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Abstract

Background The gut produces toxins that contribute to the cardiovascular complications of chronic kidney disease. Canagli-
flozin, a sodium glucose cotransporter (SGLT) 2 inhibitor that is used as an anti-diabetic drug, has a weak inhibitory effect
against SGLT1 and may affect the gut glucose concentration and environment.

Methods Here, we determined the effect of canaglifiozin on the gut microbiota and the serum gut-derived uremic toxin
concentrations in 5/6th nephrectomized (Nx) rats.

Results Canagliflozin increased the colonic glucose concentration and restored the number of Lactobacillus bacteria, which
was low in Nx rats. In addition, the expression of tight junction proteins in the ascending colon was low in Nx rats, and this
was partially restored by canagliflozin. Furthermore, the serum concentrations of gut-derived uremic toxins were significantly
increased by Nx and reduced by canagliflozin. Finally, the wall of the thoracic aorta was thicker and there was more cardiac
interstitial fibrosis in Nx rats, and these defects were ameliorated by canagliflozin.

Conclusions The increases in colonic glucose concentration, Lactobacillus numbers and tight junction protein expression,
and the decreases in serum uremic toxin concentrations and cardiac interstitial fibrosis may have been caused by the inhibi-

tion of SGLT1 by canagliflozin because similar effects were not identified in tofogliflozin-treated rats.
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Introduction

The number of patients with chronic kidney disease (CKD)
is increasing alongside the aging of the population and the
increases in the prevalence of hypertension and diabetes.
However, conventional therapies for CKD, such as blood
pressure control and a low-protein diet, are not sufficient
to stop the progression of CKD. Recently, there has been
growing interest in the gut as a therapeutic target of CKD.
Colonic bacteria are the principal source of several uremic
toxins and that the composition of the intestinal microbi-
ome differs in CKD [1-3]. In particular, larger numbers of
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intestinal bacteria that express urease and uricase and pro-
duce indole or p-cresol have been demonstrated in patients
with end-stage renal disease (ESRD) [4]. Because most of
the colon microbiota-derived uremic toxins are nephrotoxic,
as well as having cardio-toxic effects, the dysbiosis that char-
acterizes CKD might contribute to the progression of renal
failure and the incidence of cardiovascular events [5-8].

Previous study showed that there is a larger population
of Bacteroides and a smaller population of Lactobacillus
species in 5/6th nephrectomized (Nx) rats, which leads to
dysfunction of their intestinal epithelial barrier [9—11]. This
can be explained by the ability of Lactobacillus species to
maintain the expression of tight junction (TJ) proteins [12],
which limits the accumulation of uremic toxins in the serum
of patients or animals with CKD. Therefore, a therapeutic
strategy that corrects this dysbiosis may be clinically useful,
and several kinds of prebiotic and probiotic therapies have
been tested for reno-protective or cardio-protective effects in
animal models of and patients with CKD [13-15].
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«Fig. 1 Effect of canagliflozin on biochemical parameters and kid-
ney function. a Results of oral glucose tolerance testing. b, ¢ Effect
of canagliflozin on 24-h urinary protein excretion of protein (b) and
glucose (c). d—e Effect of canagliflozin on blood urea nitrogen (BUN,
d) and serum creatinine (e). f The representative images of periodic
acid-Schiff-stained kidney sections in each rat group. The bar graphs
in the lower panel represented the glomerulosclerotic index (left),
the sizes of glomerulus (middle), and those of tubules (right) of each
group. Scale bars: 100 pm. g Infiltrated macrophages in the kidney
of each group was immune-stained with CD68 antibody. The bar
graph in the right panel showed the quantification of CD68-positive
cells in each group. Scale bars: 50 pm. h Representative cortical tub-
ulo-interstitial images (upper panel) and quantitative analysis (lower
panel) of Masson’s trichrome-stained kidney sections. Scale bars: h
100 pm and (i) 200 pm. (i) Renal Tgfbl and Czgf mRNA expression.
Nx; Nephrectomized rats, Nx 4+ C; canagliflozin-treated Nx. *p <0.05,
*#*p<0.01 versus the Sham group; 11p<0.05 versus the Nx group
(n=12 per group)

