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Chronically Elevated Levels of Short-Chain Fatty Acids
Induce T Cell-Mediated Ureteritis and Hydronephrosis

Jeongho Park,* Craig J. Goergen,””* Harm HogenEsch,* and Chang H. Kim*

Short-chain fatty acids (SCFAs) are major products of gut microbial fermentation and profoundly affect host health and disease.
SCFAs generate IL-10* regulatory T cells, which may promote immune tolerance. However, SCFAs can also induce Th1 and Th17
cells upon immunological challenges and, therefore, also have the potential to induce inflammatory responses. Because of the
seemingly paradoxical SCFA activities in regulating T cells, we investigated, in depth, the impact of elevated SCFA levels on T cells
and tissue inflammation in mice. Orally administered SCFAs induced effector (Th1l and Th17) and regulatory T cells in ureter and
kidney tissues, and they induced T cell-mediated ureteritis, leading to kidney hydronephrosis (hereafter called acetate-induced
renal disease, or C2RD). Kidney hydronephrosis in C2RD was caused by ureteral obstruction, which was, in turn, induced by
SCFA-induced inflammation in the ureteropelvic junction and proximal ureter. Oral administration of all major SCFAs, such as
acetate, propionate, and butyrate, induced the disease. We found that C2RD development is dependent on mammalian target of
rapamycin activation, T cell-derived inflammatory cytokines such as IFN-y and IL-17, and gut microbiota. Young or male
animals were more susceptible than old or female animals, respectively. However, SCFA receptor (GPR41 or GPR43) deficiency
did not affect C2RD development. Thus, SCFAs, when systemically administered at levels higher than physiological levels, cause
dysregulated T cell responses and tissue inflammation in the renal system. The results provide insights into the immunological and

pathological effects of chronically elevated SCFAs. The Journal of Immunology, 2016, 196: 2388-2400.

ut microbiota produce large amounts of metabolites from

metabolism of dietary materials, host secretions, and

microbial products. Short-chain fatty acids (SCFAs),
such as acetate (C2), propionate (C3), and butyrate (C4), are the
most abundantly produced microbial metabolites in the gut (1).
Digestion-resistant dietary fibers and glycosylated mucins are the
main source of gut luminal SCFAs. SCFAs fuel host cells (2) and
regulate obesity (3), blood pressure (4), and the immune system
(5). Certain functions of SCFAs are mediated by cell surface G
protein—coupled receptors (GPCRs) such as GPR41, GPR43,
GPR109A, and OIlfr78 (4, 6, 7). Many functions of SCFAs,
however, are mediated in a GPCR-independent manner. Some of
the GPCR-independent functions are mediated, in part, by their

*Laboratory of Immunology and Hematopoiesis, Department of Comparative Patho-
biology, Purdue University, West Lafayette, IN 47907; "Weldon School of Biomed-
ical Engineering, Purdue University, West Lafayette, IN 47907; and “Purdue Center
for Cancer Research, Purdue University, West Lafayette, IN 47907

ORCIDs: 0000-0002-0340-9181 (J.P.); 0000-0001-8883-7953 (C.J.G.); 0000-0002-
2738-9189 (H.H.); 0000-0003-4618-9134 (C.H.K.).

Received for publication September 16, 2015. Accepted for publication December
31, 2015.

This work was supported in part by National Institutes of Health Grants
RO1AI074745, RO1DK076616, 1R01AI080769, and 1S10RR028293, and by a grant
from the National Multiple Sclerosis Society (to C.H.K.).

The array data presented in this article have been submitted to the National Center for
Biotechnology Information’s Gene Expression Omnibus database (http://www.ncbi.
nlm.nih.gov/geo/) under accession number GSE69864.

Address correspondence and reprint requests to Dr. Chang H. Kim, Purdue Univer-
sity, 725 Harrison Street, VPTH 126, West Lafayette, IN 47907. E-mail address:
chkim @purdue.edu

The online version of this article contains supplemental material.

Abbreviations used in this article: C2, acetate; C3, propionate; C4, butyrate; C2RD,
acetate- or C2-induced renal disease; GPCR, G protein—coupled receptor; h, human;
HDAC, histone deacetylase; m, murine; mTOR, mammalian target of rapamycin;
PKD, polycystic kidney disease; QRT-PCR, quantitative real-time PCR; SCFA, short-
chain fatty acid; UPJ, ureteropelvic junction; UUO, unilateral ureteral obstruction.

Copyright © 2016 by The American Association of Immunologists, Inc. 0022-1767/16/$30.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol. 1502046

effect on cellular metabolism (8, 9). SCFAs are histone deacety-
lase (HDAC) inhibitors and, therefore, regulate gene expression
and protein functions (5, 10, 11).

