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ABSTRACT
Established therapies for diabetic nephropathy (dNP) delay but do not prevent its
progression. The shortageof established therapiesmay reflect the inability to target
the tubular compartment. The chemical chaperone tauroursodeoxycholic acid
(TUDCA) ameliorates maladaptive endoplasmic reticulum (ER) stress signaling and
experimental dNP. Additionally, TUDCA activates the farnesoid X receptor (FXR),
which is highly expressed in tubular cells. We hypothesized that TUDCA ameliorates
maladaptive ER signaling via FXR agonism specifically in tubular cells. Indeed,
TUDCA induced expression of FXR-dependent genes (SOCS3 and DDAH1) in tubu-
lar cells but not in other renal cells. In vivo, TUDCA reduced glomerular and tubular
injury in db/db and diabetic endothelial nitric oxide synthase–deficient mice. FXR
inhibition with Z-guggulsterone or vivo-morpholino targeting of FXR diminished the
ER-stabilizing and renoprotective effects of TUDCA. Notably, these in vivo ap-
proaches abolished tubular but not glomerular protection by TUDCA. Combined
interventionwith TUDCA and the angiotensin-converting enzyme inhibitor enalapril
in 16-week-old db/db mice reduced albuminuria more efficiently than did either
treatment alone. Although both therapies reduced glomerular damage, only
TUDCA ameliorated tubular damage. Thus, interventions that specifically protect
the tubular compartment in dNP, such as FXR agonism, may provide renoprotective
effects on top of those achieved by inhibiting angiotensin-converting enzyme.

J Am Soc Nephrol 28: ccc–ccc, 2017. doi: https://doi.org/10.1681/ASN.2016101123

Around one third of patients with diabe-
tes develop diabetic nephropathy (dNP)
and dNP contributes to .40% of newly
diagnosed ESRD cases.1 Besides blood
glucose control, inhibition of the renin-
angiotensin-aldosterone system (RAAS)
is the only available therapy for dNP.

However, both approaches failed to pre-
vent dNP and typically the disease pro-
gression is only delayed.1 Thus, there is
an unmet medical need for new thera-
peutic approaches to target dNP.

RAAS inhibition is thought toprimar-
ily provide glomerular protection and

therapies targeting pathomechanism
specifically in tubular cells are lacking.
Recent preclinical studies suggest a piv-
otal role of maladaptive endoplasmic
reticulum (ER) signaling in the pathogen-
esis of dNP.2 Importantly, the chemical
chaperone tauroursodeoxycholic acid
(TUDCA) alleviated maladaptive ER
signaling in experimental dNP and in
glucose-stressed glomerular cells in
vitro,3,4 suggesting that this bile acid de-
rivative may be a safe and efficacious ther-
apy in dNP. Whether TUDCA targets a
pathomechanism independent of RAAS
inhibition and hence provides an added
value on top of RAAS inhibition in dNP
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remains unknown. In addition, although
the ER-stabilizing effect of TUDCA is es-
tablished, the receptors involved remain
unknown. Like other bile acid deriva-
tives, TUDCA acts as an agonist of the
farnesoid X receptor (FXR, NR1H4),
which is highly expressed in renal tubular
cells.5 Hence, we hypothesized that
TUDCA targetsmaladaptive ER stress sig-
naling not only in glomerular but
additionally in tubular cells via FXR ago-
nism, ameliorating dNP through a mech-
anism independent and on top of RAAS
inhibition.

First, we ascertained the expression of
FXR (NR1H4) and FXR-dependent genes
in the kidney. On the basis of the Neph-
roseq database (www.nephroseq.org),
FXR and the FXR-dependent genes sup-
pressor of cytokine signaling 3 (SOCS3)
and dimethylarginine dimethylaminohy-
drolase 1 (DDAH1)6,7 are predominantly
expressed in the tubulointerstitium (Fig-
ure 1A). Furthermore, SOCS3 and
DDAH1were readily detectable in tubular
cells, but not within glomeruli of human
and mouse kidney (Figure 1, B and C).
Analyses of human proximal tubular ep-
ithelial cells, endothelial cells, podocytes,
and mesangial cells without or with
TUDCA treatment revealed an induction
of SOCS3 and DDAH1 only in tubular
cells (Figure 1D). The necessity of FXR ex-
pression for TUDCA-dependent SOCS3
and DDAH1 expression was confirmed
by short hairpin RNA-mediated knock-
down of FXR (Figure 1E). These results
demonstrate that FXR mediates TUDCA-
dependent effects in tubular cells.