In the present study, we aimed to determine whether the
anti-diabetic drug canagliflozin, which is a sodium glucose
cotransporter (SGLT) 2 inhibitor, has prebiotic effects.
SGLT?2 inhibitors reduce the blood glucose concentration
by inhibiting glucose reabsorption in kidney tubules and
promoting glucose excretion in the urine. There are six iso-
forms of SGLT, and SGLT2 is predominantly expressed in
the renal proximal tubule, whereas SGLT1 is expressed in
small intestinal epithelial cells, where it plays a major role
in intestinal glucose absorption. Canagliflozin differs from
other SGLT2 inhibitors in that it weakly inhibits SGLT1,
and it therefore might affect the gut environment. An in vitro
comparison of the six different clinically available SGLT2
inhibitors in SGLT-overexpressing cells showed that cana-
gliflozin had a 290-fold selectivity for SGLT2 vs. SGLT1
(the lowest selectivity), whereas that of tofogliflozin was
2900 (the highest selectivity) [16]. In another study, the inhi-
bition constants (Ki) for SGLT1 and SGLT2 were 770.5 and
4.0 nM, respectively [17]. The Ki value for SGLT1 suggests
that canagliflozin inhibits SGLT1 in the small intestine from
the luminal side. Therefore, we hypothesized that canagli-
flozin might affect the dysbiosis of animals with CKD, and
thereby influence renal or cardiovascular function. In the
present study, we aimed to determine the effects of cana-
gliflozin on the gut microbiota and uremia of non-diabetic
rats with CKD, and to determine whether it has a protective
effect on the cardiovascular system.

Materials and methods

Animal care and experiments

Six-week-old, male, spontaneously hypertensive rats
(Charles River, Wilmington, MA, USA) were randomly

assigned to three experimental groups: a sham-operated
group, an Nx group, and an Nx+ C group, which was

administered 0.024% canagliflozin in standard chow (Mit-
subishi Tanabe Pharma Corporation, Osaka, Japan). We also
conducted a study using another SGLT2 inhibitor, tofogliflo-
zin. In this study, 6-week-old, male rats were assigned to
the same three groups, plus a fourth Nx +T group, which
was administered 0.015% tofogliflozin in standard chow
(Kowa Pharmaceutical Co. Ltd., Montgomery, AL, USA).
The doses of canaglifiozin and tofogliflozin used were based
on a previous study which showed that these were the doses
required to significantly increase urinary glucose excretion
and reduce blood glucose concentration in diabetic animals
[18-20]. We also confirmed that the administration of each
drug generated a similar plasma glucose curve during OGTT
(Fig. 1a and 4a). Nephrectomy was performed as previously
described [21]. At 17 weeks of age, OGTT was performed
by orally administering 2 g/kg of glucose solution after over-
night fasting, then measuring the blood glucose concentra-
tions of the rats 0, 30 60, and 120 min later using a blood
glucose meter (One Touch UltraVue, Johnson and Johnson,
New Brunswick, NJ, USA). On the day following OGTT, the
rats were housed in individual metabolic cages for 24 h to
determine their daily urine output and food intake. The fol-
lowing week, their body masses and systolic blood pressures
were measured, then they were terminally anesthetized. The
colon of each was removed to measure their glucose con-
tents, and samples were snap-frozen in liquid nitrogen for
subsequent measurements. The kidneys, thoracic aorta, and
the remaining half of the heart were sliced transversely and
fixed in 10% formalin solution for tissue sectioning.

Measurement of the intestinal glucose content

Intestinal glucose content was measured as previously
described [22]. Briefly, the contents of the colon were col-
lected using 5 ml ice-cold saline and the volume was meas-
ured. The carbohydrates in the collected sample were hydro-
lyzed by boiling in H,SO,, then the mixture was neutralized
using NaOH. The glucose content was then measured using
a kit (LabAssay Glucose, Fujifilm Wako Pure Chemical
Industries, Osaka, Japan).

