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Abstract. Chronic kidney disease (CKD) is a progres-
sive disease with a high mortality rate and a worldwide
prevalence of 13.4%, triggered by various diseases with high
incidence. The aim of the present study was to investigate the
anti-inflammatory and antifibrotic effect of pioglitazone on
kidney in an adenine-induced Wistar rats and the mechanisms
possibly involved. CKD was induced in 40 rats. Rats were
divided into two groups, which were split into the following
sub-groups: i) Therapeutic (pioglitazone administered after
renal damage) divided into intact (healthy), adenine (CKD) and
adenine/pioglitazone (treatment) and ii) prophylactic (adenine
and pioglitazone administered at the same time) split into intact
(healthy), adenine (CKD), endogenous reversion (recovery
without treatment), adenine/pioglitazone (treatment) and
pioglitazone sub-groups. Reverse transcription-quantitative
PCR (collagen I, a-SMA and TGF-f), and hematoxylin-eosin,
Masson's trichrome and Sirius red staining were performed
to measure histological markers of kidney damage, also the
serum markers (urea, creatinine and uric acid) were performed,
for analyze the effects of pioglitazone. In the adenine/piogli-
tazone rats of the therapeutic group, renal function parameters
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such as eGFR increased and serum creatinine decreased from
those of untreated rats (CKD), however the renal index, serum
urea, abnormalities in renal morphology, inflammatory cells
and relative gene expression of collagen I, a-SMA and TGF-f§
did not change relative to the CKD rats. In adenine/piogli-
tazone rats, extracellular matrix collagen accumulation was
significantly lower than the CKD rats. On the other hand, in
adenine/pioglitazone rats of the prophylactic group, the renal
index, creatinine, urea, uric acid serum and relative gene
expression of collagen I, a-SMA, and TGF-f3 were signifi-
cantly lower, as well as the presence of 2,8-dihydroxyadenine
crystals, and extracellular matrix collagen compared with
CKD rats. In addition, the eGFR in the treatment group was
similar to healthy rats, renal morphology was restored, and
inflammatory cells were significantly lower. In conclusion,
pioglitazone has a nephroprotective effect when administered
in the early stages of kidney damage, reducing inflammatory
and fibrotic processes and improving glomerular filtration
rate. Furthermore, in the late phase of treatment, a tendency to
decrease creatinine and increase eGFR was observed.

Introduction

Chronic kidney disease (CKD) is defined by a decrease of
glomerular filtration rate (¢GFR) to <60 ml/min per 1.73 m?,
which results in the loss of function due to kidney damage (1).
In addition, it is a comorbidity that affects the world population
with a prevalence of 13.4% (1990-2021) (2). For >30 years, the
main causes of mortalities, morbidity and CKD risk factors
worldwide, from birth to 95 years of age, have been studied.
Mortality due to diabetes and CKD in 1990 ranked 14th and
18th, in 2019 ranked 8 and 9th and in 2021 ranked 10th and 11th,
respectively (2,3). This shows that both CKD and diabetes have
recently and considerably advanced as causes of mortalities in the
world population, with the highest incidence in Latin America
and the Caribbean. Diabetes and kidney diseases have a negative
effect on life expectancy, resulting in a change in life expectancy
that represents a global loss of 0.1 years in life expectancy (2).
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In Mexico, 11% of the population (~13 million individuals)
have CKD (4,5). The main cause of CKD is type II diabetes
mellitus, accounting for 12.8 million patients represent
30-50% of the CKD affected population (6). CKD is also
triggered by arterial hypertension (27.2%), glomerulonephritis
(8.2%), type 1 diabetes mellitus (3.9%), chronic tubulointersti-
tial nephritis (3.6%), cystitis (3.1%) of patients and, to a lesser
extent, hereditary, autoimmune and obesity diseases (1,7).
During the progression of the disease, an inflammatory
response is generated, which triggers fibrosis, a tissue regen-
eration mechanism. It is accompanied by infiltration of cells of
the immune response in renal tissue, synthesis and activation
of pro-inflammatory cytokines and activation of fibroblasts
and the consequent deposition of the extracellular matrix.
Therefore, all these mechanisms facilitate the advancement of
CKD, concluding with chronic renal failure (7).

