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Chronic kidney disease (CKD) remains a global public health problem. The initial damage
after ischemia/reperfusion (I/R) injury plays an important role in the pathogenesis of acute
kidney injury (AKI) and predisposition to CKD. Several studies have been showing that
nontraditional risk factors such as AKI and hypovitaminosis D could also be involved in
CKD progression. Vitamin D deficiency (VDD) is associated with hemodynamic changes,
activation of inflammatory pathways and renal disease progression (RDP) following
I/R-AKI. Strategies for prevention and/or slowing RDP have been determined and
the sufficiency of vitamin D has been emerging as a renoprotective factor in many
diseases. Therefore, we investigated the effect of the restoration of vitamin D levels
in the progression of I/R injury (IRI) in rats previously deficient in vitamin D. On day
30, male Wistar rats were submitted to bilateral 45 min IRl and divided into three
groups: IR, standard diet for 120 days; VDD+IRI, vitamin D-free diet for 120 days; and
VDD+IRI+R, vitamin D-free diet in the first 30 days and just after I/R, we reintroduced
the standard diet in the last 90 days. After the 120-day protocol, VDD-+IRI+R rats
presented an improvement in the renal function and renal protein handling followed by a
smaller fractional interstitial area. Furthermore, those animals exhibited a reestablishment
regarding the hemodynamic parameters and plasma levels of aldosterone, urea and
PTH. In addition, the restoration of vitamin D levels reestablished the amount of MCP1
and the renal expressions of CD68+ and CD3+ cells in the VDD+IRI+R rats. Also,
VDD+IRI+R rats showed a restoration regarding the amount of collagen type Ill and renal
expressions of fibronectin, vimentin and a-SMA. Such changes were also accompanied
by a reestablishment on the renal expression of VDR, Klotho, JG12, and TGF-g1. Our
findings indicate that the restoration of vitamin D levels not only improved the renal
function and hemodynamics but also reduced the inflammation and fibrosis lesions
observed in I/R-AKI associated with VDD. Thus, monitoring of vitamin D status as well
as its replacement in the early stages of kidney injury may be a therapeutic alternative in
the mitigation of renal disease progression.

Keywords: kidney disease progression, ischemia/reperfusion injury, vitamin D deficiency, vitamin D replacement,
inflammation, fibrosis, experimental model
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INTRODUCTION

Worldwide, the prevalence of chronic kidney disease (CKD) has
been increasing over the years (1, 2). Among others, diabetes,
hypertension and obesity are well-known aggravating factors
for CKD. On the other hand, growing evidences have been
showing that nontraditional risk factors such as acute kidney
injury (AKI) and hypovitaminosis D could also be involved in
the progression of CKD (1-4). Based on that, many strategies for
prevention and/or slowing the progression of renal diseases have
been determined (1, 2).

In recent decades, advances in vitamin D research have been
showing the importance of this hormone status and its beneficial
effects in many diseases (5-7). Vitamin D [25(OH)D] is a
multifunctional hormone that plays an important role in mineral
homeostasis and it is also responsible for kidney protection and
regulation of several physiological activities (3, 4, 7). Vitamin D is
synthesized directly from the skin following UVB exposure or by
diet (8-10). Once in the circulation, the first hydroxylation occurs
in the liver by specific cytochrome enzymes becoming 25(OH)Dj,
The second and most important hydroxylation occurs mainly
in the proximal convoluted tubule of the kidney by the la-
hydroxylase enzyme, which converts 25(OH)D3 to 1,25(0H), D3,
the active form of vitamin D (8-10). This final renal conversion
of vitamin D is strictly regulated by parathormone (PTH),
phosphorus levels, and fibroblast growth factor 23 (FGF-23) as
well (8-10). The nuclear vitamin D receptor (VDR) is required to
vitamin D exerts its actions on targeting genes (8-10).

A large body of studies shows that vitamin D deficiency
(VDD) is a common feature in CKD. In addition, a reduced
VDR activation occurs early in CKD (5). Hypovitaminosis D
is associated with impaired recovery of renal diseases and/or
acceleration of renal damage (3). In 2015, we demonstrated that
VDD aggravated AKI after ischemia/reperfusion (I/R) insult (11).
We also showed that VDD exacerbated vascular impairment
and enhanced inflammation during recovery from AKI after I/R
insult (12). Additionally, we observed that VDD altered renal
function and hemodynamic parameters in 5/6-nephrectomized
(Nx) rats (3). Taken together, we demonstrated that VDD was
considered an aggravating factor for tubulointerstitial damage,
inflammatory pathways and renal fibrosis formation (RFF) in I/R
or Nx models (3, 4, 11, 12).

Several lines of evidence have been supporting the role of
vitamin D on renin-angiotensin-aldosterone system (RAAS)
activity observed in clinical and/or experimental models (6, 13-
15). Li et al. showed that a treatment using the active form of
vitamin D decreased renin gene expression and hypertension in
VDR knockout mouse (16). Studies using vitamin D or its analogs
highlight their potent anti-inflammatory effects, suggesting
that they should be considered as an adjunctive therapy in
the treatment of various chronic diseases (6). Consistently,
some studies have been showing that the administration of
vitamin D may reduce glomerular inflammatory cell infiltrate,
decreasing inflammation in CKD patients (6). In addition,
vitamin D supplementation may prevent interstitial fibrosis
(6). Tan et al. reported that VDR activation reduced the
fibrotic lesions and decreased deposition of interstitial matrix

components in mouse obstructive nephropathy model (17).
Regarding vasculoprotective actions, vitamin D may mediate
this effect by increasing nitric oxide production, inhibiting
macrophages to foam cell formation or reducing the expression
of adhesion molecules in endothelial cells (18).