Physiological and biochemical analyses

Systolic blood pressure was measured using the tail-cuff
method (Model MK-1030, Muromachi Kikai, Tokyo, Japan).
Urinary protein excretion was measured using the pyro-
gallol red method and urinary glucose excretion using the
hexokinase method. The serum concentration of creatinine
was measured using the creatininase-creatinase-Sarcosine
oxidase-Peroxidase method. BUN was measured using the
urease method. The serum concentrations of IS, PCS, HA,
and IAA were measured by high-performance liquid chro-
matography as previously described [23].
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Histological examination

Kidney sections were stained using periodic acid-Schiff to
assess glomerular sclerosis and using Masson’s trichrome
to assess interstitial fibrosis. Glomerulosclerosis was evalu-
ated by counting sclerotic glomeruli and calculating the glo-
merulosclerotic index [24, 25]. The proportion of the area
of each kidney section that was fibrotic was measured using
Image] software (NIH, Bethesda, MD, USA). The thickness
of the aortic wall was determined on hematoxylin and eosin-
stained sections by obtaining digital images (Upright optical
microscope BX53, Olympus, Tokyo, Japan) We evaluated
the thickness of aortic wall at the base of aortic arch of each
rat. We measured five different places per each aortic wall
using Image J. The mean value was considered to be rep-
resentative for each rat. The myocardium was stained using
Picrosirius red and the proportion of the area on each section
that was stained red was measured using Image J and used as
a measure of the degree of fibrosis. Immunohistochemistry
was performed as described previously [12] using primary
antibodies against CD68 (1:500, abcam plc., Cambridge,
UK), Claudin-1 (1:50, Thermo-Fisher Scientific, Waltham,
MA, USA/ Rockford, IL, USA), and ZO-1 (1:750, Thermo-
Fisher Scientific, Waltham, MA, USA/ Rockford, IL, USA).
Horseradish peroxidase-conjugated anti-rabbit IgG antibod-
ies (Dako, Glostrup, Denmark) were used as secondary anti-
bodies (Table 1).

Analysis of the gut microbiota

Fecal samples were suspended in 4 M guanidium thiocy-
anate, 100 mM Tris—HCI (pH 9.0), and 40 mM EDTA, and
then homogenized using zirconia beads (5 m/s, 5 min) and
a FastPrep FP100A instrument (MP Biomedicals, Santa

Ana, CA, USA). DNA was extracted from the homogen-
ates using a GC series Genomic DNA Whole Blood kit
(Precision System Science, Chiba, Japan). After adjusting
the final concentration of the extracted DNA to 10 ng/pl,
fecal 16S rDNA was amplified by PCR. The primers used
were 6-FAM-labeled 516f (5" TGCCAGCAGCCGCGGTA-
3") and 1510r (5'-GGTTACCTTGTTACGACTT-3'). The
amplified DNA was verified by electrophoresis and purified
using a MultiScreen FB filter plate (Millipore, Bedford, MA,
USA). The abundance of specific bacterial groups in the
rat fecal samples was measured by real-time quantitative
PCR using the 7500 Fast Real-time PCR System (Applied
Biosystems, Foster City, CA, USA). The specific primers for
Lactobacillus and Bacteroides species are shown in Table 2.
The results obtained using the specific primers were normal-
ized to those obtained using the universal primers.

FITC-dextran test and D-xylose test

Intestinal macromolecular permeability and the intestinal
absorptive capacity were tested. For this purpose, a solu-
tion of fluorescein isothiocyanate (FITC)-Dextran (Sigma)
750 mg/kg body weight and D-Xylose (Sigma) 0.5 g/kg
body weight were prepared in distilled water at a concentra-
tion of 50 mg of D-xylose and 75 mg of FITC-dextran per
milliliter. One hour after these reagents were given by garage
(1 ml/100 g BW) under light ether anesthesia, the rats were
terminally anesthetized and serum concentrations of these
reagents were measured.

Immunoblot analysis

Frozen ascending colon samples were homogenized in cold
RIPA Lysis buffer (Santa Cruz Biotechnology, Dallas, TX,

Table 1 Effects of canagliflozin

. ; Sham Nx Nx+C

on physiological parameters
Body weight (g) 364.7+13.3 311.0+42.8™ 323.3+18.8"
Food intake (g/day) 192+1.9 17.1+2.4 19.2+0.3
Systolic blood pressure (mmHg) 168.8+17.0 220.1+32.8™ 214.8+22.8™
Daily urine volume (ml/day) 122+3.1 29.5+15.9" 37.4+10.0"
Data are presented as means + SEMs
*p <0.05
**p <0.01 vs. the Sham group
"p<0.01 vs. the Nx group