Currently, drugs are used to treat patients with CKD,
such as angiotensin-converting enzyme inhibitors to treat as
a first-line antihypertensive therapy symptoms of hyperten-
sion in coronary diseases and cardiovascular conditions (8.9).
However, in patients who cannot tolerate ACEI therapy due to
an ACEI-induced cough or angioneurotic edema, angiotensin IT
receptor blockers (ARB) therapy is appropriate and suggested
as an alternative to treat hypertension, congestive heart failure
and diabetic nephropathy (8,10), angiotensin II (ATII) is the
principal vasoactive peptide in the renin-angiotensin-aldoste-
rone system and acts on two receptors, angiotensin 1 and 2
receptors (AT1 and AT2). ATII activation of AT1 receptors
increase blood pressure due to contraction of vascular smooth
muscle, increase systemic vascular resistance, increase
sympathetic activity, sodium (Na), and water retention due to
increase Na* reabsorption in the proximal convoluted tubule.
Sodium reabsorption in the proximal convoluted tubule is a
direct result of ATII and indirectly by increased aldosterone
production in the adrenal cortex, promoting distal Na reabsorp-
tion (11). Chronically high levels of ATII cause smooth muscle
and cardiac muscle cell growth and proliferation, endothelial
dysfunction, platelet aggregation, enhanced inflammatory
responses, and mediation of apoptosis. On the other hand,
the effects of ATII binding to AT2 receptors result in vaso-
dilatation due to increased production of nitrous oxide and
bradykinin (8). Furthermore, activation of AT2 receptors leads
to renal sodium excretion. Agonism at AT2 receptors have
anti-proliferative and cardiovascular protective effects (10);
[ adrenergic receptor blockers in patients with hypertension
and CKD (9,12); statins, which decrease cholesterol in patients
with coronary diseases and in early stages of CKD block the
formation of atherosclerosis and the onset of hypertension (9);
xanthine oxidase inhibitors, which reduce levels of uric acid
in serum (9); and antidiabetics [for example, sulfonylureas
(depolarization of Ca*® channels in pancreatic 3 cells, secreta-
gogue effect)] (13); dipeptidyl-peptidase 4 receptor inhibitors
(resisting oxidation, inflammation, and fibrosis, destroying
the advanced glycation end product (AGE)-RAGE signaling
pathway and raising the levels of GLP-1, thereby improving
endothelial dysfunction and providing multi-level kidney
protection) (14); sodium-glucose cotransporter 2 inhibitor
(reduces hyperglycemia in patients with type 2 diabetes by
reducing the renal reabsorption of glucose, thereby increasing
urinary glucose excretion) (15); a-glucosidase inhibitor

(reversibly inhibits intestinal alpha-glucosidases, enzymes
responsible for the metabolism of complex carbohydrates
into absorbable monosaccharide units). This action results in
a diminished and delayed rise in blood glucose following a
meal) (16); thiazolidinediones/glitazones (peroxisome prolif-
erator activated receptors (PPARs) agonists) (affect nuclear
receptors (PPAR) and subsequently enhance the effects of
insulin) (17,18), which decrease serum glucose values.

Pioglitazone (5-[[4-[2-(5-ethylpyridin-2-yl)ethoxy]phenyl]
methyl]-1,3-thiazolidine-2,4-dione;hydrochloride) (19)
belongs to the family of thiazolidinediones/glitazones agonists
of PPARY and partial activators of PPARa. It is widely used in
the treatment of patients with type II diabetes because it regu-
lates genes involved in adipogenesis, fatty acid oxidation and
the increase in adiponectin secretion by adipocytes (16,17).
Adiponectin activates muscle and hepatic AMPK, which stim-
ulates fatty acid oxidation, which indirectly improves insulin
sensitization related to obesity, increasing glucose uptake by
cells through GLUT4 translocation (20-23). In recent decades
PPARSs have stood out as homeostatic modulators as they act as
transcription factors, which coordinate various renal processes
such as lipid and glucose metabolism, fatty acid oxidation and
inflammatory responses. Some findings have shown that the
deregulation of these receptors contributes to the progression
of some diseases such as diabetes and cancer (24).

