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Abstract

Background/Aims: SGLT-2 inhibitors have been shown to be nephroprotective in diabetes.
Here, we examined if one of these drugs (canagliflozin) could also ameliorate non-diabetic
chronic kidney disease (CKD). Methods: CKD was induced in rats by feeding them adenine
(0.25%"* for 35 days) and canagliflozin (10 or 25 mg/kg, by gavage) was given with or
without adenine. Several conventional and novel plasma and urine biomarkers and tissues
morphology were used to investigate the canagliflozin effect on kidney structure and function.
Results: Rats fed adenine showed the typical features of CKD that included elevation of
blood pressure, decreased food intake and growth, increased water intake and urine output,
decrease in creatinine clearance, and increase in urinary albumin/creatinine ratio, liver-type
fatty acid binding protein, N-acetyl-beta-D-glucosaminidase, and plasma urea, creatinine,
uric acid, calcium, indoxyl sulfate and phosphorus concentrations. Adenine also increased
concentrations of several biomarkers of inflammation such as neutrophil gelatinase-associated
lipocalin, interleukin-6, tumor necrosis factor alpha, clusterin, cystatin C and interleukin-1f, and
decreased some oxidative biomarkers in kidney homogenate, such as superoxide dismutase,
catalase, glutathione reductase, total antioxidant activity, and also urinary 8-isoprostane
and urinary 8-hydroxy-2-deoxy guanosine. Adenine significantly increased the renal protein
content of Nrf2, caused renal tubular necrosis and fibrosis. Given alone, canagliflozin at the
two doses used did not significantly alter any of the parameters mentioned above. When
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canagliflozin was given concomitantly with adenine, it significantly and dose-dependently
ameliorated all the measured adenine-induced actions. Conclusion: Canagliflozin ameliorated
adenine-induced CKD in rats, through reduction of several inflammatory and oxidative stress
parameters, and other indices such as uremic toxins, and by antagonizing the increase in
the renal content of the transcription factor Nrf2. The drug caused no overt or significant
untoward effects, and its trial in patients with CKD may be warranted.
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Introduction

The incidence and prevalence of the common disorder chronic kidney disease, (CKD)
[also termed in its later stage chronic renal failure (CRF)], are on the increase, both in
developed and developing countries, imposing a very expensive and rising demand on
health-care systems already burdened by resources scarcity [1, 2]. The disease is progressive
in nature, requires involved and frequently expensive management, causes serious
complications such as cardiovascular diseases, stroke, diabetes, and other diseases, and has
no satisfactory treatment [3]. Therefore, there is a need for studies into the pathophysiology
and mechanisms of CKD, development of new effective therapeutic strategies, and also for
the search of appropriate and valid animal models of the disease. The model should simulate,
as much as possible, the human kidney disease in its natural course, as well as its histological
features, which could predict renal functional outcome, and responsiveness to clinically used
drugs [4]. Adenine-induced CKD in rats and mice is such a model, and has recently witnessed
a surge in its usage by several investigators [5-7], since its introduction by Yokozawa et al.
[8].

Sodium-glucose cotransporter (SGLT)-2 inhibitors are recently-introduced antidiabetic
drugs that can increase urinary glucose excretion and reduce hyperglycemia [9]. In diabetes
mellitus, they are also reported to possess some additional actions such as renoprotective
effects in humans and animals [10-12] and do not cause any acute renal injury in diabetic
patients [13].

In the present work, our aim was to investigate the effect of treatment with one SGLT-2
inhibitor, canagliflozin, on rats with adenine-induced CKD, using several conventional and
novel physiological, biochemical, immunohistochemical and histopathological methods, with
a special focus on its possible actions on the anti-inflammatory and antioxidant mechanisms
in adenine-induced CKD.