Table 2 Primers used for the Bacteria Forward Reverse

quantification of bacterial

genera Lactobacillus AGCAGTAGGGAATCTTCCA CACCGCTACACATGGAG
Bacteroides GAAGGTCCCCCACATTG CAATCGGAGTTCTTCGTG
Universal primers TCCTACGGGAGGCAGCAGT GACTACCAGGGTATCTAATCCTGTT
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USA) containing protease and phosphatase inhibitors, and
the homogenates were centrifuged at 12,000 x g at 4 °C for
15 min. The supernatants were collected and the protein
concentration of each was determined using a DC protein
assay kit (Bio-Rad Laboratories, Inc. Hercules, CA, USA).
Equivalent amounts of protein (50 pg) were loaded and
electrophoresed on 7.5%, 10%, or 12% sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis gels and transferred
to polyvinylidene difluoride membranes. The resulting blots
were incubated with primary antibodies against rat ZO-1,
occludin, claudin-1 (Invitrogen, Carlsbad, CA, USA), or
B-actin (Cell Signaling Technology, Danvers, MA, USA).
After washing, the blots were incubated with secondary
antibody (horseradish peroxidase-linked anti-rabbit IgG; GE
Healthcare, Amersham, UK) and the protein—antibody com-
plexes were detected using an ECL detection kit (Amersham
Biosciences, Uppsala, Sweden), according to the manufac-
turer’s recommended protocol.

Real-time reverse transcriptase-polymerase chain
reaction

RNA was extracted from frozen cardiac tissue using an RNe-
asy Mini Kit (Qiagen, Hilden, Germany). Equal amounts
(1 pg) of RNA from each sample were reverse-transcribed
to cDNA using a Prime Script RT reagent kit with gDNA
Eraser (Takara, Ohtsu, Japan). Real-time RT-PCR was
then performed using the 7500 Fast Real-Time PCR Sys-
tem (Applied Biosystems). The primers used are shown in
Table 3. Glyceraldehyde 3-phosphate dehydrogenase was
used as the reference protein.

Statistical analysis

Data are presented as means + SEMs and were analyzed
using one-way analysis of variance, followed by Bonfer-
roni’s post hoc test. P <0.05 was considered to represent
statistical significance.

Results

Effects of canagliflozin on rat physiology

The Nx rats lost weight, but there was no significant dif-
ference in body mass between Nx rats and Nx rats treated

with canagliflozin (Nx + C group) (Table 1). There were no
significant differences in daily food intake among sham-
operated, Nx, and Nx + C rats (Table 1). The Nx rats devel-
oped hypertension, unlike the sham-operated rats, but there
was no difference in blood pressure between the Nx rats and
Nx + C rats (Table 1). Treatment with canagliflozin signifi-
cantly increased the volume of urine passed daily, compared
with the Sham and the Nx rats (Table 1). These results sug-
gest that canagliflozin induces osmotic diuresis by inhibiting
SGLT?2 in proximal tubular cells.

Effects of canagliflozin on glucose tolerance, urine
composition, and kidney function

Oral glucose tolerance testing (OGTT) demonstrated no sig-
nificant differences in glucose tolerance among the Sham,
Nx, and Nx + C groups (Fig. 1a). Nx rats developed sub-
stantial proteinuria, which was more pronounced in cana-
gliflozin-treated rats (Fig. 1b). Canagliflozin significantly
increased daily urinary glucose excretion, compared with the
Sham and Nx groups (Fig. 1c). Both the blood urea nitrogen
(BUN) and serum creatinine concentrations were signifi-
cantly higher in Nx than Sham rats, and canagliflozin did not
affect these parameters (Fig. 1d and e, respectively). In renal
histology, glomerulosclerosis was evident in Nx rats, which
was not altered by canagliflozin. The sizes of glomerulus and
tubules were increased in Nx rats, which were not altered by
canagliflozin treatment (Fig. 1f). The number of infiltrated
macrophages was higher in Nx than Sham rats, and cana-
gliflozin did not change these numbers (Fig. 1g). Nx rats
showed substantial interstitial fibrosis (blue staining) that
was not affected by canagliflozin treatment (Fig. 1h). Renal
mRNA expressions pro-fibrotic 7gfbl and pro-inflammatory
chemokine Crgf were increased in Nx rats, which were not
changed by canagliflozin treatment (Fig. 1i). These data
indicate that canagliflozin does not ameliorate the glomeru-
losclerosis or interstitial fibrosis that characterize Nx rats.