SCFAs induce IL-10—expressing Foxp3* and Foxp3™ regulatory
T cells (5, 10-12). These effects may account for certain beneficial
effects of SCFAs on tissue inflammation (13-15). However,
SCFAs can also induce effector T cells such as Thl and Th17
cells, which fight pathogens during infection and mediate in-
flammatory responses (5). Moreover, SCFAs affect the cytokine
production phenotype of dendritic cells for both tolerogenic and
inflammatory responses (16, 17). Thus, the functions of SCFAs in
regulating immune cells, including T cells, appear complex.
Moreover, the impact of elevated SCFA levels on tissue inflam-
mation remains to be investigated.

To closely determine the effect of elevated SCFA levels on tis-
sue inflammation, we performed a series of experiments with mice
orally administered with SCFAs. We found that chronically ele-
vated levels of SCFAs induce a T cell-mediated renal disease with
progressive ureteritis and hydronephrosis (hereafter called acetate-
or C2-induced renal disease, or C2RD). C2RD is caused, in part,
by excessive mammalian target of rapamycin (mTOR) activation
and generation of inflammatory Th1l and Th17 cells in the ure-
teropelvic junction (UPJ) and the proximal part of the ureter.
Our findings demonstrate the potentially inflammatory activity of
chronically elevated SCFAs in the renal system.

Materials and Methods

Mice and treatments

C57BL/6 mice (originally from Harlan Laboratories, Indianapolis, IN),
Gpr43~'~ mice (Deltagen, San Mateo, CA), Gpr41 '~ mice (provided by
M. Yanagisawa, University of Texas Southwestern Medical Center, Dallas,
TX), and TCRB-deficient mice (B6.129P2-Tcrb™!™°™j, The Jackson
Laboratory) were kept at Purdue University for at least 12 mo before use.
Mice were treated with sodium acetate (C2 at 100, 150, or 200 mM [pH
7.5]), sodium propionate (C3 at 200 mM [pH 7.5]), or sodium butyrate (C4
at 200 mM [pH 7.5]) in drinking water from 3 wk of age for 2—-6 wk. When
indicated, mice were treated with rapamycin (25 pg/ml, LC Laboratories)
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FIGURE 1. Oral administration of C2 induces a renal disease (C2RD). (A) Weekly water intake (ml/g body weight) was measured for the control and C2
water groups. (B) Concentrations of SCFAs in blood after oral C2 administration via drinking water for 6 wk. (C) Concentrations of SCFAs in kidney tissues
after C2 feeding. (D) Oral administration of C2 (200 mM) for 6-wk-induced hydronephrosis. C2 or NaCl (200 mM) was administered in drinking water.
Percentage disease (hydronephrosis) rate and relative kidney weight are shown. (E) Kinetics of C2RD development during a 6-wk period. The control group
was on regular water for 6 wk. (F) Cross sections of control and C2RD kidney tissues. (G) Unilateral versus bilateral occurrence of C2RD. (H) Serum and
urine concentrations of creatinine and urea in C2RD. (I) Blood pressure in control and C2RD mice. Mice were examined after C2 administration from 3 to
9 wk of age. Representative or pooled data are shown [n = 8-10 for (A) and (B); n = 4 for (C); n = 6-15 for (D), (E), (G), and (H); n = 5 for (I)]. Error bars are
SEM. *p = 0.05 from control group by Mann—Whitney U test (B) or Student ¢ test (C—E and G-I).
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and/or vancomycin (0.5 g/l) in drinking water for same time periods. Some
mice were treated from 32 wk of age with SCFAs. C2RD diagnosis was
made after sacrifice based on hydronephrosis in kidneys. Male mice were
used for most experiments unless indicated otherwise. Mice were treated also
with Abs to IL-17A (clone 17F3, Bio X Cell) or IFN-y (clone XMG1.2, Bio
X Cell) (100 pg/mouse, i.p. once a week) for 6 wk. All animal experiments
were approved by the Purdue Animal Care and Use Committee.

Confocal microscopy and histology

Frozen sections of kidneys or ureters (8 wm) were fixed with acetone and
stained with rabbit polyclonal Ab to collagen type IV (Acris Antibodies)
and then stained with fluorescently labeled polyclonal anti-rabbit IgG Abs
and Abs to CD4 (clone RM 4-5), CD11c¢ (clone N418), Gr-1 (clone RB6-
8C5), cytokeratin (clone AE1/AE3), and muscle actin (clone HHF35).
Fluorescent confocal images of kidney and ureter tissues were acquired
with a Leica SP5 II laser scanning confocal microscope. For histological
analysis, paraffin tissue sections (8 wm) were stained with H&E.