To scrutinize the in vivo relevance of
FXR agonism by TUDCA, we treated 16-
week-old db/db mice with TUDCA in
the absence or presence of the FXR in-
hibitor Z-guggulsterone.8,9

As Z-guggulsterone may have off-target
effects, we ascertained the role of FXRusing
vivo-morpholinos (FXR-MO). Treatment
of mice with FXR-MO efficiently reduced
renal FXRexpression (Supplemental Figure
1A) and treatment with Z-guggulsterone
efficiently abolished the TUDCA-mediated
induction of SOCS3 and DDAH1 (Supple-
mental Figure 1B). Furthermore, the
TUDCA-mediated reduction of activat-
ing transcription factor 6 (ATF6) and

CCAAT-enhancer-binding homologous
protein (CHOP) expression was abro-
gated by Z-guggulsterone (Supplemental
Figure 1C). These results demonstrate
the efficacy of the chosen in vivo ap-
proaches. Blood glucose level did not
differ among the experimental groups
(Supplemental Figure 1D). TUDCA treat-
ment reduced albuminuria (Figure 2A)
and improved histologic glomerular in-
jury, as reflected by extracellular matrix
accumulation (determined as fractional
mesangial area) and glomerular diameter
(Figure 2, B, C, and F). However, al-
though Z-guggulsterone or FXR-MO
largely abolished TUDCA’s protective ef-
fect on albuminuria, these interventions
did not impede TUDCA-mediated pro-
tection from glomerular injury (Figure 2,
B, C, and F). These data suggest that
TUDCA ameliorates glomerular damage
in dNP independent of FXR while pro-
tecting the tubular compartment via
FXR. Indeed, TUDCA induced SOCS3
and DDAH1 expression specifically
in tubular cells via FXR agonism (Sup-
plemental Figure 1, E and F), which is
congruent with the in vitro effects. Fur-
thermore, TUDCA reduced hallmarks of
tubular injury in dNP, such as tubular
dilation (Figure 2, D and F), expression
of kidney injury molecule-1 (KIM-1;
Figure 2E), or tubulointerstitial inflam-
mation and fibrosis (Figure 2G, Supple-
mental Figure 1G) in db/db mice. These
tubular protective effects of TUDCA
were lost after concomitant treatment
with Z-guggulsterone or in vivo FXR
knockdown (Figure 2, D–F), corroborat-
ing that TUDCA conveys its tubular pro-
tective effects in dNP via FXR agonism.
Even prolonged FXR agonism with Z-
guggulsterone (10 weeks) did not abolish
glomerular protection by TUDCA (Sup-
plemental Figure 2). This suggests that
TUDCA protects from glomerular dam-
age in dNP independent of FXR agonism
even at later disease stages, which is con-
gruent with the lack of glomerular FXR
expression (Figure 1). The glomerular
and tubular protective effects of TUDCA
were confirmed using the well estab-
lished model of dNP in eNOS knockout
(eNOS2/2) mice.10 Again, TUDCA ame-
liorated both glomerular and tubular

damage (Supplemental Figure 3), cor-
roborating the fact that TUDCA pro-
tects both the glomerular and tubular
compartment.

The above data demonstrate that
TUDCA targets the tubular and
glomerular compartments through
FXR-dependent and -independent
mechanisms, respectively, in dNP. As
RAAS inhibition and TUDCA appear to
target different pathomechanisms in dNP,
we next evaluated whether TUDCA pro-
videsprotection fromdNPontopofRAAS
inhibition. Sixteen-week-old db/db mice
were treated with PBS (control), ACE
inhibitor enalapril, TUDCA, or a combi-
nation of both. Neither single nor com-
bined treatment had an effect on blood
glucose levels (Supplemental Figure 4A).