Effect of canagliflozin on the gut microbiota
and intestinal barrier

We next determined the effect of canagliflozin on the gut
environment of Nx rats. The quantity of glucose per 10 cm of
colon was higher in the Nx + C group than in the Sham or Nx
groups (Fig. 2a), which confirms that canagliflozin inhibits
SGLT1 in Nx rat colon and implies that canagliflozin might

Table 3 Primers used for real-

time PCR Gene Forward Reverse
TGEFp (rat) CATTGCTGTCCCGTGCAGA AGGTAACGCCAGGAATTGTTGCTA
CTGF (rat) CATGGTCAGGCCCTGTGAA CACAGAACTTAGCCCGGTAGGTC
GAPDH (rat) GTTACCAGGGCTGCCTCTC GGGTTTCCCGTTGATGACC
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alter the composition of the microbiota in Nx rats. Quanti-
tative analysis of the microbiota showed that Bacteroides
species were more abundant in Nx rats and that canagliflozin
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«Fig. 2 Effect of canagliflozin on the gut microbiota and intestinal
barrier. a Effect of canagliflozin on the colon glucose content. b, ¢
The abundance of Bacteroides (b) and Lactobacillus (c) in the colons
of rats was quantified using RT-PCR. d Immunoblotting show-
ing expressions of tight junction proteins, claudin-1 (right), occlu-
din (middle), and ZO-1 (left) in the colon. Lower panel of each blot
shows the densitometric analysis of its expression. e, f Immunohis-
tochemistry showing the expressions of tight junction proteins, clau-
din-1 (e) and ZO-1 (f) in the colon. Right panel of each protein shows
the quantification of staining of each protein. Scale bars: 100 pm. g
The results of FITC-Dextran (left) and D-Xylose (right) absorption
test. Nx; Nephrectomized rats, Nx+C; canagliflozin-treated NXx.
*p<0.05, **p<0.01 versus the Sham group; ip<0.05, ¥ip<0.01
versus the Nx group (n= 12 per group)

(Fig. 2¢). In our previous study [12], the presence of Lac-
tobacillus restored the CKD-related defect in the intestinal
barrier by restoring the expression of TJ proteins. Immuno-
blotting analysis showed reductions in expression of both
the transcellular TJ proteins claudin-1 and occludin and
the cytosolic scaffold protein zonula occludens (ZO)-1 in
Nx rats vs. Sham rats, and that canagliflozin restored the
expression of each of these in the colons of Nx rats (Fig. 2d).
Similarly, in immunohistochemical analysis, the expressions
of both cludin-1 and ZO-1 were decreased in Nx rats, which
were ameliorated by canagliflozin (Fig. 2e and f, respec-
tively). Consistently, FITC-Dextran absorption test showed
that the absorption of FITC-dextran was increased in Nx
rats, which were ameliorated by canagliflozin treatment
(Fig. 2g, right), showing the effect of canagliflozin on the
colon permeability in Nx rats. On the other hand, D-Xylose
absorption test revealed that the absorption of D-Xylose was
decreased in Nx rats, which was not affected by canagliflozin
(Fig. 2g, left).

Effects of canagliflozin on the serum concentration
of uremic toxins and the cardiovascular system

Because canagliflozin affects the expression of colonic TJ
proteins, we predicted that it would also affect the serum
concentration of gut-derived uremic toxins. The serum con-
centrations of uremic toxins, such as indoxyl sulfate (IS),
hippuric acid (HA), and indole acetic acid (IAA), were sig-
nificantly increased by 5/6th nephrectomy (Fig. 3a), as was
that of P-cresyl sulfate (PCS), but this effect did not achieve
statistical significance (Fig. 3a). Although canagliflozin had
no effects on the serum concentrations of PCS or IAA, it
significantly reduced those of IS and HA (Fig. 3a). IS has
been shown to promote aortic wall thickening and calcifica-
tion and to aggravate cardiac fibrosis [26-29]. Therefore,
we assessed the aortic wall thickening and cardiac fibrosis
in each group. The Nx rats had significantly thicker thoracic
aortic walls than the Sham rats (Fig. 3b). In addition, the
extent of intestinal fibrosis, assessed using Picosirius red
staining, was significantly greater in the Nx group than in the

Sham group (Fig. 3¢). As shown in Fig. 3b and c, canagliflo-
zin ameliorated both the aortic wall thickening and cardiac
interstitial fibrosis. Moreover, the increases in cardiac 7Tgfbl
and Ctgf mRNA expression in Nx rats were significantly
ameliorated by canagliflozin treatment (Fig. 3d).

