice, because among the 4 groups of mice, there was
no significant upsurge in albuminuria at the 16th week compared to that
at the 8th (p = 0.059, 0.064, 0.400, and 0.203 in numerical order). Our
data are consistent with previous reports that albuminuria or proteinuria
was not the variable to represent the severity of DN in the db/db and db/m
[27-30]. According to the above reasons, we believe that urinary sCypA is
a much earlier and stronger maker than 8-OHdG for DN. Consistently, the
increased IHC staining for CypA was also detected in mesangial cells (Fig.
3B vs. A; E) and tubular cells (Supplementary Fig. 2B vs. A) in DN. The
above findings in animal models are all consistent with our previous
human study that human urinary CypA can be detected since stage 2
DN [8]. Thus, we conclude that urinary sCypA could possibly be a much
stronger and earlier factor involved in causing DN.

Significant protective role of Linagliptin on renal function are similar
to the previous report that renal protection of Linagliptin is associated
with TGFB1 [31]: Linagliptin can interfere with the conversion of latent
to active TGF31 and downstream fibrotic markers [31]. We also dem-
onstrate that the increased staining for CypA in glomeruli of DN can
be reduced by Linagliptin (Fig. 3), which suggests that renal protection
of Linagliptin may be associated with CypA in glomeruli. Furthermore, it
may be independent from tubular cells because <5% Linagliptin entered
the tubules [21]. Besides, we postulate that sCypA may be a stronger
pathological factor than that of 8-OHdG. At the 8th week, Linagliptin
could suppress 8-OHdG at a low dose but suppression of sCypA required
a high dose. Similarly, high dose of Linagliptin was able to suppress se-
cretion of 8-OHdG but not sCypA at the 20th week. The more pathogenic
marker, sCypA, could exist up to the 20th week and could not be sup-
pressed by high dose Linagliptin. This is also an indirect evidence that
sCypA has stronger pathogenic effects on DN than 8-OHdG. It is worth
noting that renal protection of Linagliptin exists in this animal study in-
dependently from glucose lowering. Failure of glucose lowering by
Linagliptin was similar to previous researches [11,32,33].

The control of blood sugar was sustained early with DPP4i in the an-
imal model of db/db. Nonetheless, progression of insulin resistance
(persisted increased body weight) appeared to block the improvement
of glucose tolerance through DPP4i. Linagliptin is then effective in only
the early stage of type 2 diabetes [32]. Other reason for the discrepancy
of the blood sugar values obtained before and after 8-week Linagliptin
treatments is that the db/db developed frank hyperglycemia (175 +
29 mg/dl at the 8th week of age and 283 4 77 mg/dl at the 10th) [26].
We highly suspect an unrestricted diet (Fig. 1A) leading to the increased
weight gain (Fig. 1E) which also caused poor blood sugar control after
the 8th week. We believe that one cannot rely merely on medication
when treating diabetes. A restricted diet to prevent excessive weight
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Fig. 9. Confocal microscopy for CD 147 in HK-2 cells treated with CypA and TGF1. (A) Without treatment of CypA, positive staining for CD147 (green staining) was mostly distributed in
the cytoplasm near the nucleus (red staining by Propidium iodide). (B) After treatment with 1 nmol/l CypA for 10 min, the positive staining for CD147 moved closely to the cell membrane
of HK-2 cells, and cell membranes can be seen very clearly (white arrow). (C) After treatment with 10 nmol/l CypA for 10 min, the positive staining for CD147 moved further closely to the
cell membrane of HK-2 cells and cell membranes can be seen much more clearly than the previous 1 nmol/l CypA. Almost all contours of HK-2 cells can be seen clearly (white arrow). (D)
Without treatment of TGFB1, positive staining for CD147 (green staining) was mostly distributed in the cytoplasm near the nucleus (red staining by Propidium iodide). The membrane of
HK-2 cells cannot be detected. (E) After treatment with 5 ng/ml TGF1 for 10 min, the positive staining for CD147 is mostly distributed in the cytoplasm near the nucleus. The membrane of
HK-2 cells cannot be detected. (F) After treatment with 5 ng/ml TGF31 for 24 h, the positive staining for CD147 moved closely to the cell membrane of HK-2 cells, and cell membranes can
be seen much more clearly (white arrow). Almost all contours of HK-2 cells can be seen clearly (white arrow). Scale bar, 50 um. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