Enalapril normalized angiotensin II
plasma levels, whereas TUDCA had no
significant effect (Supplemental Figure
4B). Treatment with TUDCA or enala-
pril for 6 weeks comparably diminished
albuminuria (Figure 3A) and glomerular
extracellular matrix accumulation and
diameter (Figure 3, B–D). Importantly,
combined treatment (enalapril and
TUDCA) ameliorated albuminuria and
fractional mesangial area even further
(Figure 3, A and B). However, compared
with other glomerular injury markers,
the combined treatment did not provide
additional protection (Figure 3, C, E,
and F), suggesting that the efficacious re-
duction of albuminuria by combined
enalapril and TUDCA treatment cannot
be attributed to additional glomerular
protection. Considering TUDCA’s tubu-
loprotective effects observed above we
analyzed tubular injury markers.
TUDCA but not enalapril ameliorated
tubular damage, as reflected by tubular
diameter (Figure 3, D and G) and KIM-1
expression (Figure 3H). Thus, TUDCA
provides additional renal protection on
top of enalapril, apparently by protect-
ing the tubulointerstitial compartment.

To ascertain whether TUDCA targets
maladaptive ER signaling in the tubular
compartment and whether this distin-
guishes TUDCA treatment from enala-
pril treatment we determined expression
of ATF6 and CHOP, two mediators of
maladaptive ER stress. Renal expression
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of ATF6 and CHOP was reduced in
TUDCA-treated db/db mice; however,
in agreement with previous results,11

enalapril alone failed to do so (Figure
4, A and B). Immunofluorescence

analyses revealed that the TUDCA-
mediated reduction of ATF6 and CHOP
expression was detectable in the glomer-
ular compartment (Figure 4, C and D),
which corroborates previous findings,3,12

but it was also detected in the renal cor-
tex and medulla (Figure 4, C and D).
Intriguingly, Z-guggulsterone specifically
reversed TUDCA-mediated ATF6 and
CHOP suppression in the tubular but
not the glomerular compartment (Figure
4, E and F), suggesting that TUDCA
ameliorates maladaptive ER signaling
in tubular cells specifically via FXR.
This tubular-specific effect of TUDCA
provides a rationale for the renopro-
tective effect provided by TUDCA on
top of enalapril.

A mechanistic relevance of maladap-
tive ER signaling for glomerulopathy in
dNP has recently been established and
amelioration of maladaptive ER signal-
ing improved dNP in animal mod-
els.3,4,13 Here, we show that the ER stress
chaperone TUDCA ameliorates both
glomerular and tubulointerstitial dam-
age in two murine models of dNP. In-
triguingly, FXR agonism specifically
protects the tubular compartment and
is sufficient to reduce albuminuria.
This finding is congruent with the close
correlation of tubular damage and inter-
stitial fibrosis with albuminuria and
progression of dNP.14,15 Accordingly, a
primary causative function of proximal
tubule injury in dNP has been pro-
posed.16 Furthermore, lower markers of
tubular damage are associated with re-
gression of microalbuminuria in patients
with diabetes, underscoring a therapeutic
potential of tubuloprotection.17

These findings support a pathogenic
role of tubulointerstitial damage in dNP
and, importantly, implies that therapies
specifically targeting tubular damage
may provide additional renoprotective
effects on top of ACE inhibition.

Although the tubuloprotective effect of
TUDCA depends on FXR, the receptors
through which TUDCA targets the glo-
merular compartment remain unknown.
Of note, TUDCA targets other bile acid
receptors, including GPCR-TGR5, which
has been shown to protect from dNP.18

Further studies are needed to identify the
receptors mediating the glomeruloprotec-
tive effect of TUDCA in dNP (Figure 4G).

In addition to amelioration ofmaladap-
tive ER signaling, TUDCA induced expres-
sion of FXR-dependent genes (e.g., SOCS3