Serum and urine analysis

Creatinine concentration in serum and urine was determined as described
before (18). Briefly, 1 ml creatinine assay solution composed of picric acid,
sodium hydroxide, and EDTA disodium salt was mixed with 0.1 ml
standard solutions, serum, or urine. Absorbance at 492 nm was measured
at 30 and 90 s later. For urea concentration, serum, urine, or standard
solutions were reacted with 200 wl mixed acid solution (H,SO4, H3POy,
and H,O in a ratio of 1:3:7) and 10 wl 9% a-isonitrosopropiophenone
solution. The mixtures were reacted for 30 s at 95°C and absorbance at 540
nm was measured. Creatinine and urea concentrations were calculated
based on the absorbance values of standard solutions.

Blood pressure

Systolic and diastolic blood pressures were noninvasively measured by
determining the tail blood volume with a volume pressure recording sensor
and an occlusion tail cuff (CODA System, Kent Scientific, Torrington, CT)
(19). Maximum cuff pressure was set to 250 mm Hg, with 20 s for each
inflation run as per the manufacturer’s recommendations. Each mouse was
measured 20 times and averages of all accepted runs were used.

Cell culture and flow cytometry

Total renal lymph node cells were obtained by digesting lymph node
tissues with collagenase type 3 (Worthington Biochemical, Lakewood NJ)
at 37°C for 30 min and cultured on coated anti-CD3 (5 pg/ml, clone 145-
2C11) in several different culture conditions: human (h)IL-2 (100 U/ml)
for a Tnp condition; hIL-2, murine (m)IL-12 (1 ng/ml), and anti-mIL4
(clone 11B11, 10 pg/ml) for a Thl condition; hTGF-B1 (5 ng/ml), mIL-6
(20 ng/ml), mIL-1B (10 ng/ml), mIL-23 (10 ng/ml), mIL-21(10 ng/ml),
mTNF-a (20 ng/ml), anti-mIL-4 (10 wg/ml, clone 11B11), and anti—
mIFN-y (10 pg/ml, clone XMG1.2) for a Th17 condition. The cells were
cultured with SCFAs (C2, 10 mM; C3, 1 mM; C4, 0.5 mM) and/or
rapamycin (25 nM, Enzo Life Sciences) for 3 d for mTOR activation
or 5 d for cytokine expression. For flow cytometry, kidney or ureter
tissues were digested with collagenase type 3 for 60 min. For intracel-
lular staining of IL-10, IL-17, and IFN-y, cells were stained with anti-
CD4 and then activated in RPMI 1640 (10% FBS) with 12-myristate

A
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13-acetate (50 ng/ml), ionomycin (1 wM), and monensin (2 mM) for 4 h.
Cells were then fixed, permeabilized, and stained with Abs to IL-10
(clone JES5-16E3), IL-17A (clone TCI11-18H10.1), IFN-y (clone
XMG1.2), and/or anti-Foxp3 (clone FJK-16s). An Ab to phosphorylated
rS6 (clone Ser235/236; D57.2.2E) was used to determine rS6 protein
phosphorylation. Flow cytometry was performed with a FACSCanto II
instrument (BD Biosciences) with FACSDiva or FlowJo software. The
frequencies of T helper cells were obtained from the total lymphocyte
and CD4" gates. The total cell numbers were obtained based on frequencies
of each cell population and numbers of retrieved cells from each organ (one
spleen, two draining lymph nodes, one kidney, and two ureters).

Measurements of SCFA levels in kidney tissues

Kidney tissues (100 mg) were homogenized in 900 wl water and 1.4-mm
ceramic beads using a Precellys 24 homogenizer. Tissue homogenates
were labeled and analyzed with an Agilent 6460 triple quad liquid
chromatography/mass spectrometry system (Agilent Technologies) as de-
scribed before (5). Sample SCFA concentrations were determined based on
peak areas of the internal and external standards.

Microarray and quantitative real-time PCR

RNA, isolated from C2RD kidneys after 6 wk of oral administration, was
hybridized to mouse 430 2.0 chips (Affymetrix). The data were processed as
described previously (20). The array data have been deposited in the Gene
Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/ accession
no. GSE69864). The GenePattern genomic analysis platform (http:/www.
broad.mit.edu/cancer/software/genepattern), Cluster 3.0, and TreeView 1.6
(Eisen Laboratory, http://rana.lbl.gov/EisenSoftware.htm) were used to vi-
sualize the data. Published gene expression data were retrieved from the
Gene Expression Omnibus site: GSE36496 (unilateral ureteral obstruction
[UUOQ]), GSE48041 (Mgh "), GSE12024 (lupus), and GSE24352 (poly-
cystic kidney disease [PKD]). Gene IDs were converted into Agilent ID
using DAVID Bioinformatics Resources 6.7 (http://david.abce.nciferf.gov)
for comparative analysis of the data obtained with different microarray
platforms. For quantitative real-time PCR (qRT-PCR), total RNA was
extracted with TRIzol solution (Invitrogen), and cDNA was synthesized with
SuperScript II reverse transcriptase (Invitrogen). qRT-PCR was performed
with Maxima SYBR Green/ROX quantitative PCR master mix (Thermo
Scientific). The primers used for qRT-PCR are listed in Supplemental
Table 1. Expression levels of genes were normalized by B-actin levels.