Materials and Methods

Animals

Wistar rats (9-10 weeks old, weighing about 250 g) were kept in a room with a temperature of
22 * 2 °C, relative humidity of about 60%, with a 12 h light-dark cycle (lights on at 6:00). Animals were
provided ad libitum with a standard pelleted chow diet containing 0.85% phosphorus, 1.12% calcium,
0.35% magnesium, 25.3% crude protein and 2.5 IU/g vitamin D3 (Oman Flour Mills, Muscat, Oman) and
tap water.

Ethics statement

Ethical approval for conducting the work was obtained from Sultan Qaboos University (SQU) Animal
Ethics Committee (SQU/AEC/2014 -16). All procedures involving animals and their care were carried out in
accordance with international laws and policies (EEC Council directives 2010/63/EU, 22 September, 2010
and NIH Guide for the Care and Use of Laboratory Animals, NIH Publications, 8" edition, 2011).

Experimental Design
Following an acclimatization period of seven days, rats (n = 36) were randomly divided into six equal
groups, and treated for 35 consecutive days as follows:
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The 1%t group (Control) continued to receive the same diet without treatment.

The 2" group was given adenine in the feed at a dose of 0.25% w/w.

The 3™ group was treated orally with canagliflozin (10 mg/kg /day).

The 4% group was treated with adenine as in the second group and canagliflozin (10 mg/kg /day).

The 5% group was treated with canagliflozin (25 mg/kg / day).

The 6" group was treated with adenine as in the second group and canagliflozin (25 mg/kg /day).

The concentration of the adenine in the feed was as used before [5], and the dosage of canagliflozin
bracketed the doses reported in the literature [14].

Canagliflozin was suspended in hydroxypropyl methylcellulose (0.5%) and given via oral gavage.

Treatments

Rats were placed individually in metabolic cages to collect the urine voided in the last 24 h of the
treatment period. Twenty-four hours after the end of the treatment, the rats were anesthetized with
ketamine (75 mg/kg) and xylazine (5 mg/kg) intraperitoneally, and blood (about 6 mL) was collected, and
together with obtained urine, centrifuged at 900 g at 4 °C for 15 min to separate plasma. The plasma and
urine were stored at -80 °C pending analysis. The two kidneys were excised, blotted on filter paper and
weighed. The right kidney and most of the left one was rapidly dipped in liquid nitrogen and kept frozen at
-80 °C for conducting biochemical tests and Western blotting. A small piece of the left kidney was placed
in formol-saline for subsequent histopathological and immunohistochemical processing and examination.

Physiological and biochemical measurements

The body weights, systolic and diastolic blood pressure (BP) and the pulse rate of all rats were recorded
on a weekly basis during the experimental period, as described before [15].

Plasma and urine osmolality were measured by the freezing point depression method (-70°C) using
a Digimatic osmometer (Osmomat 3000, Gonotec GmbH, Berlin, Germany). Plasma neutrophil gelatinase-
associated lipocalin (NGAL) activity was measured by an ELISA kit obtained from Abcam (Milton, Cambridge,
UK). Urinary N-acetyl-B-glucosaminidase (NAG) activity was measured by kits from Diazyme (Poway, CA,
USA). Other plasma and urinary biochemical biomarkers of renal functions (creatinine, urea, uric acid,
calcium, phosphorus and albumin), as well as glucose were measured in an automated machine (Mindray
BS-120 Chemistry Analyzer, Shenzhen, China). The plasma concentrations of tumor necrosis factor-alpha
(TNF- ), clusterin, and cystatin C were measured by ELISA kits obtained from Thermo Scientific (Frederick,
MD, USA). Interleukin-6 (IL-6) was measured by an ELISA kit from Life Technologies Corp. (Frederick, MD,
USA) and interleukin-1beta (IL-18) by an ELISA kit from Bender MedSystems GmBH (Vienna, Austria).
Urine Liver-type fatty acid binding protein (L-FABP) was measured by an ELISA kit from R & D Systems
(Minneapolis, MN, USA). Urinary 8-hydroxy-2’-deoxyguanosine (8-OHdG) and 8-isoprostane were measured
by ELISA kits from Abcam (Milton, Cambridge, UK). The supernatants of renal homogenates were used
for the measurement of catalase (CAT), glutathione reductase (GR), superoxide dismutase (SOD) and total
antioxidant capacity (TAC), as described earlier [16-18]. Nuclear factor erythroid 2-related factor 2 (Nrf2)
in kidney homogenate and plasma concentration of the uremic toxin indoxyl sulfate (IS) were measured by
ELISA kits from BlueGene Biotech (Shanghai, China).