PPAR family consists of PPARa, PPARB/d and PPARY,
which regulate fatty acid oxidation, adipogenesis, lipogen-
esis, glucose metabolism and insulin sensitivity (24). PPARs
are widely distributed in the kidney, particularly, PPARY is
found in the distal collecting ducts and, in smaller amounts,
they are also found in mesangial cells, podocytes and endo-
thelial cells (25). Likewise, PPARYy coordinates various
functions, such as adipocyte differentiation, lipid absorption
and storage, thermogenesis, lipogenesis, oxidative stress,
glucose absorption, and insulin signaling (24). PPARY also
participates in the negative regulation of NF-«kB, as studies
have highlighted the beneficial effect in the inflammatory and
fibrotic process (26,27). Pioglitazone, which acts by stimu-
lating PPARY receptors, has been used in models of kidney
damage; Ko er al (28) administered 10 mg/kg pioglitazone
to diabetic nephropathy rats, showed the downregulation of
genes involved in fibrosis and extracellular matrix deposition,
such as TGF-f1, plasminogen activator inhibitor-1 and type
IV collagen, through the decrease of NF-«xB activity, MCP-1
and collagen synthesis. On the other hand, Németh ez al (26)
proposed that pioglitazone acts as a protective drug in renal
fibrosis induced by TGF-p by repressing the signaling path-
ways of EGR-1, STAT3 and AP-1 in a model with knockout
mice that expressed increased levels of TGF-f. Similarly,
Sun et al (29) demonstrated that pioglitazone attenuates renal
fibrosis by decreasing damage caused by ureteral obstruction
through the decrease in the expression of fibronectin, a-SMA
and collagen I.

The aim of the present study was to analyze the
anti-inflammatory and antifibrotic effects of pioglitazone in a
rat model of CKD in an adenine-induced. Adenine is a purine
base and high consumption or administration is immediately
metabolized to 2,8-dihydroxyadenine (DHA) by xanthine
oxidase (30,31). 2,8-DHA precipitates and forms crystals
with low solubility resulting in recurrent urolithiasis leads
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Table I. Primer sequences for reverse transcription-quantitative PCR.

Gene Primer Sequence (5'-3") pb Amplicon (pb)
Col-1 Fw AGGCATAAAGGGTCATCGTG 20 157
Rv ACCGTTGAGTCCATCTTTGC 20
ACTA-2 Fw GCCAGTCGCCATCAGGAAC 19 74
Rv CACACCAGAGCTGTGCTGTCTT 22
TGF-f Fw GACTCTCCACCTGCAAGACCA 21 244
Rv CGGGTGACTTCTTTGGCGTA 20
[-actin Fw GTCGTACCACTGGCATTGTG 20 175
Rv GCTGTGGTGAAGCTGTA 20

Col-1, Collagen type 1; ACTA-2, a-SMA; Fw, forward; Rv, reverse.

to secondary nephropathy (32). The adenine model has been
widely used to generate kidney damage because its metabolic
alterations reproduce CKD characterized by crystalline
deposits, foreign body granulomas formation in the renal
tubules and interstitium, and increase fibrosis and inflamma-
tion, leading to tubule-interstitial disease; these abnormalities
are similar to the symptoms of CKD in humans (32). Most
animal models do not mimic the complexity of the human
disease; however, the adenine model of CKD in rodents is an
exception (33).

Materials and methods

Animals and ethical approval. A total of 40 male Wistar
rats between 150-250 g (age, 6 weeks old), were obtained
from the animal facility at the Basic Sciences Center of the
Autonomous University of Aguascalientes (Aguascalientes,
Mexico). The animals were kept in light/dark cycles of 12 h,
relative humidity and controlled temperature of 25°C. They
were previously dewormed (fenbendazole 55 mg, toltrazuril
20 mg and praziquantel 10 mg) at a dose of 1 ml/kg, intragas-
trical, for 3 days. Likewise, throughout the experimentation,
a diet based on Purina Rodent Chow Nutricubes (cat. no H87
Nestlé, PurinaO, Mexico) and purified water were provided
with free access. All animal experiments were approved
by the Ethics Committee for the use of animals in teaching
and research at UAA (CEADI-UAA, UAA: Autonomous
University of Aguascalientes, AUT-B-C-1121-077-Tipo C;
approval no. CEADI-02-2023), following the Mexican Official
Standard NOM-062-Z00-1999 (34), and the guidelines of the
National Institutes of Health for the care and use of Laboratory
animals (35). During the experiment, various signs related to
humane endpoints were monitored weekly, including stress,
pain, decreased mobility, withdrawal, weight loss, reduced
food and water intake, self-mutilation and behavioral changes
such as aggressiveness.