Effects of tofogliflozin on the glucose tolerance,
urine composition, gut microbiota, intestinal
barrier, and serum concentrations of uremic toxins
of the rats

OGTT demonstrated no significant differences in glucose
tolerance among the Sham, Nx, and tofogliflozin-treated Nx
(Nx +T) groups (Fig. 4a). Tofogliflozin treatment increased
urinary glucose excretion to a similar extent to canagliflozin
treatment (Fig. 4b), which implies that it similarly inhibited
SGLT?2 in the kidney. However, because tofogliflozin has
very little binding affinity for SGLT1, it failed to increase
the amount of glucose in the colon compared with the Sham
and Nx groups, whereas canagliflozin treatment increased
the amount of glucose in the colon vs. the Sham, Nx, and
Nx +T groups (Fig. 4c). RT-PCR for Lactobacillus species
revealed that there was no significant difference in the abun-
dance of these bacteria between the Nx + T group and the
Nx group, but they were more abundant in the Nx + C group
than in either the Nx group or the Nx+ T group (Fig. 4d).
Immunoblotting analysis of the rat colons showed that the
expression of the TJ proteins claudin-1, occludin, and ZO-1
was lower in the Nx group. The reductions in the expression
of claudin-1 and occludin appeared to be ameliorated by
treatment with tofogliflozin, but these effects did not achieve
statistical significance (Fig. 4e). Finally, the higher serum
concentrations of IS and HA in the Nx rats were not affected
by treatment with tofogliflozin (Fig. 4f).

Comparison of the effects of tofogliflozin
and canagliflozin on the cardiovascular system

As described above, canagliflozin ameliorated the car-
diac interstitial fibrosis that was caused by Nx. However,
tofogliflozin did not have this effect (Fig. 5a). Similarly, the
high Tgfbl and Ctgf mRNA expression in the hearts of the
Nx rats was significantly reduced by canagliflozin, but not
by tofogliflozin (Fig. 5b).

Discussion

In the present study, we have demonstrated that canagliflo-
zin increases the glucose content of the colon and increases
the abundance of Lactobacillus species in the microbiota of
a non-diabetic rat model of CKD. This likely explains the
restoration of the intestinal barrier function by canagliflozin
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«Fig. 3 Effects of canagliflozin on the serum concentrations of ure-
mic toxins and the cardiovascular system. a Effect of canagliflozin on
the serum concentrations of indoxyl sulfate, hippuric acid, p-cresyl
sulfate and indoxyl acetic acid. b Effect of canagliflozin on thick-
ness of the thoracic aortic wall. ¢ Representative images of left ven-
tricles stained using Picrosirius red. Upper panel shows a photo of
low-power field (scale bars; 1 mm) and lower panel shows a photo of
high-power field (scale bars; 500 pm). The bar graph in the right side
represents proportion of the myocardium that was fibrotic. d Effect
of canagliflozin on Cardiac Tgfb] and Ctgf mRNA expression. Nx;
Nephrectomized rats, Nx+C; canagliflozin-treated Nx. Scale bars:
b, ¢ 500 pm. *p <0.05, **p <0.01 versus the Sham group; p <0.05,
T1p <0.01 versus the Nx group (n=12 per group)

and the reduction in the serum concentrations of IS and HA.
Although canaglifiozin did not affect the renal function of
the rats, it ameliorated their arterial wall thickening and car-
diac fibrosis. These protective effects were presumably the
result of the lower serum uremic toxin concentrations. In
addition, another SGLT2 inhibitor, tofogliflozin, which has a
minimal effect on SGLT1, did not significantly affect the gut
microbiota, expression of gut TJs, serum gut-derived uremic
toxin concentrations, or the degree of cardiac fibrosis in the
Nx rats. We conclude that the effects of canagliflozin on the
gut microbiota, uremic toxins, and heart are independent of
its glucose-lowering effects and are related to its inhibitory
effects on gut SGLT1.