Histopathology

Kidneys were excised, washed with ice-cold saline, blotted with filter paper and weighed. Each kidney
was casseted and fixed directly in 10% neutral formalin for 24 h, which was followed by dehydration in
increasing concentrations of ethanol, clearing with xylene and embedding in paraffin. Four-um sections
were prepared from paraffin blocks and stained with hematoxylin and eosin (H & E). Sirius Red staining was
carried out to measure the degree of interstitial fibrosis using a standard technique. The stained sections
were evaluated by the histopathologist that participates in this project using light microscopy.

Evaluation of acute tubular injury

A pathologist (SA), who was unaware of the treatment groups, carried out the microscopic scoring of
the kidney sections in a blinded fashion. A score which represents measurement of extent of acute tubular
injury area in the cortical and medullary tubules was assigned on a scale of 0-4 (0, no acute tubular injury; 1,
a few focal acute tubular injury areas of < 25% of the kidney; 2, acute tubular injury area was about 26-50%
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of kidney; 3, acute tubular injury area was 51-75% of kidney; 4, nearly the entire area shows acute tubular
injury 76-100% of kidney). The extent of necrosis was measured using Image ] software (NIH, MD, USA).

Evaluation of interstitial fibrosis

The proportion of red-stained fibrotic area in the cortex and medulla of each section, stained with
Sirius Red, was graded semi-quantitatively (0: 5%, 1: 5% to 25%, 2: 25% to 50%, 3: 50% to 75%, 4: >75%),
as previously described by Servais et al. and Al Za'abi et al. [19, 20].

Immunohistochemistry

Detection of Nrf2 was performed on 4 um tissue slices, as described recently [18], with the sole
difference that another microscope was used to take the pictures: Leica DM750 (Leica Microsystems,
Wetzlar, Germany) using the 20-fold objective lens. The area of the Nrf2 staining was assessed by Image]
and related to the tissue area, also evaluated with Image] 1.51a4 (http://imagej.nih.gov/ij) [21].

Drugs and Chemicals
Adenine was bought from Sigma-Aldrich (St. Louis, MO, USA), and canagliflozin from Invokana, Janssen
Pharmaceuticals, Inc. Titusville, NJ, USA. Other chemicals used were of analytical grade.

Statistical Analysis

Statistical analysis data are expressed as mean * SEM and were analyzed by one-way analysis of
variance followed by Bonferroni’s multiple comparison tests (Graphpad Prism version 5.03, San Diego, CA,
USA); P less than 0.05 was considered statistically significant.

Results

Basic physiological data

The general appearance of the rats with adenine-induced CKD was subjectively judged
to be improved by canagliflozin treatment.

The basic physiological data of the six groups of rats in the experiment are shown in
Table 1. Adenine, given alone, caused a significant reduction in body weight and food intake,
and significant increases in relative kidney weight, water intake, and urine flow (P < 0.05).
Canagliflozin, at the two doses, caused no significant changes in the measured physiological
data, except that rats on the higher dose (25 mg/kg) had significantly less body weight and
higher water intake than the controls. Treatment with canagliflozin, mostly dose-dependently
and significantly, mitigated the adenine-induced changes in the above measured indices.