Experimental design. To evaluate the effects of pioglitazone in
early and late stages of CKD, two experimental groups were
used.

i) The therapeutic group. The rats were divided into three
sub-groups (n=5): a) intact (healthy); b) adenine (CKD);
and c) adenine/pioglitazone (treatment). The induction of

CKD was performed by administering 150 mg/kg/day of
adenine (cat. no. A8626; Sigma-Aldrich; Merck KGaA) for
4 weeks, the route of administration was oral and for this, a
curved stainless steel esophageal cannula (18x3"; Cadence
Science) was used. Once the induction was finished, the treat-
ment was started, which consisted of the administration of
60 mg/kg/day pioglitazone (Pharmalife LTC) (36-38) diluted
in 0.5% carboxymethylcellulose for 5 weeks.

ii) The prophylactic group. The rats were divided into
five sub-groups (n=5): a) intact (healthy); b) adenine (CKD);
¢) endogenous reversion (recovery without treatment); d)
adenine/pioglitazone (treatment); and e) pioglitazone. For the
prophylactic group, the induction of kidney damage (CKD)
and the administration of the treatment (pioglitazone) was
performed simultaneously, the induction time of CKD was
4 weeks, and the treatment time was 7 weeks (Fig. 1).

At the end of the treatments, all rats were euthanized with
an overdose of sodium pentobarbital (=100 mg/kg) intraperito-
neally, until rapid loss of consciousness, thus minimizing stress
and anxiety experienced by the animal, monitoring respira-
tory and cardiac signs until their absence. During euthanasia,
renal tissue and blood samples were immediately collected
and processed, additionally, biomarkers of renal damage and
gene expression were analyzed. It is worth mentioning that
the group that was only administered pioglitazone was to
evaluate the toxicity of the drug. Euthanasia was carried out
following accepted animal euthanasia methods based on the
guidelines of the American Veterinary Medical Association
(AVMA) (39). The blood collection was carried out as a
non-survival procedure.

Biomarkers of renal damage. By colorimetry in in the
Dimension EXL-200 (Siemens AG), the blood concentration of
the metabolites urea, creatinine and uric acid were determined.
From the measurement of urea and creatinine, the eGFR was
calculated using the formula proposed by Besseling et al (40).

Histopathological study. Hematoxylin-eosin (H&E) staining
was performed for evaluation of tissue damage and Masson's
trichrome and Sirius Red staining were performed for visual-
ization of extracellular matrix and collagen fibers. The kidneys
were processed with automatic tissue processers (Microm STP
120, Thermo Fisher Scientific). Tissue sections were obtained
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at 5 pm thickness, using a rotation microtome (Leica RM,
2125RT). The staining process started with deparaffinization
in a 60°C laboratory oven for 1 h. The tissues were placed in two
xylol (100%), and alcohol (100 and 96%) solutions and trans-
ferred to distilled water. For hematoxylin and eosin staining,
rehydrated slides were immersed in hematoxylin solution
(cat. no HX9125853 Merck KGaA) at room temperature for
3 min, then rinsed briefly in tap water. Slides were then dipped
in acid alcohol for a few sec to remove excess hematoxylin and
rinsed with tap water. Counterstaining with eosin started with
immersing in eosin Y working solution (cat. no HX20198139
Merck KGaA) at room temperature for 2.5 min and rinsing
with tap water. Sirius Red staining, the rehydrated slides were
immersed in Weigert's hematoxylin for 8 min and washed
with tap water and PBS-1X. The slides were placed at room
temperature for 1 h in Picro-Sirius Red Stain (0.5% Sirius red
cat. no 2610-10-8 Sigma-Aldrich; Merck KGaA), and excess
dye was removed. Masson's trichrome staining, the rehydrated
slides were immersed at room temperature overnight in Bouin’s
fixative solution (formalin 10%). The slides were rinsed briefly
in tap water and distilled water. Subsequently, the slides were
incubated at room temperature; in Weigert's hematoxylin
for 10 min (Sol. A 1% hematoxylin in 96% alcohol, Sol. B:
1.16 g iron chloride + 1 ml 25% of hydrochloric acid in 99 ml
distilled water. In relation 1:1, sol A/sol B), Biebrich solution
(1% Biebrich scarlet in 1% acid fuchsin and 1 ml acetic acid)
for 15 min, phosphomolybdic 5% and phosphotungstic 5% in
distilled water for 15 min and counterstain in aniline blue solu-
tion (5% blue aniline, 2 ml acetic acid glacial, 100 ml distilled
water) for 10 min. The slides were rinsed with 1% acetic acid
in distilled water.