Bacterial DNA analysis

Bacterial DNA was isolated from cecal content using the FastDNA SPIN Kit
(MP Biomedicals) according to the manufacturer’s protocol. Quantitative
PCR was performed with primers described before (15, 21). Differences
(ACT) between cycle threshold (Ct) values of eubacteria and specific
bacterial groups were used to obtain normalized levels of each bacterial
group (272€T), Relative abundance of each bacterial group in C2RD was
obtained after normalization with that of control groups.

Statistical analysis

A Student ¢ test (one- or two-tailed) or Mann—Whitney U test was used
to determine the significance of differences between two groups. A p
value =0.05 was considered significant.

B
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FIGURE 3. Changes in effector and regulatory T cells in C2RD kidney tissues. (A) Confocal analysis of kidney tissues for infiltration by CD4" T cells
and CD11c" cells. (B) Changes in the frequencies of effector (Th17 and Th1) and regulatory (IL-10* and Foxp3™) T cells. The flow data were gated for
CD4" T cells in affected kidneys during the course of C2RD development. The control group was on regular water for 6 wk. Flow cytometry for indicated
CD4" T subsets in affected kidney tissues was performed. Expression of cytokines (C) and chemokines and chemokine receptors (D) expressed in affected
kidneys in C2RD is shown. qRT-PCR was performed. Representative or pooled data are shown [n = 6 for (A) and (B), n = 3-6 for (C) and (D)]. Error bars are

SEM. *p = 0.05 from control groups by Student ¢ test (paired two-tailed).

Results

Oral administration of C2 induces a progressing renal disease

SCFAs are absorbed through the gut epithelium and transported to
the renal system via the bloodstream. The C2 level is on aver-
age ~130 mM in the human colon and ranges from 80 to 400 uM
in the blood (1). To determine the effect of elevated SCFA levels

on the renal system, we performed oral administration of C2
(sodium acetate at 200 mM) in drinking water for 6 wk. There was

no difference in water intake between the regular and C2 groups
(Fig. 1A). C2 concentration was increased by ~50% in gut lumen
(5) and blood (Fig. 1B) but increased ~400% in kidney tissues
(Fig. 1C) after C2 administration for 6 wk. C2 concentrations in
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performed in (C), (D), and (E). Original magnification X25 (C and E) and X100 (D). Representative or pooled data are shown [n = 4-5 for (E)]. Error bars

are SEM.

control and C2RD kidney tissues were 0.56 = 0.079 and 2.78 =
1.02 mM, respectively (Fig. 1C). We sacrificed mice 6 wk after the
oral administration of C2 water and found that C2-fed mice un-
expectedly developed a renal disease, which we termed C2RD
(Fig. 1D). The kidneys had severe swelling with hydronephrosis.
Complete loss of kidney cortex and medulla occurred in many
mice with severe C2RD. This was not due to increased levels of
sodium (Na') ion because administration of sodium chloride
(NaCl) at the same concentration hardly induced the disease
(Fig. 1D). C2RD was detected in some mice just after 4 wk, and
most mice were affected at 6 wk of the treatment (Fig. 1E). Di-
lated renal pelvis and compressed medulla and cortex were ap-

parent in sectioned kidney tissues (Fig. 1F). In ~45% of the mice,
both kidneys developed hydronephrosis (Fig. 1G). Creatinine and
urea levels were significantly increased in the serum, whereas
the concentrations of these metabolites in urine were reduced
(Fig. 1H), indicating decreased kidney function in C2RD. Also
increased in C2RD was systolic blood pressure (Fig. 1I), which is
frequently associated with decreased kidney function (22).
C2RD development occurred in some mice administered with C2
at 150 mM but not 100 mM, indicating that this is a dose-dependent
response (Fig. 2A). Additionally, male mice were more susceptible
to C2RD than were female mice (Fig. 2B), which is reminiscent of
the sex differences in human chronic kidney diseases (23). Histo-
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in C2RD. (A) Immunohistochemis-
try of proximal ureter tissues. Abs to
CD4, Gr-1, muscle actin (smooth
muscle cells), cytokeratin (epithelial
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(B) Numbers and frequencies of
Th17, Thl, IL-10%, and Foxp3*
CD4* T cells in ureters of C2RD and
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examined after C2 administration
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logical analysis revealed inflammation and varied loss of the renal
medulla and the cortex (Supplemental Fig. 1A). The UPJ was
greatly thickened with marked epithelial and smooth muscle hy-
perplasia and immune cell infiltration (Supplemental Fig. 1B).