On the last day of adenine treatment, the systolic BP of rats treated with adenine alone,
and with adenine plus canagliflozin was significantly higher than at the first day of treatment,
and higher than that of the control rats (P < 0.05). Diastolic BP and pulse rates were not
affected significantly by any treatment given (P > 0.1) [Data not shown].

Renal function tests in plasma

Table 2 shows the effects of adenine and canagliflozin, each given either alone or in
combination, on renal function tests in plasma. The adenine -treated group had a significantly
higher concentration of urea, creatinine, uric acid, NGAL, calcium, phosphorus and IS (P <
0.05) than the control group. The values obtained from rats treated with the two doses of
canagliflozin were not significantly different from the control values (P > 0.1). Treatment
with canagliflozin, mostly dose-dependently and significantly, mitigated the adenine-induced
changes in the measured renal function tests (P < 0.05).

Urinary measurements

Table 3 shows the results of some urinary kidney function tests (albumin, albumin /
creatinine, creatinine clearance, NAG activity, osmolality), and some urinary oxidative stress
biomarkers L-FABP, 8-OHdG and 8-isoprostane. The adenine-treated group had a significantly
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Table 1. Effect of treatment with canagliflozin (C) on some physiological parameters in rats with adenine
(A)-induced chronic kidney disease (CKD). Values in the table are means + SEM (n = 6). CKD was induced by
the inclusion of A in the feed at a concentration of 0.25%"/* for 35 days, and C was given to rats concurrently
by oral gavage. On the 35" day of treatment, the rats were placed in metabolic cages to collect urine. Different
superscripts indicate significance as follows (P < 0.05 was considered significant): 2 Control vs all groups. ®

A vs adenine treated groups

C

Parameters/Treatment Control A
(10mg/Kg)

A+C C A+C
(10mg/Kg) (25mg/Kg) (25mg/Kg)

Change in body weight
11.3+0.6  -13.1+0.92 7.4+1.1

(%)
Relative kidney weight

0.6+0.0 1.5+0.12 0.7+0.0
(%)
Water intake (mL) 20.4+1.2  74.6%1.52 25.0+2.3
Urine flow (pL/sec) 0.2+0.0 0.5£0.02 0.2+0.0
Food intake (g) 20.5+0.8  14.6+0.52 18.9+0.6
Feces output (g) 8.3+0.7 6.2+0.3 5.9+0.3

-9.8+0.72 5.4£0.92 1.3%£1.1ab
1.4+0.12 0.7+0.0 1.2+0.02b
64.2+2.82 31.7+3.12 55.8+2.5ab
0.5+0.02 0.2+x0.0 0.4+0.0ab
22.0+0.90 18.3x0.8 21.6+0.7b
6.6+0.8 6.2+0.4 8.8+0.8

Table 2. Effect of treatment with canagliflozin (C) on some renal function tests in plasma of rats with adenine
(A)-induced chronic kidney disease (CKD). Values in the table are means + SEM (n = 6). CKD was induced by
the inclusion of A in the feed at a concentration of 0.25%"/* for 35 days, and C was given to rats concurrently
by oral gavage. On the 35" day of treatment, the rats were placed in metabolic cages to collect urine. NAGL:
neutrophil gelatinase-associated lipocalin. Different superscripts indicate significance as follows (P < 0.05
was considered significant):  Control vs all groups. ® A vs adenine treated groups

@ A+C C A+C
Parameters/Treatment  Control
(10mg/Kg)  (10mg/Kg)  (25mg/Kg)  (25mg/Kg)