Finally, all the slides were performed by transferring
through a series of ethanol solutions (96 and 100%). The
slides were cleared in xylene and covered by Tissue-Tek
(cat. no HX90832861, Merck KGaA). Image analysis was
performed through the Axioscope 40/40 FL fluorescence
microscope (Zeiss AG) and processed with the Image ProPlus
Software 4.5.1 (Media Cybernetics).

Molecular biomarkers. Reverse transcription-quantitative
PCR (RT-gqPCR). Total RNA extraction was performed
using the Direct-zol™ RNA MiniPrep kit (cat. no. R2050;
Zymo Research Corp.) following the manufacturer's
specifications. The RNA was quantified using the Biodrop
(cat. no. 80-3006-51; Isogen Life Science B.V.) equipment and
subsequently the RNA was stored at -80°C. For the cDNA
obtainment, reverse transcription was performed with 1 ug
of RNA using GoScript™ Reverse Transcription System
(cat. no. A5000; Promega Corp.). Subsequently, qPCR was
performed using the Maxima SYBR Green/ROX qPCR
Master Mix (2X) (cat. no. K0221; Thermo Fisher Scientific,
Inc.), using StepOne™ Real-Time PCR Systems (Applied
Biosystems) to evaluate the relative expression of the genes:
Collagen 1, a-SMA and TGF-p. Thermocycling conditions
were as follows: 95°C for 3 min for initial denaturation,
40 cycles of 95°C for 30 sec of denaturation, and 62°C for
45 sec for annealing. The oligonucleotide primers are shown
in Table I. The relative expression levels were normalized with
respect to those of B-actin, and the differences were deter-
mined by the 2444 method (41).

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 8.0.2 software (Dotmatics). Differences
mean =+ standard error of the mean between groups were
assessed using non-parametric multi-group analysis of vari-
ance with Kruskal-Wallis test with a post hoc Dunn's test
for multiple groups or Mann-Whitney U test for two groups
P<0.05 was considered to indicate a statistically significant
difference, n=3.

Results

Pioglitazone restores renal function but does not promote
regeneration of tubular architecture in a therapeutic group.
A macroscopic indicator of renal damage process is the
measurement of the kidney index. This index is calculated by
assessing the total weight of the animal with the weight of both
kidneys. Its purpose is to assess whether there are changes
in renal mass. Our results indicate that the kidney index in
the therapeutic group does not show significant differences
with respect to the intact, adenine and adenine/pioglitazone
sub-groups (Fig. 2A). On the other hand, the kidney func-
tion tests evaluated by the serum measurement of creatinine,
urea, eGFR and uric acid (Fig. 2B-E), showed that creatinine
is lower in the adenine/pioglitazone sub-group (0.57 mg/dl)
compared with the adenine sub-group (1.05 mg/dl; P=0.414),
and creatinine in adenine/pioglitazone sub-group is similar
to the intact sub-group (0.40 mg/dl; P=0.939) (Fig. 2B). By
contrast, the amount of urea in the adenine/pioglitazone
sub-group (123.75 mg/dl) was similar to the adenine sub-group
(127.38 mg/dl; P>0.999) and to intact sub-group (59.52 mg/dl)
without significant difference (Fig. 2C). The eGFR was higher
(1.06 ml/min) in relation to the adenine (0.45 ml/min; P=0.539),
indicating a possible restoration of renal function. Moreover, a
decrease in serum uric acid levels was found in the adenine
sub-group (1.58 mg/dl) compared with the intact sub-group
(2.41 mg/dl; P=0.529), while the levels in the adenine/piogli-
tazone sub-group (3.61 mg/dl; P>0.999) were similar to the
intact sub-group (Fig. 2E).

The histopathological analysis showed that pioglitazone
does not attenuate the inflammatory response, did not decrease
levels of cellular infiltration as abundant inflammatory cells
are observed in some glomeruli and the intertubular space of
the renal corticomedullary zone similar to what is observed
in the adenine sub-group (Fig. 2F and G). The morphometric
analysis of Masson's staining shows a higher percentage of
collagen fibers in adenine-treated animals was markedly lower
in pioglitazone-treated animals (Fig. 2H). The analysis of tran-
scription levels of genes related to inflammation and fibrosis,
collagen type 1, a-SMA and TGF-f (Fig. 2I-K) did not show
significant differences between the sub-groups. However,
TGF-f showed a lower level of expression in adenine/piogli-
tazone sub-group compared with untreated animals.