Increased inflammatory Thl7 and Thl cells in C2RD

Immunohistochemistry revealed that CD4™ T cells and CD11¢"
cells were increased broadly in affected kidney tissues (Fig. 3A).
Because of the increased CD4™ T cells in affected kidney tissues,
we examined more closely the inflammatory and suppressive cy-
tokines expressed by infiltrating CD4* T cells. The frequencies of
Th17 and Thl cells were increased in C2RD kidney tissues
(Fig. 3B). Regulatory T cells such as IL-10" cells and Foxp3™*

T cells were also increased in C2RD. The increases of kidney
Th17, Thl, IL-10%, and Foxp3™ T cells started already at ~4 wk
(Fig. 3B). Kidney-draining lymph nodes were greatly expanded in
C2RD (Supplemental Fig. 2A), indicating lymphocyte activation.
The frequencies and numbers of the Th cell subsets were in-
creased in kidneys, ureters, and draining renal lymph nodes but
not in spleen (Supplemental Fig. 2B, 2C). Inflammatory cytokines
and chemokines activate tissue cells and recruit immune cells for
tissue inflammation and fibrosis in the renal system (24, 25). The
expression of 116, Il17a, Ifng, Ccl2, Ccl5, and Ccll7 mRNA was
greatly increased in affected kidney tissues (Fig. 3C, 3D). The
expression of /10 (a regulatory cytokine) and Tgfb! (a regulatory
and fibrosis-related cytokine) mRNA was also increased.
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FIGURE 6. Effective C2RD development requires prolonged exposure to C2, and the disease is also induced by C3 and C4. (A) Mice were fed C2 water
for 4 wk and then with regular or C2 water for 2 additional weeks. Gross tissue appearance, disease rate, and relative kidney weight are shown. (B) C2RD-
like kidney disease in the mice fed with C3 or C4 for 6 wk. (C) Numbers of Th17, Thl, and IL-10* CD4" T cells in affected draining lymph nodes (dLN),
kidneys, and ureters of control and C2RD mice. (D) Histological analysis of kidney and ureter tissues. Representative or pooled data are shown [n = 6-18
for (A)—(C)]. Mice were fed with SCFA water from 3 to 9 wk of age. Error bars are SEM. Original magnification X50 (kidney) and X 100 (ureter) (D). *p =

0.05 from control groups by Student 7 test.

C2RD has a gene expression pattern consistent with tissue
inflammation, fibrosis, and hyperplasia

The results so far indicate that C2RD has a pathological feature
consistent with inflammatory renal diseases in animals and hu-
mans. To determine the relationship of C2RD to other renal dis-
eases at global transcriptome level, we performed a microarray
study. We compared our C2RD data with published transcriptome

data obtained with UUO, congenital obstructive nephropathy in
megabladder (Mgb)f/ " male, lupus nephritis, and embryonic PKD
models (26-29). In global gene expression, C2RD was more re-
lated to the renal disease models induced by ureteral obstruction
(UUO and Mgb~'") and lupus nephritis than the embryonic PKD
model (Fig. 4A). The similarity of C2RD to ureteral obstruction
models was also clear in the expression of genes related to tissue
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FIGURE 7. Roles of T cells and inflammatory cytokines in C2RD development. (A) Gross kidney appearance, disease rate, and relative kidney weight of
wild-type (WT) and T cell (a-TCR)—deficient (TCD) mice fed with C2 for 6 wk. (B) Blocking IL-17A and IFN-vy effectively suppressed C2RD. Gross
appearance of kidneys, C2RD rate, and relative kidney weight are shown. (C) Frequencies of Th17, Th1, and IL-10* CD4" T cells in kidneys. Mice were fed
with C2 water from 3 to 9 wk of age. Representative or pooled data are shown [n = 6-8 for (A)—(C)]. Error bars are SEM. *p = 0.05 by Student 7 test.

inflammation, fibrosis, NO, growth factors and receptors, and cell
proliferation pathways (Supplemental Fig. 3).