gain is as important as prescription drugs, as reported in the study con-
ducted by Ishibashi et al. [34] where the db/db mice were fed with two
feeding methods: standard chow twice a day and ad libitum. In
Ishibashi's study [34], they raised mice with two feeding methods
which gave 3.2 g/day or 5 g/day of food at the 12th week. The resulting
body weight was 29.8 4+ 0.7 g vs. 42.6 £ 2.9 g respectively. DPP4i failed
to control blood sugar in the db/db mice receiving chow ad libitum be-
cause of glucose toxicity and lipotoxicity [34]. In contrast, our study
did not limit food intake for all three db/db groups. Compared to the
Ishibashi's study, all our 3 groups of db/db at the 12th week weighted
more (49.9 + 0.64 g, 50.2 + 0.47 g, and 50.2 4 7.52 g). As it was also
observed in Ishibashi's study, the body weight in our db/db mice
remained high regardless of DPP4i treatment. However, DPP4i can
achieve fair blood sugar control in human because unlimited weight
gain is less likely. Interestingly, we could observe the renal protection
effect of Linagliptin independently from its glucose lowering effect.
Moreover, the similar weight gain among all 3 db/db groups was consis-
tent with the clinical finding that DPP4i plays a neutral role in body
weight in diabetic patients [35].

In addition, our results are consistent with a recent study regarding
DPP4-deficinecy in an animal model [36]. Firstly, our findings suggest
that the main effects of DPP4i were on glomeruli, with less effect on tu-
bules, which are similar to the effects of DPP4 deficiency on expansion
of glomerular area and albuminuria reported by Matsui T et al. [36].

Secondly, Matsui T et al. also found that increased 8-OHdG levels in
the kidneys were suppressed significantly in DDP4-deficient rats. Our
study echoed their finding. Thirdly, Matsui T et al. demonstrated that
decreased Advanced Glycation End Product (AGE)-Receptor for AGEs
(RAGE) axis in the genetically DPP4 deficiency rats provided renal pro-
tection even though the fasting blood glucose was similar in DN rats
with or without DPP4 deficiency. In our study, Linagliptin reduced the
increment of glucose-stimulated CypA without lowering fasting blood
glucose. Both the internal (genetically DPP4 deficiency) and external
(Linagliptin treatment) mechanisms resulted in less DN through less
glucose toxicity (lower AGE-RAGE axis and lower glucose-stimulate
CypA secretion, respectively), supporting the notion that the effects of
renal protection from blocking DPP4 are the results from decreased glu-
cose toxicity without lowering blood glucose,

We showed pathological evidence of strong positive staining for
CypA over mesangial cells in glomeruli (Fig. 3B) and peri-glomerular tu-
bules (Supplementary Fig. 2B vs. A). Typically, findings of DN are fo-
cused on mesangial cells in glomeruli. However, early changes in PTEC
may be an essential factor in the development of progressive kidney dis-
eases [37-39]. Based on our previous study [8], hyperglycemia stimulat-
ed both mesangial cells and PTEC to secret CypA. This finding is
compatible with the distribution of CypA staining in the db/db mice.
To this end, we propose that there is interplay between PTEC and
mesangial cells, and sCypA is associated with this relationship. Secreted
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Fig. 10. Hypothesis of molecular pathway for the effects of sCypA on diabetic nephropathy
and its association with Linagliptin. Both ROS (reactive oxidative stress) and
hyperglycemia can stimulate MES-13 cells to secrete sCypA, which can be reversed by
catalase and Linagliptin, respectively. ROS and hyperglycemia can also stimulate HK-2
cells to secrete sCypA. More precisely, hyperglycemia stimulates HK-2 cells to release
TGFP1, which induces HK-2 cells to secrete sCypA. The sCypA causes cytosolic CD147 to
move to the cell membrane and serves as membrane receptors for sCypA. The binding
of sCypA and CD 147 activates p38 as phosphorylated p38. Then the phosphorylated
p38 may cause a downstream reaction, such as epithelial mesenchymal transition,
which will cause diabetic nephropathy. Two solid lines: cited from others published
studies.