Canagliflozin differs from other SGLT2 inhibitors in that
it weakly inhibits SGLT1 and thereby reduces postprandial
intestinal glucose absorption [30]. We hypothesized that this
SGLT1 inhibition might affect the uremic state. A previ-
ous study showed that phlorizin, a natural polyphenol and
dietary constituent that is known to potently inhibit intestinal
SGLT1, modifies the gut microbial community structure of
diabetic mice [31]. Specifically, it increases the abundances
of Akkermansia muciniphila and Prevotella, and this effect
may be mediated through inhibition of intestinal SGLT1
[31]. Consistent with these reports, the present study demon-
strated that canagliflozin but not tofogliflozin largely restores
the correct proportion of Lactobacillus in the microbiota of
CKD rats, probably through its inhibition of SGLT1. The
mechanism whereby intestinal SGLT1 inhibition leads to
Lactobacillus growth in the colon is not completely under-
stood. However, it is thought that SGLT1 inhibition causes
glucose malabsorption in the small intestine and a conse-
quent increase in glucose delivery to the colon, which was
also suggested in the present study. Because Lactobacillus
uses glucose as a substrate for fermentation, it is likely that
the higher colonic glucose concentration would stimulate the
growth of Lactobacillus. Some previous studies have already
shown that Lactobacillus species multiply in glucose-rich
conditions [32, 33]. Furthermore, studies of prebiotics have
shown that an increase in the supply of substrate leads to an
increase in the population of the intestinal bacteria which
metabolize that substrate [34-36]. Taking these findings

together, it can be surmised that an increase in glucose deliv-
ery to the colon stimulates an increase in the abundance of
Lactobacillus species, which has various beneficial effects.

Lactobacillus is a well-known probiotic that is capable
of reducing the serum concentrations of uremic toxins, such
as PCS and IS, in patients with CKD [37-39]. We have also
demonstrated that a substantial Lactobacillus population is
associated with intactness of the intestinal barrier in CKD
rats, which involves the maintenance of TJ protein expres-
sion and low serum concentrations of PCS and IS [12]. The
present finding that canagliflozin, but not tofogliflozin, treat-
ment is associated with restoration of intestinal barrier func-
tion in the same way to that shown in our previous study
lead us to surmise that the maintenance of TJ expression
induced by canagliflozin is the result of its effect to promote
the growth of Lactobacillus species. However, the effect of
canagliflozin administration differs from that of Lactobacil-
lus administration, because it did not cause a reduction in
the serum concentration of PCS. This disparity might relate
to differences in the biosynthetic pathways for IS and PCS.
The IS precursor indole is directly absorbed through TJs,
whereas the PCS precursor p-cresol is conjugated to sulfate
by aryl sulfotransferases at the colonic epithelium before
being absorbed through TJs [3, 40, 41]. It is possible that the
high concentration of glucose in the intestine that is induced
by canagliflozin treatment, but that is not induced by Lacto-
bacillus prebiotic treatment, might affect intestinal epithelial
function. This might modify the absorption of p-cresol, and
because HA is absorbed through TJs in a similar manner to
IS [42], the serum concentration of HA was also affected
by canagliflozin administration. IAA differs from the other
three uremic toxins in that it is generated in part outside the
gut [43, 44], which may explain the lack of effect of cana-
gliflozin on serum IAA concentration.