Ureter inflammation, hyperplasia, and obstruction in C2RD

Because of the hydronephrosis-like appearance and global gene
expression pattern related to ureter obstruction models, we per-
formed a ureter function test with India ink injection into the renal
pelvis and found that affected ureters were completely blocked

(Fig. 4B). UPJ and renal papillae tissues were expanded with
tissue hyperplasia and obstruction (Fig. 4C). Lamina propria,
muscular layer, and adventitia layers in the proximal ureter area
were all greatly expanded (Fig. 4D). At 6 wk of C2 treatment, the
proximal ureter was expanded up to ~10-fold the diameter of
control mouse ureters (Fig. 4E). Mild epithelial and smooth
muscle cell hyperplasia were detected in the proximal ureter even
at 2 wk of C2 administration (Fig. 4E). Immunohistochemistry
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analysis revealed that CD4" T cells infiltrated the affected ureteral
tissues (Fig. 5A). They were detected frequently between collagen
laid fibrotic areas in the adventitia and epithelium areas together
with Gr-1* granulocytic cells. Many of these T cells were Th17,
Th1, IL-10* T cells, and Foxp3* T cells (Fig. 5B, Supplemental
Fig. 2B, 2C). These effector and regulatory T cells appeared in
draining lymph nodes, kidneys, and ureters at similar time points
(Supplemental Fig. 2C). When C2 water was switched to regular
water at 4 wk, C2RD at 6 wk was significantly suppressed (Fig.
6A). This indicates that mice may recover from subterminal
C2RD, and prolonged exposure up to 6 wk is necessary to max-
imize C2RD development. Von Kossa staining did not reveal any
ureteral stones (not shown). Thus, increased concentrations of C2
for prolonged time periods develop inflammatory responses and
hyperplasia in UPJ and proximal ureter tissues leading to ureteral
obstruction.

Other SCFAs such as C3 and C4 can also induce C2RD

We investigated also the effect of other SCFAs such as C3 and C4
on the renal system. Oral administration of these SCFAs at 200 mM

WT  Gprd1- Gprd3+ WT  Gpr41- Gprd3*

(the same as for C2) in drinking water reproducibly induced the re-
nal disease (Fig. 6B). Increased numbers of Th17, Thl, and IL-10*
T cells were found in the draining lymph node, kidney, and ureteral
tissues of C3- or C4-fed mice (Fig. 6C). In a manner similar to C2-
induced disease, C3 and C4 induced hydronephrosis and hyper-
plasia in kidney and ureter tissues, respectively (Fig. 6D). The
histological changes in the kidneys and ureters in these mice were
almost indistinguishable from those administered with C2. Hence,
all major SCFAs have the C2RD-inducing activity.

T cells are required for C2RD development

Because Th17 and Thl cells expand in numbers in C2RD and can
mediate tissue inflammation in the renal system (30, 31), we
investigated the role of T cells in C2RD development. To deter-
mine the role of T cells in C2RD, we fed TCR a3 T cell-deficient
C57BL/6 mice with C2 for 6 wk. Most T cell-deficient mice did
not develop C2RD unlike wild-type mice (Fig. 7A), indicating a
critical role for T cells in C2RD development.

We next determined whether T cell cytokines such as IL-17A and
IFN-vy play any role in the pathogenesis of C2RD. We employed
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FIGURE 9. Impact of microbiota and age on C2RD development. (A)
Mice were fed C2 water for 6 wk, and the relative levels of selected
microbiota groups were determined by quantitative PCR of group-specific
16S rRNA sequences. (B) Mice were fed C2 together with vancomycin for
6 wk, and C2RD development was assessed. (C) Mice were on C2 water
from 3 or 32 wk of age for 6 wk for the assessment of C2RD development.
Gross tissue appearance, disease rate, and relative kidney weight are shown.
Representative or pooled data are shown [n = 6-8 for (A)—(C)]. Error bars
are SEM. *p = 0.05 from control groups by Student ¢ test (paired two-
tailed).

neutralizing Abs to IL-17A and IFN-vy. These neutralizing Abs
were highly effective in preventing C2RD (Fig. 7B). Both Abs
were effective in decreasing the frequencies of Thl, Th17, and IL-
10" T cells in kidney tissues (Fig. 7C).

We further studied whether C2RD development requires GPR41
and GPR43, two major receptors for C2, C3, and C4. It has been
reported that GPR41 and GPR43 were expressed at low levels in
kidneys (32). Our data indicate that Gpr4l and Gpr43 mRNAs
were expressed in kidney or ureteral tissues, but compared with
that of colon, their expression levels were very low (Fig. 8A).
Mice deficient in Gpr41 or Gpr43 were susceptible to C2RD, and
no difference was found between wild-type and the two SCFA
receptor-deficient mice in disease rate, relative kidney weight, and
T cell cytokine phenotype (Fig. 8B, 8C). These data indicate that
the two SCFA receptors are dispensable for C2RD development.