Figure 1. FXR and FXR-dependent genes (SOCS3 and DDAH1) are expressed in tubular
cells. (A) Predominant tubulointerstitial expression of FXR (NR1H4), SOCS3, andDDAH1 in
the Woroniecka cohort of the Nephroseq database. (B and C) Predominant tubular ex-
pression of the FXR-dependent genes SOCS3 andDDAH1; immunofluorescence analyses
of SOCS3 andDDAH1 (red; nuclear DAPI counterstain, blue) in nondiabetic human kidney
biopsy samples (B) and murine kidney sections [decibels per meter (C)]. (D) Expression of
SOCS3 andDDAH1 is readily detectable at baseline (control, C) and is further increased by
TUDCA (T; 500 mM, 24 hours) specifically in human tubular cells (HKC-8) but not in en-
dothelial cells (EA.hy926), podocytes (h.Podo), or mesangial cells (h.MC). (E) shRNA
lentiviral–mediated knockdown of FXR expression (FXRKD) in tubular cells (HKC-8) averts
the TUDCA-mediated induction of FXR-dependent genes (SOCS3 and DDAH1) com-
pared with nontransduced cells (C) or cells transduced with scrambled shRNA (Scr).
Representative immunoblots (bottom,D and E) andbar graphs (top, D and E) summarizing
results. Bar graphs showing mean6SEM obtained from three independent repeat ex-
periments each with three disjunct replicates. Scale bar, 20 mm (B and C); glomeruli in-
dicated by white dashed circles (B and C); *P,0.05; **P,0.01 (one-way ANOVA).
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and DDAH1), suggesting that TUDCA
targets additional pathways via FXR
agonism in dNP. SOCS3 overexpression
protects rats from dNP and reverses
glucose-induced activation of JAK/
STAT signaling and expression of
STAT-dependent genes, including
growth factors, chemokines, and extracel-
lular matrix proteins.19 In addition,
DDAH1 inhibits asymmetric dimethylar-
ginine and Ng-monomethyl-L-arginine,
two inhibitors of nitric oxide synthase
and hence of nitric oxide production.20

As eNOS deficiency markedly aggra-
vates dNP in mice21 and is suggested to
contribute to dNP in humans,22 induc-
tion of DDAH1 via FXR may
endow TUDCA with additional FXR-
dependent renoprotective effects in dNP
(Figure 4G). Accordingly, TUDCA may
protect from dNPnot only by ameliorating
maladaptive ER signaling, but additionally
by targeting FXR- or TGR5-dependent
pathophysiologic mechanisms.

Collectively, this study demonstrates
that TUDCA-mediated FXR agonism spe-
cifically protects the tubular compartment
from hyperglycemia-induced renal dam-
age, thus identifying a tubular-specific
pathogenic but therapeutically amend-
able pathway in dNP. Considering that
TUDCA has been in clinical use for
many years and is generally well tolerated,
clinical studies evaluating the combined
effect of TUDCA and RAAS inhibition
inpatientswithdNPseemtobewarranted.

CONCISE METHODS

For further details please see Supplemental

Material.

Mice
Male db/dbmice (C57BL/KSJRj-db)were ob-

tained from Janvier Labs (Le Genest-Saint-

Isle, France). Male Nos32/2 (also known as

Figure 2. TUDCA protects the tubular compartment in db/dbmice via FXR. (A) TUDCA (T)
reduces albuminuria (DUACR; reflecting the fold change of albuminuria from baseline) in
db/dbmice as comparedwith PBS-treated control mice (db). This effect is largely abolished
by Z-guggulsterone (T+Gu) or in vivo knockdown of FXR using morpholino (T+FXR-MO). (B
and C) TUDCA (T) reduces (B) extracellular matrix accumulation (fractional mesangial area
[FMA]) and (C) glomerular diameter (Glom. diameter) in db/db treated mice as compared
with PBS-treated control mice (db). Concomitant treatment with Z-guggulsterone (T+Gu)
or in vivo knockdown of FXR using morpholino (T+FXR-MO) does not impede TUDCA-
mediated improvement of glomerular injury markers. (D and E) TUDCA (T) reduces (D)
tubular diameter (Tub. diameter) and (E) KIM-1 expression (bottom: representative immu-
noblots), reflecting tubular injury, in db/dbmice as comparedwith PBS-treated control mice
(db). This effect is largely abolished by concomitant Z-guggulsterone treatment (T+Gu) or in
vivo knockdown of FXR using morpholino (T+FXR-MO). (F) Representative histologic sec-
tions (PAS staining) showingglomerular and tubularmorphology in db/db controlmice (db),
db/db mice with TUDCA (T), db/db mice with concomitant TUDCA and Z-guggulsterone
(T+Gu) treatment, or TUDCA treatment paralleled by in vivo knockdown of FXR using
morpholino (T+FXR-MO). (G) Expression of inflammatory (IL-6, TNF-a) and fibrotic
(collagen 1a2) markers is reduced in TUDCA-treated (T) db/db mice as compared with
PBS-treated db/db control mice (db). This effect is abrogated by concomitant treatment
with Z-guggulsterone (T+Gu). Representative RT-PCR images (bottom) andbar graph summarizing

results. Bar graphs reflecting mean6SEM
(A–E and G) of at least six mice per group
(number of mice per group: db, 15; T, 13;
T+Gu, 12; T+FXR-MO, 6); scale bar, 20 mm
(F); *P,0.05; **P,0.01; ***P,0.001 (one-
way ANOVA).
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eNOS2/2) mice were obtained from Jackson