Pioglitazone improves renal function and attenuates the progres-
sion of damage in the prophylactic group. The macroscopic
analysis of the effect of pioglitazone on the kidney is depicted in
Fig. 3. The upper part of Fig. 3A shows kidney damage induced
by adenine in rats, with abundant deposits of 2,8-DHA crystals in
the cortico-medullary zone of the kidney. Conversely, the lower
part of Fig. 3A corresponds to a kidney induced with adenine
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Figure 1. Experimental design, considering adenine application times and pioglitazone treatments. CMC, carboxymethyl cellulose.

and treated with pioglitazone, demonstrating the absence of
abundant 2,8-DHA crystals. In the lower inset, the presence of
a crystal in the process of degradation in the renal parenchyma
is highlighted. On the other hand, the quantification of 2,8-DHA
crystals in rats treated with adenine and adenine/pioglitazone
showed a higher number of crystals in untreated rats compared
to those treated (Fig. 3B). The rats treated with pioglitazone had
a lower kidney index, which was similar to the intact sub-group
(Fig.3C). Likewise, pioglitazone restores renal function, lowering
serum creatinine (0.704 mg/dl; P=0.895) and urea (66.34 mg/dl;
P=0.023), and concomitantly increases the eGFR (1.38 ml/min;
P=0.0315) that is mostly significant in relation to the adenine
(0.452 ml/min) and endogenous reversion (1.14 ml/min;
P=0.2575). This reduction was also found in the measurement
of uric acid (2.06 mg/dl; P=0.044), where it is significant in
relation to the adenine (3.47 mg/dl) (Fig. 3D-G). On the other
hand, the histopathological analysis demonstrated that piogli-
tazone attenuated the inflammatory response and the cellular
infiltration by decreasing the number of inflammatory cells and
deposition of the extracellular matrix and collagen fibers, since
the renal morphology in adenine/pioglitazone sub-group is like
that of the intact sub-group (Fig. 3H). Notably, inflammatory
cells were counted per interstitial area of kidneys treated with
adenine and pioglitazone (Fig. 3I). Masson's morphometric
staining analysis showed a higher percentage of collagen fibers
in the adenine-treated animals while the percentage in the
pioglitazone-treated animals was significantly lower (Fig. 3J).
This finding is also reflected in the decrease of the expression of
collagen type 1, a-SMA and TGF-f (Fig. 3K-M). These effects
of pioglitazone were attributed to the drug administered and not
the recovery of the organism itself (endogenous reversion group),
since the results obtained in the endogenous reversion only
reflect the capacity of restoration of renal function, but not of the
regeneration of renal morphology (Fig. 3).

Pioglitazone does not show toxicity in healthy kidneys
at 7 weeks in a Wistar rat model. The renal function tests, the
histopathological and molecular analysis demonstrated that the
administration of 60 mg/kg of pioglitazone to healthy Wistar
rats for 7 weeks did not generate toxicity, since no significant
differences were observed in relation to the intact (Fig. 4).

Discussion

In tubulointerstitial injury, the cells commonly involved are
tubular epithelial cells, fibroblasts, fibrocytes, myofibro-
blasts, monocytes, macrophages and mast cells. In addition,
molecular markers such as TGF-f3, BMP, PDGF and HGF are
involved (42). Particularly, the increase of TGF-f} signaling
correlates with the onset and progression of fibrosis, as it
promotes the activation of fibroblasts, synthesis and expres-
sion of extracellular matrix proteins, such as collagen (43). The
mechanisms of tissue repair and restoration in the presence
of kidney damage trigger the accumulation of dysfunctional
connective tissue. The inflammatory process and the increase
of extracellular matrix impair the renal parenchyma being a
triggering mechanism of renal failure (44,45).