CypA is associated with inflammatory or infectious diseases [5], espe-
cially in cardiovascular disease [4,40]. It is considered as a new promis-
ing target in cardiovascular therapy [4,40]. ROS inducers, including
angiotensin II, stimulate CypA secretion from vascular smooth muscle
cells. The sCypA activates ERK1/2 and promotes ROS production, thus
augmenting the full response [40]. In rheumatoid arthritis, CypA-
CD147 interaction might cause the destruction of cartilage and bone
by upregulating MMP-9 expression [41]. CypA also induced CD147-de-
pendent chemotaxis of activated CD4 + T cells in asthma [42]. CypA ex-
pression correlated with MMP-1, MMP-2, and MMP-9 expression in
periodontitis [43]. In our previous report [8], we detected increased uri-
nary CypA since the silent stage of DN. In this study, we further exam-
ined the mechanism that sCypA is involved in DN by using the cellular
model. It is known that released sCypA will bind to its receptors,
CD147, in many different types of cells. Given the fact that there are dif-
ferent ligands for CD147 binding, it is worth noting that the movement
of cytosolic CD147 to cell membrane immediately after cells is treated
with CypA (Fig. 9). The above finding indicates that sCypA is indeed in-
volved in cell surface localization of CD147. All the above findings indi-
cated that the interplay of sCypA may be a paracrine for MES-13 and an
autocrine for HK-2 cells.

In this study, we showed that hyperglycemia stimulated PTEC to se-
cret TGFp1, which is consistent with the previous reports that the syn-
ergism of high glucose concentrations with cytokines can stimulate
TGFpP1 synthesis by PTEC [44,45]. TGFP1 is upstream to many fibrotic
pathways and is a multifunctional regulator that modulates cell differ-
entiation, proliferation, and migration and induces the production of ex-
tracellular matrix proteins [46]. All are pivotal processes that contribute
to glomerulosclerosis [47]. In addition to the association of TGF31 with
glomerular change, TGF-31 has been shown to participate both directly
and indirectly in tubule degeneration in DN [48]. The epithelial mesen-
chymal transition (EMT) is the mechanism in most studies [23,49,50].
TGF-p1 down-regulates the expression of epithelial cell adhesion mole-
cules (E-cadherin and ZO-1), increases de novo a-SMA expression and
actin reorganization, and finally enhances cell migration and invasion
of the interstitium [49]. It is worth noting that TGF-31 related EMT in
PTEC had been recently studies by Zhi-Mei Lv et al. [23]. It is about the

p38 MAPK signaling pathway in hyperglycemia induced EMT in PTEC.
However, how the TGF31 stimulate increased expression of p38 MAPK
is still unknown. Our study provides further evidence to confirm that
TGFB1 stimulates secretion of CypA which may cause CD147 to move
outward to the cell membrane. CD147 may serve as the membranous
receptor for sCypA. Secreted CypA induced cell surface localization of
CD147 might cause increased expression of p38 MAPK, leading to a
downstream reaction such as EMT [23].

The reasons that TGF31 is upstream to sCypA are as follows. Firstly,
TGFB1 can stimulate secretion of CypA (Fig. 8A) but not vice versa
(Fig. 8B). Secondly, increased expressions of TGF1 can be detected at
12th h (Fig. 7B and D) from hyperglycemia-treated HK-2 cells, but ex-
pressions of sCypA was not detected until 24 h (Fig. 7B and E). Last
but not the least, the surfacing of CD147 can be detected as soon as
10 min following treatment of CypA (Fig. 9B and C) but 24 h after
TGFp1 (Fig. 9F). Based on the above findings, in addition to functioning
as a marker for DN, sCypA may also have a pathological role for DN. We
propose that sCypA is involved in the cross-talk between mesangial cells
and PTEC through TGFB1, CD147, and p38 MAPK (Fig. 10).

5. Conclusion

Based on human, animal and cell studies, sCypA was shown to be not
only a marker of DN but also appeared to play a pathological role for DN.
The renal protective effect of Linagliptin may be associated with block-
age of sCypA in glomeruli. The sCypA may have potential as a treatment
target and thus further study is needed in the future.
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