Laboratories (Bar Harbor, ME). All mouse

experiments were conducted following

standards and procedures approved by the

local Animal Care and Use Committee

(Landesverwaltungsamt Halle, Germany).

dNP Models
In this study, we utilized two distinct mouse

models of dNP. We analyzed 16-week-old

(db/db) mice, representing type 2 diabetes

mellitus, and eNOS2/2 mice with 10 weeks

of persistent hyperglycemia after strepto-

zotocin (STZ) injection, representing type 1

diabetes mellitus.10 eNOS2/2 mice received

STZ (60 mg/kg body wt administered intra-

peritoneally, freshly dissolved in 0.05 M ster-

ile sodium citrate, pH 4.5) for 5 consecutive

days.23 Persistent hyperglycemia was ensured

by demonstrating blood glucose levels .300

mg/dl from 2 weeks after the last STZ injec-

tion.23 Blood glucose levels were determined

in tail vein blood samples using ACCU-

CHEK glucose strips. In the first 3 weeks after

the onset of hyperglycemia, blood glucose

values were measured two times per week,

and thereafter once per week. Mice with

blood glucose levels .500 mg/dl received

1–2 U of insulin (Lantus) to avoid excessive

and potentially lethal hyperglycemia.23

In Vivo Interventions
Male db/db mice were randomly assigned to

five experimental groups at 16 weeks of age:

db/db control mice (n=15); db/db mice with

enalapril treatment (ACE inhibitor, 50 mg/L

administered orally via the drinking water24;

n=6); TUDCA (150 mg/kg body wt once

daily, administered intraperitoneally3;

n=13); enalapril and TUDCA (n=8);

TUDCA and Z-guggulsterone (catalogue

no. CAS 39025–23–5, 10 mg/kg body wt,

once daily, administered intraperitoneally;

n=12). Z-guggulsterone was prepared in

100 mM DMSO, and diluted in 1% methyl-

cellulose.25 A subset of the db/db control

mice (n=10) received 100mMDMSOdiluted

in 1%methylcellulose, whereas the other mice

received PBS as a control. Results in PBS– and

DMSO methylcellulose–injected db/db mice

did not differ. Additionally, db/m (nondia-

betic) mice were used as nondiabetic controls

(db/m-C, n=6). eNOS2 /2 mice with 10

weeks persistent hyperglycemia were ran-

domly assigned to two experimental groups:

eNOS2/2diabetic with PBS injection group

(n=5), and diabetic with TUDCA injection

group (n=5; 150 mg/kg body wt once daily,

administered intraperitoneally5). After 6 or

10 weeks of treatment, mice were eutha-

nized, perfused first with ice-cold PBS, fol-

lowed by 4% paraformaldehyde buffered in

PBS. Kidneys were extracted as previously

described.3,23,24

Transmission Electron Microscopy
Ultrastructural images of the glomerular fil-

tration barrier were obtained by transmission

electronmicroscopy as previously described.3

Renal tissues were fixed with a mix of 2.5%

glutaraldehyde, 2.5% polyvidone 25, and

0.1 M sodium cacodylate (pH 7.4). After

washing with 0.1M sodium cacodylate buffer

(pH 7.4), samples were postfixed in the same

buffer containing 2% osmium tetroxide and

Figure 3. TUDCA provides add-on protection on top of enalapril in db/db mice. (A)
Combined treatment with enalapril and TUDCA (E+T) over 6 weeks reduces the increase of
albuminuria (DUACR, fold change of the urine albumin-to-creatinine ratio) in db/db mice
more efficaciously than treatment with enalapril (E) or TUDCA (T) alone. (B–F) Enalapril (E),
TUDCA (T), and the combination of enalapril and TUDCA (E+T) reduce glomerular dam-
age, as reflected by extracellular matrix accumulation (fractional mesangial area [FMA]) (B
and D), glomerular diameter (C and D), or glomerular basement membrane (GBM) thick-
ness (E and F) to an overall comparable extent. Representative PAS-stained histologic
sections (D) and transmission electronmicroscope (E) images. (G andH) TUDCA (T), but not
enalapril (E), reduces tubular damage, as reflected by tubular diameter (G, see also D) and
KIM-1 expression (H). Bar graphs reflectingmean6SEM (A–Cand F–H) of at least sixmice in
each group (number of mice per group: C, db/m, 6; C, db/db, 10; E, 6; T, 8; E+T, 6);
representative immunoblots (H, bottom); scale bar, 20 mm (D) or 1 mm (E); *P,0.05;
**P,0.01; ***P,0.001 (one-way ANOVA).
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1.5% potassium ferrocyanide for 1 hour,

washed in water, contrasted en bloc with ura-

nyl acetate, dehydrated using an ascending

series of ethanol, and embedded in glycidyl

ether 100-based resin. Ultrathin sections

were cut with a Reichert Ultracut S ultrami-

crotome (Leica Microsystems, Wetzlar, Ger-

many), contrasted with uranyl acetate and

lead citrate, and were viewed with an EM 10

CR electron microscope (Carl Zeiss NTS,

Oberkochen, Germany). Thickness of the

glomerular basement membrane was ana-

lyzed using ImageJ software. For each image,

the basementmembrane thickness was deter-

mined at 15 adjacent and evenly distributed

locations.

Angiotensin II Analysis
Blood samples were obtained from the infe-

rior vena cava of 22-week-old anticoagulated

mice (500 U of unfractionated heparin via

intraperitoneal injection before blood sam-

pling24). Heparinized plasma was obtained

by centrifugation of blood samples for 10

minutes at 20003g at room temperature.

Plasma samples were stored at 280°C until

analyses. Angiotensin II was determined

using a mouse Angiotensin II ELISA (Sigma

Aldrich) according to the manufacturer’s

instructions.

Cell Culture
Podocytes were routinely grown in RPMI

1640 media. The culture plates were coated

with collagen type 1 at 33°C in the presence of

IFN-g (10 U/ml) to enhance expression of a

thermosensitive T antigen.25 Under these

conditions, cells proliferate and remain un-

differentiated. To induce differentiation, po-

docytes were grown at 37°C in the absence of

IFN-g for 12–14 days. Experiments were per-

formed after 12 days of differentiation. Dif-

ferentiation was confirmed by determining

expression of synaptopodin and Wilms tu-

mor 1 protein. Human proximal tubular ep-

ithelial cells (HKC-8) were grown in DMEM/

F12 (1:1) media in the presence of 10% FCS

and 1% ITS.26 Cells were grown to confluent

monolayers at 37°C and then trypsinized and

passaged for the planned experiments. Hu-

man endothelial hybrid cells (EA.hy926)

were maintained in DMEM low glucose

media at 37°C.27 Immortalized human

mesangial cells were cultured as previously

described, with minor modifications.28 In

Figure 4. TUDCAbutnotenalapril amelioratesER stress in tubular cells. (AandB)TUCDAbutnot
enalapril reduces the ER stress markers ATF6 (A) and CHOP (B) in renal extracts. The combined
treatment of enalapril plus TUDCA (E+T) has no additive effect on ER stress markers. Bar graphs
reflectingmean6SEM (A andB, top) of at least sixmice in each group (number ofmice per group:
C, db/m, 6; C, db/db, 10; E, 6; T, 8; E+T, 6); representative immunoblots (A and B, bottom);
*P,0.05; **P,0.01; ***P,0.001 (one-way ANOVA). (C and D) Immunofluorescence analyses of
ATF6 (C) and CHOP (D) expression in outer renal cortex (top, glomeruli indicated by the white
dashed circles) and in inner renal tissue (medulla, bottom) in control decibels per meter (C) and
diabetic (db/db) without treatment (C), enalapril (E), TUDCA (T), or enalapril plus TUDCA (E+T)
treatment; scale bar, 20 mm (C and D). (E and F) Immunofluorescence analyses of ATF6 (E) and
CHOP (F)expression inouter renal cortex (top,glomeruli indicatedby thewhitedashedcircles) and
in inner renal tissue (medulla, bottom) in control diabetic (db/db) mice without treatment (db),
TUDCA (T), or concomitant treatmentwith Z-guggulsterone (T+Gu), scale bar, 20mm(E andF). (G)
Proposed model showing the tubular specific effect of TUDCA via FXR agonism. TUDCA ame-
liorates ER stress in the glomerular and tubular compartment. Within the tubular compartment
alleviation of ER stress depends onFXR,whereas other bile acid receptors (BARs) in theglomerular
compartment remain tobe identified.TUDCAmayprovideadditional tubularprotectiveeffectsvia
FXR-dependent regulation of SOCS3,DDAH1, or other genes.
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the subset of in vitro experiments the cells