Some easy-to-use substances, such as neutral electrolyzed
saline, have been used to alleviate the renal inflammatory/fibrotic
process (46). Due to the high worldwide prevalence of CKD and
the poor effectiveness of current drugs in the progression of the
disease, it is for this reason that, in the present study, the effects
of pioglitazone as a potential treatment of CKD were evaluated
by repressing the inflammatory and fibrotic processes triggered
in two experimental groups of adenine-induced renal damage
(therapeutic and prophylactic groups). This was to demon-
strate the beneficial effects of the drug on the damage caused
by adenine. Studying two types of simultaneous comparative
experimental groups allowed the present study to identify the
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Figure 2. Pioglitazone restores renal function by partially increasing eGFR and decreasing type 1 collagen deposition in the therapeutic group. (A) Kidney
index, with no significant differences between the groups. (B-E) Biomarkers of renal damage, measuring (B) creatinine, (C) blood urea, (D) eGFR and
(E) blood uric acid; eGFR was determined from the measurement of creatinine and blood urea nitrogen. (F) Histopathological analysis of renal tissues fixed
in neutral formalin, stained with hematoxylin/eosin, Masson's trichrome and Sirius red. Black arrows indicate the deposition of 2,8-DHA crystals. Yellow
line shows the interstitial zone with inflammatory infiltrate. Magnification, x200. (G) Quantification of inflammatory infiltrate cells in renal interstitial zone.
(H) Morphometric analysis of the amount of collagen deposited in renal interstitial tissue by Masson's trichrome stain. Expression of genes (I) collagen type 1,
() a-SMA, and (K) TGF-B. "P<0.05; ““P<0.001. eGFR, glomerular filtration rate.

pathophysiological mechanisms that lead to inflammation and
subsequent renal fibrosis (45) and enabled the proposal of new
drugs that counteract the damage in early and late stage of CKD.

The results obtained from the therapeutic group of the
present study showed that pioglitazone did not manage to
reverse the damage in the renal tissue through the attenuation
of the inflammatory process and cellular infiltration, since,
according to the histopathological analysis in the Masson's
trichrome and Sirius red staining, the presence of extracel-
lular matrix and collagen fibers, predominantly type 1 and,
were observed. Likewise, the molecular analysis showed an
increase in the expression of collagen type 1, a-SMA and
TGF-p of the rats treated with pioglitazone. However, the
renal function tests show a marked improvement in the eGFR
and creatinine. The eGFR is widely accepted and used as a
parameter that reflects renal function in general (47) and can
be calculated from the concentrations of creatinine and urea.
Likewise, creatinine is a freely filtered molecule, so it is used
as a marker of renal function (48). Similar to creatinine, blood

urea is controlled by the eGFR since the concentration of this
in the ultrafiltrate is similar to that of plasma (49). The eGFR
in the adenine sub-group was low compared with the intact
sub-group, indicating that renal function decreased because
of the induced damage. These findings were also described
by the authors Zhu et al (47), where they highlight the 57%
renal decrease after the administration of adenine in rats.
Consistent with this, the creatinine values were lower in the
adenine/pioglitazone sub-group with respect to the adenine
sub-group. Likewise, the sub-group treated with piogli-
tazone presented with uremia at 5 weeks. As mentioned by
Singh et al (45), tubulointerstitial fibrosis strongly correlates
with renal function and represents a complex change in the
architecture of the kidney, which includes the activation of
proteases, production of MMP, collagen by epithelial cells
and activated myofibroblasts. However, the results obtained
in the present study show that, despite the interstitial fibrosis
generated by adenine, pioglitazone restores renal function
at 7 weeks by increasing the eGFR.
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Figure 3. Pioglitazone reduces 2,8-DHA crystals, restores renal function, and decreases inflammation and fibrosis in the prophylactic group. (A) Panoramic
images of kidneys treated with adenine and adenine/pioglitazone increased accumulation of 2,8-DHA crystals is observed in the corticomedullary zone in the
adenine group. Magnification, X5, X400. (B) Quantification of 2,8-DHA crystals. (C) Kidney index. Biomarkers of renal damage, measuring (D) creatinine,
(E) blood urea nitrogen, (F) eGFR and (G) uric acid; eGFR was determined from the measurement of creatinine and blood urea nitrogen. (H) Histopathological
analysis of renal tissues fixed in neutral formalin, stained with hematoxylin/eosin, Masson's trichrome and Sirius red. Black arrows indicate the deposition of
2,8-DHA crystals. Yellow line indicates the interstitial zone with inflammatory infiltrate. Magnification, x200. (I) Quantification of inflammatory infiltrate
cells in renal interstitial zone. (J) Morphometric analysis of the amount of collagen deposited in renal interstitial tissue by Masson's trichrome stain. Expression
of genes (K) collagen type 1, (L) a-SMA and (M) TGF-. ‘P<0.05; "“P<0.01; ““P<0.001. eGFR, glomerular filtration rate.