Urea (mmol/L) 3.7#0.2  22.0%£1.4a 4.2+0.3b 19.4+0.82 4.6+0.3b 17.2+£1.0ab
Creatinine (pumol/L) 17.1+#1.0 83.3#592a  20.1+1.1b 72.6+5.1a 22.8+2.1b 64.8+4.2ab
Uric acid (pmol/L) 32.8+¢2.0 81.5+3.4a 30.2+1.1b 69.3+3.3ab 27.9+1.5b 53.7+2.6ab
NGAL (ng/mL) 27.7#21 96.9459a  25.1+2.0b 79.3+6.1a 26.6+1.9b 68.3+4.1ab
Calcium (mmol/L) 0.9+0.0 0.4+0.02 0.8+0.0b 0.4+0.0a 0.8+0.0b 0.5+0.02
Phosphorus (mmol/L) 0.6x0.0 2.1£0.1a 0.7+0.0b 1.9+0.12 0.8+0.1b 1.8+0.12
Indoxyl sulfate

0.5+0.2 13.4+1.72 0.0+£0.0 4.4+0.42 0.0£0.0 1.8+0.42
(ng/mL)
Glucose (mmol/L) 5.5+0.3 4.9+0.2 5.2+0.1 4.8+0.1 5.3+0.1 5.1+0.2
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Table 3. Effect of treatment with canagliflozin (C) on some urinary constituents in rats with adenine (A)-
induced chronic kidney disease (CKD). Values in the table are means + SEM (n = 6). CKD was induced by the
inclusion of A in the feed at a concentration of 0.25%"/* for 35 days, and C was given to rats concurrently
by oral gavage. On the 35" day of treatment, the rats were placed in metabolic cages to collect urine.
NAG: N-acetyl-B-glucosaminidase; L-FABP: Liver-type fatty acid binding protein; 8-OHDG: 8-hydroxy-2’-
deoxyguanosine. Different superscripts indicate significance as follows (P < 0.05 was considered significant):
a2 Control vs all groups.’ A vs adenine treated groups

A+C A+C
Parameters/Treatment Control A C (10mg/Kg) C (25mg/Kg)
(10mg/Kg) (25mg/Kg)
Albumin (g/L) 3.9+0.3 11.4+£0.82 3.0+0.2 7.4+0.7ab 2.2+0.2 4.9+0.7b
Albumin/creatinine
1.4+0.1 26.9+2.4a 1.1+0.1 14.1+0.92b 0.7+0.1 4.9+1.2b
ratio (nmol)
Creatinine clearance
2.2+0.1 0.2+0.02 2.0£0.1 0.2+0.02 2.5%0.2 0.6+0.12
(mL/min)
NAG (IU/L) 3.1£0.2 19.2+1.22 3.2+0.3 18.3+1.02 3.5+0.3 15.7+0.8ab
Osmolality
1460.8+40.2  190.3#2.7a  1578.7¢¥47.3  307.5+21.42 1658.8470.5 627.0+43.4ak
(mOsmol/Kg)
L-FABP (ng/mL) 0.2+0.0 1.2+0.0a 0.2+0.0 0.8+0.02 0.2+0.0 0.6+0.1ab
8-OHDG (ng/mL) 121.9+11.6 46.4+2.32 133.9+£9.6 55.0+4.7a 140.1£7.1 99.6+13.3ab

8 Isoprostane(pg/mL)  1719.2+#213.3 105.0#9.4a 2066.2+361.2 433.8498.42 2568.54385.3 958.84+98.5at

higher albumin, albumin-creatinine ratio, NAG and L-FABP, and significantly lower creatinine
clearance, osmolality, 8-OHdG and 8-isoprostane. The values obtained from rats treated with
the two doses of canagliflozin were not significantly different from the control values (P >
0.1), except for 8-isoprostane, which was significantly higher than in the control (P < 0.05).
Co-treatment with canagliflozin significantly and dose-dependently mitigated the actions of
adenine on these indices (P < 0.05).

Plasma cytokines and other proteins

The plasma concentrations of IL-6, IL-1f, TNF-a, clusterin and cystatin are shown in
Fig. 1. Canagliflozin, at the two doses, did not significantly affect the concentrations of the
analytes measured (P > 0.1). However, adenine treatment significantly elevated them (P <
0.0001). Concomitant treatment with canagliflozin significantly and dose-dependently
mitigated the actions of adenine on these indices (P < 0.05).