Impact of gut microbiota and age on C2RD development

Because gut bacteria and host responses can affect each other, we
examined the levels of major bacterial groups in C2-fed mice
(Fig. 9A). Bacteroidetes were enriched but the levels of segmented
filamentous bacteria and Actinobacteria were decreased in C2RD
mice. Because of these changes in microbiota, we fed mice with C2
along with vancomycin to suppress the effect of microbiota. Vanco-
mycin, which effectively suppresses Bacteroidetes and Firmicutes
(33), completely prevented C2RD development (Fig. 9B). UPJ ob-
struction in humans is more prevalent in early versus late life (34).
We examined C2RD development in young (C2 administration
started at 3 wk of age) versus older (started at 32 wk) mice. The old
mice were more resistant to C2RD development than were the young
mice (Fig. 9C). Thus, C2RD development in mice is age-dependent.
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SCFAs hyperactivate the mTOR pathway and induce
inflammatory T cells in the renal system

The mTOR pathway plays a critical role not only in regulating renal
disease development but also in T cell differentiation (35), and its
activity is increased by SCFAs in T cells in a GPR41- or GPR43-
independent manner (9). SCFAs may activate the mTOR pathway
to generate inflammatory T cells in the renal system to cause
C2RD. We examined whether SCFAs activate the mTOR path-
way in renal lymph node T cells. SCFAs efficiently induced rS6
phosphorylation in renal lymph node CD4" T cells (Fig. 10A).
The rS6 phosphorylation in renal lymph node CD4* T cells was
completely abolished by rapamycin. We next examined whether
SCFAs facilitate the generation of inflammatory T cells from
kidney-draining lymph node T cells. SCFAs greatly increased the
generation of Th1 and Th17 cells from the culture of total lymph
node cells, which were obtained through digestion of whole lymph
nodes with collagenase to retain potentially important accessory
cells of the renal system (Fig. 10B). Again, rapamycin completely
suppressed the promoting effect of SCFAs on Thl or Th17 cells.
We next studied whether SCFAs activate the mTOR pathway in
renal T cells in vivo. Kidney CD4" T cells in C2-treated mice had
increased rS6 phosphorylation compared with their control
counterparts in a rapamycin-dependent manner (Fig. 10C).
Rapamycin effectively suppressed C2RD development (Fig. 10D)
and blocked the increased generation of Th17 and Thl cells in the
kidneys of C2-fed mice (Fig. 10E). These data indicate that the
mTOR pathway plays a key role in the development of inflam-
matory T cells and C2RD pathogenesis in response to C2.

Discussion

In this study, we examined the effects of elevated levels of SCFAs
on tissue inflammation in the renal system. Orally administered
SCFAs increased Thl and Th17 cells in ureter and kidney tissues
and induced a renal disease, which we termed C2RD, where UPJ-
proximal ureter tissue develops inflammation and severe hyper-
plasia, resulting in kidney hydronephrosis. This reveals the po-
tentially inflammatory function of elevated levels of SCFAs.

A key feature of C2RD pathogenesis is the T cell-mediated
inflammatory response. C2RD development was effectively sup-
pressed by af3 T cell deficiency, suggesting an essential role for
T cells in mediating the disease. This rules out the possibility that
C2RD is simply induced by a toxic or necrotic effect of SCFAs on
the renal system. T cells produce IFN-y, IL-17, and other effector
molecules, central for tissue inflammation in renal tissues (31, 36,
37). We found that SCFAs promote the generation of T cells
producing IFN-y and IL-17 in the ureter, kidney, and draining
lymph nodes. IFN-y and IL-17 are functionally important, as
their neutralization suppressed C2RD development. Although the
numbers of regulatory T cells, including IL-10* T cells and
Foxp3* T cells, were also increased in C2RD, this did not cor-
relate with suppressed immune responses. Rather, the increased
numbers of regulatory T cells along with Th1l and Th17 cells in-
dicate generally increased T cell responses in C2RD. Whereas the
increased numbers of regulatory T cells were not sufficient to rein
in the overall inflammatory response in C2RD, these cells have the
potential to suppress inflammation in appropriate conditions. In
this regard, SCFAs may affect underlying renal diseases and even
play a protective role in the renal system. For example, a pro-
tective effect of C2 was observed on ischemia-induced acute
kidney disease, where a C2 solution was injected i.p. just before
injury (32).