Consistent with this, the vasculoprotective properties
of pioglitazone have also been demonstrated in a previous
study, as it increases the expression of endothelial nitric oxide
synthase and neuronal nitric oxide synthase that regulates
glomerular blood flow and eGFR through the regulation of

vascular tone in the afferent arterioles (50). Unlike the thera-
peutic group, in the present study, the results of the prophylactic
group demonstrated that pioglitazone at 7 weeks restored renal
function and attenuated inflammation, as the results of the
biochemical analysis showed a high value of eGFR compared
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Figure 4. Administration of pioglitazone does not show toxicity in healthy kidneys at 7 weeks in a Wistar rat model. (A) Kidney index (no significant
differences). (B) Histopathological analysis of renal tissues fixed in neutral formalin, stained with hematoxylin/eosin, Masson's trichrome and Sirius red.
Magnification, x200). (C) Quantification of inflammatory infiltrate cells in renal interstitial zone. (D) Morphometric analysis of the amount of collagen
deposited in renal interstitial tissue by Masson's trichrome stain. Biomarkers of renal damage, measuring (E) creatinine, (F) blood urea nitrogen, (G) eGFR
and (H) uric acid; eGFR was determined from the measurement of creatinine and blood urea nitrogen. Expression of genes (I) collagen type 1, (J) a-SMA and

(K) TGF-f. eGFR, glomerular filtration rate.

with the adenine and endogenous reversion animals. In
adenine/pioglitazone sub-group the histopathological analysis,
a lower deposit of 2,8-DHA crystals was observed during
H&E staining, and a lower amount of type 1 and 3 collagen
fibers were revealed using Sirius red staining compared
with the adenine and endogenous reversion. Likewise, the
panoramic images demonstrated the reduction of crystals in
the cortico-medullary zone of the group treated with piogli-
tazone compared to the group treated with adenine.
According to Asplin et al (51) and Maalouf et al (52),
by sensitizing insulin, pioglitazone increases the pH of the
urine and thus avoids the formation of uric acid stones. The
present study corroborated this with the results obtained in

the measurement of serum uric acid, where low values were
observed in the rats treated with pioglitazone compared with
the adenine and endogenous reversion groups. Similarly, the
molecular analysis corroborated that pioglitazone lowered the
extracellular matrix deposits and amount of collagen fibers
compared with adenine and endogenous reversion sub-groups,
as it showed the decrease of the expression of collagen type 1,
a-SMA and TGF-p.

This can be attributed to an inhibition of TGF-f through
two pathways: i) The signaling of TGF-f3 acts through the
SMAD pathway. The positive regulation of SMAD7 can
suppress the signaling of TGF-B-SMAD by activating the
p65 subunit of NF-kB (53). Studies have shown that PPARYy
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agonists decrease the expression of TGF-p1 and the phos-
phorylation of SMAD2/3 while increasing the expression of
SMADY7 (54), as well as protein Lefty-1 (55). ii) The direct
inhibition of NF-«B through the PPARY agonist. PPARY act
as an E3 ubiquitin ligase that interacts with the p65 subunit
of NF-«B to induce its ubiquitination and subsequent degra-
dation, which attenuates the inflammation caused by the
NF-«kB pathway (56). Pioglitazone, by inhibiting the inflam-
matory pathway of NF-kB, attenuates the fibrotic process
(epithelial-mesenchymal transition and collagen deposit) (57).
Also, the antioxidant properties of pioglitazone have been
revealed to increase the expression of SOD levels and decrease
the levels of MDA, which contributes to the restoration of the
antioxidant capacity (58) and cell regeneration.

Therefore, the results of the present suggested that the
administration of pioglitazone for 7 weeks in early stages could
slow down or prevent the progression of CKD, possibly due to a
pathway of cell regeneration that is increased by the metabolism
of lipids and carbohydrates (59). This, in addition to improving
the absorption of lipids and carbohydrates through different
pathways and mediating the oxidative stress as aforementioned,
under negative feedback of the inflammatory pathway of NF-«xB,
could attenuate and/or reverse the progression of interstitial
fibrosis induced by adenine, as well as restore the function of
the renal parenchyma given by an increase in eGFR.

In conclusion, in early stages of CKD, pioglitazone, by
stimulating the PPARY pathway, counteracts the profibrotic
and inflammatory mechanisms triggered during the disease,
improving function and promoting the regeneration of renal
morphology by reducing the expression of TGF-f3, a-SMA
and type 1 collagen. However, in the late phase of treatment,
pioglitazone improved renal function by increasing eGFR and
slightly decreasing serum creatinine.
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