Renal antioxidants

Fig. 2 depicts the levels of some antioxidant indices (SOD, CAT, GR, and TAC) in kidney
homogenates. Adenine treatment induced significant reductions in these four antioxidants
measured (P < 0.0001). Compared with the control, canagliflozin, at both doses, did not
cause any significant change in the levels of these measurements, except for an increase in
SOD activity, which was significantly increased by the higher dose of canagliflozin used (P <
0.0001). Canagliflozin, at the two doses, dose-dependently ameliorated the adenine-induced
action.
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Fig. 1. The expression
of specific biomarkers:
interleukin 6 (IL-6),
interleukin 1 beta (IL-
1B), tumor necrosis
factor alpha (TNF-a),
clusterin, and cystatin
C in the plasma of
control rats, rats
treated with
(A), or canagliflozin
(C), separately or in
combination. Each
column and vertical bar
represent mean * SEM
(n = 6). Differences
between the groups
were assessed by one-
way analysis of variance
(ANOVA) followed by
Bonferroni’s multiple
comparison test.

adenine

The renal content of Nrf2 was significantly increased by adenine treatment (P < 0.0001),
while treatment with canagliflozin alone did not significantly alter it. Canagliflozin, at the two
doses, dose-dependently ameliorated the adenine-induced action, and at the higher dose of
canagliflozin, Nrf2 renal content was almost the same in either the presence or absence of

adenine (P> 0.01).

Histopathology

Grossly, the kidneys from the controls and canagliflozin-treated rats appeared normal.
However, the kidneys of rats fed adenine were pale and with white crystals, similar to those
described before [5]. The gross appearance of the kidneys of the animals treated with
adenine plus canagliflozin appeared markedly improved compared with the kidneys of rats

given adenine alone.
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Sections stained with H&E from the control group (Fig. 3A), and groups treated with
doses of 10 mg and 25 mg canagliflozin (Fig. 3C and 3E, respectively) showed normal kidney
architecture and histology. They were given a score of 0 for necrosis. Sections from the same
groups stained with Sirius Red (Fig. 4) showed no evidence of fibrosis and were given a
fibrosis score of 0 (Fig. 44, D, and G).

Sections from the adenine- treated group revealed large areas of acute tubular injury
in 61.4 + 4.8 % of examined tissue areas (score 3). They also showed tubular distention
with necrotic material involving tubules, loss of brush border of proximal tubules, dilatation
of large number of tubules, mixed inflammatory cells infiltration of the interstitium, focal
tubular atrophy (Fig. 3B), and significant interstitial fibrosis (32 + 5.4 %, score 2), as depicted
in Fig. 4B and C.

The group treated with adenine and canagliflozin (10 mg/kg) showed a significant
improvement in the histological appearance when compared with the group treated with
adenine alone. There were foci of acute tubular injury in 33.7 + 5.4 % of the examined tissue
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Fig. 3. Representative photographs of renal
tissues sections stained with hematoxylin
and eosin (H&E) from control rats (A), and
rats treated with adenine (B), canagliflozin
10 mg/kg (C), canagliflozin 10 mg/kg +
adenine (D), canagliflozin 25 mg/kg (E),
and canagliflozin 25 mg/kg + adenine
(F). No histological changes were seen in
the control or the canagliflozin treated
two groups. The adenine-treated group
showed large areas of acute tubular injury,
tubular distention with necrotic material
involving tubules, loss of brush border
of proximal tubules, dilatation of large
number of tubules, mixed inflammatory
cells infiltration of the interstitium and
focal tubular atrophy. The two groups
that received canagliflozin + adenine
showed improvement in the histological
appearance, with less dilated tubules,
interstitial inflammation and atrophic
tubules apoptotic cells.