were treated with TUDCA (500 mM in PBS

for 24 hours) on reaching 80% confluency.

In Vitro Knockdown
Knockdown of the NR1H4 (FXR) gene in

HKC-8 cells was achieved using lentiviral

transduction. Short hairpin RNA constructs

(pLKO1-NR1H4) targeting human NR1H4

(ATTATAGTGGTATCCAGAGGC) and

scrambled nonsilencing RNA (ATGTCCG-

TAATTCAGTCAGGC) were purchased

from Dharmacon (Lafayette, CO). Lentiviral

particles were generated and concentrated

from HEK-293T cells as previously de-

scribed, withminormodifications.29 In brief,

HEK-293T cells were transduced with

pLKO1-NR1H4 together with the packaging

plasmid psPAX2 and VSV-G expressing plas-

mid (pMD2.g; Addgene). Lentiviral particles

were harvested from the supernatant after 36

and 48 hours post-transduction. The lentivi-

ral supernatant was concentrated and then

added to HKC-8 cells. Knockdown efficiency

was confirmed by immunoblotting.

RT-PCR
Kidney tissues were thawed on ice and trans-

ferred directly intoTRIzol (Life Technologies,

Darmstadt, Germany) for isolation of total

RNA following the manufacturer’s protocol.

Quality of total RNAwas ensured on agarose gel

and by analyses of the A260/280 ratio. The re-

verse transcription reaction was conducted us-

ing 1 mg total RNA after treatment with DNase

(5 U/5 mg RNA) followed by reverse transcrip-

tion using RevertAid First Strand cDNA

Synthesis Kit (Thermo Fisher Scientific). Semi-

quantitative polymerase chain reactions were

performed and gene expressionwas normalized

to b-actin. Reactions lacking reverse transcrip-

tion served as negative controls. The PCR

primer sequences were as follows: IL-6, for-

ward 59-TCTCTGCAAGAGACTTCCATCC

-39, reverse 59-GGAAATTGGGGTAGGAAG

GACTA-39; TNF-a, forward 59-ACAGAAA

GCATGATCCGCGA-39, reverse 59-TCCAC

TTGGTGGTTTGCTACG-39; collagen 1a2, for-

ward59-GCTGGTGTAATGGGTCCTCC-39, re-

verse 59-ATCCGATGTTGCCAGCTTCA-39;

b-actin, forward 59- CTAGACTTCGAGCA

GGAGATGG-39, reverse 59-GCTAGGAGCC

AGAGCAGTAATC-39. PCR products were sepa-

rated on a 1.8% agarose gel and visualized by

ethidium bromide staining.

Vivo-Morpholinos Oligomer
Treatment
The oligonucleotides sequence 59-

TTCATCTTGGCTACCACTCCAACTT-39

against FXR (nuclear receptor subfamily 1,

group H, member 4; NR1H4), blocking the

translation of transcript variant 2, was synthe-

sized as morpholinos (Gene Tools). MO were

dissolved in PBS (100 ml; 6 mg morpholinos

per kg body wt)30 and were injected intraper-

itoneally (every other day for 6 weeks) into a

subset (n=6) of TUDCA-treated mice.

Statistical Analyses
The data are summarized as mean6SEM.

Statistical analyses were performed with

paired t test or ANOVA, as appropriate, and

post hoc comparison with the method of Tukey.

The Kolmogorov–Smirnov test or D’Agostino–

Pearson Normality test was used to determine

whether the data are consistent with a Gaussian

distribution. StatistiXL (www.statistixl.com)

and Prism 5 (www.graphpad.com) software

were used for statistical analyses. Statistical sig-

nificance was accepted at values of P,0.05.
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