Rapamycin has been used to treat certain renal diseases in an-
imals and humans (38, 39). We demonstrated that rapamycin
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completely suppressed C2RD. Rapamycin suppresses the mTOR
pathway important for T cell differentiation into cytokine-
producing effector T cells such as Thl and Th17 cells. In addi-
tion to T cells, activation of the mTOR pathway in tissue cells is
important for development of renal diseases (39, 40). Thus, al-
though our data identified T cells as a primary target for rapa-
mycin in C2RD, we do not rule out the possibility that rapamycin
works through other cell types. Whereas the function of SCFAs in
activating the mTOR pathway is important, we found no role for
GPR41 and GPR43 in C2RD development. Along with T cells, the
numbers of dendritic cells were increased in the inflamed tissues
of C2RD mice. SCFAs regulate dendritic cell maturation and
function in a manner dependent on SCFA receptors or HDAC
inhibition (15-17). In this regard, the induction of proin-
flammatory cytokine IL-23 in dendritic cells by C4 is linked
to its role as a HDAC inhibitor for epigenetic modification of
genes (17).

UPJ or ureteral obstruction in humans is induced by a number of
reasons, from developmental malformation to urolithiasis and
inflammatory ureteral obstruction. Also, mutations in certain genes
induce hydronephrosis in animals and humans (41-43). It is in-
teresting that orally administered SCFAs can also induce UPJ
obstruction. In C2RD, ureters undergo gradual inflammation and
obstruction during a 2- to 6-wk period in response to oral ad-

ministration of microbial metabolites. UPJ obstruction in humans
is at least twice as prevalent in males as in females (44, 45).
Chronic kidney diseases with end-stage renal diseases are also
more prevalent in males (40). Another interesting feature of C2RD
is that 3-wk-old animals are more susceptible than are 6-mo-old
mice. In this regard, C2RD development is highly similar to UPJ
obstruction in humans. Artificial UUO models (46), although very
useful to study the pathological consequence of ureteral obstruc-
tion in kidney tissues, are not ideal to study disease-initiating
inflammatory processes in ureters. C2RD appears to be a good
model to study inflammation in the ureter even before the devel-
opment of ureteral obstruction and kidney tissue injury. The
pathological features of C2RD also make it a good model to study
the inflammatory process in kidney tissues following ureteral
obstruction.

C2RD is induced by C2 at 150 mM or higher after at least 4 wk of
continued exposure. It is unlikely that C2RD is readily induced by
physiologically produced SCFAs in the gut. Our results should not
be interpreted as evidence that naturally produced or consumed
SCFAs cause C2RD. Rather, our results indicate that SCFAs have
the potential to induce tissue inflammation when their levels are
chronically elevated. It is a question of interest why SCFAs spe-
cifically induce inflammation in the renal system. SCFAs affect
T cells also in other tissues such as the spleen and intestine. In the

2202 ‘9z Areniged uo 1senb Aq /Bio’ jounwiwi[mmmy/:dny wouy papeojumod


http://www.jimmunol.org/

The Journal of Immunology

steady-state without apparent immune responses, SCFAs promote
the generation of IL-10-producing, but not inflammatory, T cells
(5). However, during inflammatory conditions, SCFAs increase
Th1 and Th17 cells as well (5). Although we found no evidence
that C2 at physiologically relevant concentrations following C2
administration has toxic or inflammatory effects on ureter or
kidney tissue cells in vitro, it is possible that increased SCFAs
exert such effects in vivo in renal tissue—specific milieus. More-
over, renal tissues appear to concentrate C2 during oral adminis-
tration, which could make the cells of the renal system relatively
more sensitive to SCFAs.

We observed that the gut microbiota were altered by C2 and
required for C2RD development. The changes in gut microbiota,
increased Bacteriodetes but decreased segmented filamentous
bacteria and Actinobacteria levels, could be a cause for as well as
the result of the inflammation. Chronic inflammatory diseases,
including kidney diseases, autoimmune demyelination, arthritis,
and colitis, are ameliorated when the gut microbiota are suppressed
by antibiotics or in germ-free conditions (47-51). Perhaps similar
mechanisms are behind the attenuated inflammatory responses in
C2RD and other inflammatory diseases. Potential mechanisms
include dysbiosis-associated low-grade inflammatory responses or
adjuvant effects of commensal bacteria and their products in in-
ducing inflammatory responses in the renal system. Moreover,
altered microbiota can lead to increased production of endotoxins
and uremic toxins, which is linked to decreased kidney function
(52, 53).

In summary, SCFAs, when chronically increased in vivo, gen-
erate Thl and Th17 cells, which induce tissue inflammation in
ureteral tissues. The SCFA-induced inflammatory activity causes
ureteral obstruction and hydronephrosis. We conclude that SCFAs
have the potential to generate inflammatory T cells for induction of
tissue inflammation.
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