Fig. 4. Representative
photographs of renal
tissues sections
stained with Sirus
Red from control rats
(A), and rats treated
with  adenine (B
and C), canagliflozin
10 mg/kg (D)
canagliflozin 10 mg/
kg + adenine (E and
), canagliflozin
25 mg/kg (G), and
canagliflozin 25 mg/
kg + adenine (H
and I). No evidence
of interstitial
fibrosis was seen
in the control or
canagliflozin groups

(A, D, and G). Adenine
feeding induced
significant interstitial fibrosis (B and C). The two groups that received canagliflozin + adenine showed
significant improvement in the interstitial fibrosis (E, F, H and I).

areas (score 2). There was also less dilatation of tubules, less interstitial inflammatory cells
infiltration, less tubular atrophy (Fig. 3D), and less interstitial fibrosis, amounting to 15.2
3.7%, (score 1), as depicted in Fig. 4E and F.

The group treated with adenine and canagliflozin (25 mg/kg) showed a significant
improvement in the histological appearance when compared with the group treated with
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adenine alone. There were foci of acute tubular injury involving 31.3 #3.6 % of examined
areas (score 2), as shown in Fig. 3F. There was also less dilatation of the tubules, less
interstitial inflammatory cells infiltration, less tubular atrophy, and less interstitial fibrosis
17.3 £ 3.4% (score 1), as depicted in Fig. 4H and I.

Discussion

Canagliflozin is one of the SGLT- 2 selective inhibitors that represent novel therapeutic
approaches in the management of type 2 diabetes mellitus, as they act on kidneys to lower
the renal threshold for glucose and enhance the urinary glucose excretion [22]. However, its
possible effect on renal structure and function in CKD has not yet been elucidated.

We used here a simple, reliable and well-tested rodent model for studying various
aspects of CKD, which is probably more similar to the human condition than the 5/6
nephrectomy model [7, 8, 23]. Adenine administration (0.25% in feed to rats for 35
days) induced a state of CKD characterized by worsened kidney function and chronic
tubulointerstitial nephropathy and fibrosis [5].

To quantify the degree of renal damage, we have used in this work several traditional
indicators such as urea and creatinine, as well as novel biomarkers in plasma and urine such
as IS, NGAL, L- FABP and NAG [24], and we have shown that canagliflozin, at the two doses
used, significantly improved most structural and functional features of the affected kidney.
No overt adverse effects of treatment with this drug have been observed.

In this work, adenine increased the kidney weight relative to body weight, which
indicates the enlargement of the kidneys. Concurrent administration of canagliflozin with
adenine ameliorated this action (Table 1). The increase in the relative kidney weight and
alterations in the morphology of kidney have been described previously in rats with adenine
CKD [17, 18]. The increase in the relative kidney weight in chronic diseases (such as CKD) is
mostly due to TGF-f/fibrotic response, the mitigation of which decreases the rise in kidney
weight [20, 25]. Canagliflozin treatment reduced the body weight of treated rats, when
compared with the control. This reduction, seen also in humans, has been ascribed to the
induction of calorie loss [10], and is unlikely to pose a serious problem to treated patients.

The mechanisms involved in the amelioration of adenine-induced CKD in rats are,
most likely, multi-factorial [7]. These may include suppression of inflammation and
oxidative stress, as shown experimentally in this work, using several biochemical indices
in plasma and urine. It is established that oxidative stress, inflammatory reactions and
apoptosis have an important influence on the pathophysiological process of uremia and its
complications, especially in cardiovascular conditions [26-30], and are considered among
the most important pathophysiological features in CKD. The concentration or activity of
their biomarkers correlates with the severity of CKD and the status of renal function [27].

Agents that can mitigate these pathophysiological conditions can prevent, treat or retard
the progression of this disease [18, 31, 32]. In the present results, we showed that adenine
significantly decreased the activity or concentration of the four oxidative stress biomarkers
measured in the renal homogenates. There were no marked differences in the levels of these
measurements between the control rats, and rats treated with the two doses of canagliflozin.
Concomitant treatment of rats with adenine and canagliflozin significantly mitigated the
decrease in the antioxidant levels, although they were not restored to the control levels.