It is well known that IS stimulates the progression of both
tubulo-interstitial fibrosis and glomerular sclerosis in CKD
by inducing reactive oxygen species (ROS) production [45,
46]. However, in the present study, canagliflozin reduced
the serum IS concentration but failed to ameliorate the renal
tubulo-interstitial fibrosis or glomerular sclerosis. The pro-
gression of CKD is multifactorial, involving hyperactivity
of the intrarenal renin—angiotensin—aldosterone system [47],
tissue hypoxia [48, 49], and high serum concentrations of
uremic toxins [50-52]. Therefore, it is perhaps not surpris-
ing that a reduction in the serum IS concentration alone did
not prevent the progression of CKD in the present study.
Moreover, the renal damages in Nx rats are primarily due
to the activation of renin—angiotensin system which leads
to glomerular hypertension [53]. Since SGLT2 inhibitors
including canagliflozin have hardly any direct renin—angio-
tensin system (RAS) inhibitory effects [54], it cannot reduce
serum creatinine concentration or proteinuria in NXx rats,
although, in the clinical trial, SGLT2 inhibitors have shown
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to evert reno-protective effects for diabetic subjects [55, 56].
The short observation period in the present study is also the
reason for the discrepant results to previous clinical trials.
These negative results in the present study are consistent
with the previous report [57, 58]. On the contrary, in the
present study, canagliflozin slightly increased the urinary
protein excretion in Nx rats, in which results were also
unexpected. It is suspected that increased urinary volume by
canagliflozin would activate RAS in the kidney and worsen
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tion of the myocardium that was fibrotic. b Cardiac Tgfb! (left panel)
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Nx+C; canagliflozin-treated Nx, Nx+T; tofogliflozin-treated Nx
*p<0.05, **p<0.01 versus the Sham group; 71p<0.01 versus the
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glomerular hypertension [59]. It would not be better to treat
non-diabetic CKD patients with SGLT2 inhibitors without
using combined RAS inhibitors.

However, canagliflozin ameliorated both the aortic wall
thickening and cardiac interstitial fibrosis of the Nx rats.
IS has been shown to induce oxidative stress in cardio-
myocytes and to aggravate cardiac fibrosis [26, 27, 52, 60],
and it has also been previously shown that CKD-induced
cardiac fibrosis can be ameliorated by a reduction in the
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circulating concentration of IS [26, 61]. In the present
study, the high cardiac expression of Tgfbl and Ctgf in
the Nx rats was ameliorated by treatment with canagliflo-
zin, which suggests that canagliflozin ameliorates cardiac
fibrosis by reducing the serum IS concentration and inhib-
iting the fibrogenic ROS-nuclear factor-kB-transforming
growth factor p pathway. In addition, IS has been shown
to induce oxidative stress in endothelial cells and promote
aortic wall thickening [27-29]. Therefore, we believe that
canagliflozin ameliorates the aortic wall thickening of the
Nx rats by reducing their serum IS concentration. It can be
deduced that in contrast to renal tissues which was subject
to the direct ablation by nephrectomy, the cardiac tissue
damages were indirect through the remote effects by renal
insufficiency. Therefore, canagliflozin exerted the tissue
protective effect.

In the present study, the cardiac fibrosis of the Nx
rats was reduced by canagliflozin treatment but not by
tofogliflozin treatment. This implies that the inhibition of
SGLT1 may be the mechanism whereby canaglifiozin has
an anti-atherosclerotic effect in this non-diabetic model
of CKD. There have been few reports of the effects of
SGLT?2 inhibitors in animal models of or patients with
non-diabetic CKD. One previous study showed that the
SGLT2 inhibitor dapagliflozin does not prevent proteinuria
or a decline in GFR in non-diabetic Nx rats [57], which is
consistent with the results of the present study. Recently,
canagliflozin was also shown to alter the gut microbial
composition and reduce the plasma concentrations of
PCS and IS in mice with adenine-induced CKD [58]. In
their paper, the authors hypothesized that the inhibition of
SGLT1 by canagliflozin affects the intestinal environment
and reduces the accumulation of uremic toxins. However,
they did not study the cardiovascular effects of the drug,
and so the present study is the first to show beneficial
effects of a SGLT2 inhibitor on cardiovascular compli-
cations in a non-diabetic model of CKD. We conclude
that canagliflozin may improve the long-term prognosis of
patients with CKD by ameliorating their cardiac fibrosis
and arthrosclerosis.

In conclusion, we have shown that the SGLT?2 inhibi-
tor canagliflozin protects the cardiovascular system of non-
diabetic rats with CKD through its inhibition of SGLT1. The
mechanism likely involves a reduction in the serum con-
centrations of gut-derived uremic toxins, secondary to an
increase in the abundance of Lactobacillus. These findings
suggest a novel therapeutic strategy for the cardiovascular
complications of patients with CKD.
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