It is known that the transcription factor Nrf2 is the main regulator of antioxidant
defenses, and the expression of more than 200 cytoprotective genes [33] and is important
for the induction of antioxidant enzymes to respond to oxidative stress. Several therapeutic
approaches involve the induction of the Nrf2 antioxidant response to either mitigate or
prevent oxidative stress [34]. In this work, renal Nrf2 was detected by an ELISA method.
There was a significant rise in the Nrf2 in renal homogenate of rats treated with adenine,
probably suggesting that this treatment could trigger adaptive responses that counterbalance
the potentially damaging activity of oxygen radicals induced by adenine administration.
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Previous studies have shown that Nrf2 expression is increased in the kidneys and lungs from
mice treated with adenine [35].

In the present work, adenine feeding significantly elevated the plasma concentrations of
the pro-inflammatory cytokines IL-6, IL-1f and TNF-a, an action that was significantly and
dose-dependently ameliorated by canagliflozin. This may suggest that the salutary action of
canagliflozin on the affected kidneys involves an anti-inflammatory component. This anti-
inflammatory action of canagliflozin has also been recently shown in vitro and in vivo (mice)
through inhibiting intracellular glucose metabolism and promoting autophagy in immune
cells [36].

The small protein cystatin C is a relatively novel plasma biomarker that can be used in
the diagnosis of CKD in humans and animals, especially in its early stages. It is considered
a reliable marker of renal impairment and is less influenced by muscle mass [37]. Adenine
treatment in this work caused a highly significant increase in its plasma concentration, an
action that has been mitigated by canagliflozin in a dose-dependent fashion.

Clusterin, a secreted glycoprotein is an antiapoptotic protein that can be considered a
useful biomarker in acute kidney injury. Similar to our results in this work, we have previously
found that clusterin plasma concentration is significantly elevated in adenine-induced CKD
[17]. Urinary clusterin has recently been reported to be significantly increased in early and
late cases of nephropathy [38].

While this work is being written, Mishima et al. [39] reported that, in mice, canagliflozin
exerts intestinal effects that diminishes the concentrations of some uremic toxins such as p-
cresyl sulfate and IS, probably by influencing the intestinal SGLT 1 and altering the composition
of the gut microbiota. We have found in this work, and in other previous publications, that
adenine significantly increased the plasma concentration of IS [17]. Interestingly, all the
rats treated with canagliflozin had no measurable level of IS in their plasma. Concomitant
treatment with canagliflozin, at the two doses used, caused a significant and dose-dependent
decrease in IS concentration. The reduction in the plasma concentration of this important
uremic toxin confirms the usefulness of canagliflozin in the amelioration of the adenine-
induced renal impairment. The protein-bound uremic toxin has recently been shown to be
involved in the pathogenesis and progression of CKD, particularly renal fibrosis [30], and
that injection of IS causes renal fibrosis in mice [40]. The molecular mechanism of this action
has been postulated to be through the induction of DNA hypermethylation of the secreted
frizzled-related protein 5, and thereafter the activation of Wnt/f-catenin signaling [40]. The
levels of other uremic toxins, such as phosphorus, have also been shown in the study to be
lowered. The position of phosphorus as a uremic toxin has been discussed by Burke [41].

Conclusion

The present work has presented experimental evidence that canagliflozin is useful in
ameliorating adenine-induced CKD in rats, through reduction of several inflammatory and
oxidative stress parameters, and other indices such as uremic toxins, and by antagonizing the
increase in the renal content of the transcription factor Nrf2. No overt or significant untoward
effects have been noted from the drug treatment. Further studies into the mechanisms of the
beneficial effect of this new antidiabetic drug in CKD, and its general suitability to all patients
with this disease are warranted.
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