It is well-described that AKI alters the renal hemodynamics,
leads to tubular injury, and activates inflammatory, proliferative
and cell death pathways (11, 12, 19, 20). The initial damage
observed in the renal tissue after I/R injury suggests an important
role in the course of AKI, as well as in the onset of the disease,
which may lead to a predisposition to CKD (19, 20). As described
above, VDD associated with AKI potentiated the injury and
accelerated the progression of kidney disease (3, 4). On the
other hand, a large number of studies indicates that vitamin
D has multiple benefits beyond its traditional role on mineral
and bone metabolism, including renoprotective actions such as
the attenuation of inflammation, glomerulosclerosis, interstitial
fibrosis and suppression of RAAS activity (3, 4, 6, 11, 18). Based
on that, our aim was to evaluate the effect of the restoration of
vitamin D levels in the progression of ischemic renal injury in
rats previously deficient in vitamin D.

MATERIALS AND METHODS

Experimental Protocol

Male Wistar rats (Rattus novergicus), weighting 180-200 g, were
provided by the University of Sdo Paulo, Institute of Biomedical
Sciences animal facility. During the 120-day protocol, rats
received vitamin D-free or standard (10,000 UI - Vitamin D3/kg)
diets (MP Biomedicals, Irvine, CA) and had free access to tap
water. All experiments followed our institutional guidelines and
were approved by the local Research Ethics Committee (CEUA,
registration 1023/2018).

On day 30, rats from all groups were anesthetized with
2,2,2-tribromoethanol [250 mg/kg body weight (BW)]. After
that, a suprapubic incision was made for induction of
ischemia/reperfusion (I/R) injury by clamping both renal
arteries for 45min. Rats were divided into three groups:
(IRI) Ischemia/Reperfusion Injury (n = 7), fed the standard
diet for 120 days; (VDD+IRI) Vitamin D Deficiency plus
Ischemia/Reperfusion Injury (n = 8), fed the vitamin D-free diet
for 120 days; and (VDD+IRI+R) Vitamin D Deficiency plus
Ischemia/Reperfusion Injury plus Vitamin D Replacement (n =
11), fed the vitamin D-free diet in the first 30 days and just after
I/R insult, on day 31, we reintroduced the standard diet in the last
90 days.

Analysis of Urine Samples

Before the clearance studies, all rats were placed in individual
metabolic cages, on a 12/12-h light/dark cycle, with free
access to drinking water. We collected 24-h urine samples,
centrifuged them to remove suspended material and analyzed
the supernatants. We assessed urine output and urinary protein
excretion was measured by a colorimetric system using a
commercial kit (Labtest Diagnéstica, Minas Gerais, Brazil).
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Inulin Clearance and Hemodynamic
Studies

On day 120, we anesthetized the animals with sodium thiopental
(50 mg/kg BW) and then we cannulated the trachea with a
PE-240 catheter for spontaneous breathing. The jugular vein
was cannulated with PE-60 catheter for infusion of inulin and
fluids. To monitor mean arterial pressure (MAP) and collect
blood samples, the right femoral artery was catheterized with
a PE-50 catheter. We assessed MAP with a data acquisition
system (MP100; Biopac Systems, Santa Barbara, CA). To collect
urine samples, we cannulated the bladder with a PE-240 catheter
by suprapubic incision. After the surgical procedure, a loading
dose of inulin (100 mg/kg BW diluted in 1 mL of 0.9% saline)
was administered through the jugular vein. A constant infusion
of inulin (10 mg/kg BW) was started and continued at 0.04
mL/min throughout the whole experiment. We collected three
urine samples at 30-min intervals. Blood samples were obtained
at the beginning and at the end of the experiment. Inulin
clearance values represent the mean of three periods. Plasma
and urinary inulin were determined by the anthrone method,
and the glomerular filtration rate (GFR) data are expressed as
mL/min/100 g BW. To measure renal blood flow (RBF), we made
a median incision and dissected the left renal pedicle for isolating
the renal artery. An ultrasonic flow probe was placed around the
exposed renal artery, and RBF was measured (mL/min) with an
ultrasonic flow meter (T402; Transonic Systems, Bethesda, MD).
We divided blood pressure by RBF to calculate renal vascular
resistance [(RVR), mmHg/mL/min].

Biochemical Parameters

To evaluate plasma levels of 25(OH)D, PTH, FGF-23,
aldosterone, phosphate (Pp), calcium (Pc,), and urea (Pyy),
we collected blood samples after the clearance studies. We
assessed 25(OH)D, PTH, FGF-23, and aldosterone by enzyme-
linked immunosorbent assay (ELISA) using commercial Kits:
25-hydroxyvitamin D (ALPCO, Salem, NH); Rat Intact PTH
and Mouse/Rat Intact FGF-23 (Immutopics, Inc., San Clemente,
CA); and Aldosterone (Enzo Life Sciences, Farmingdale, NY).
We measured Pcy,, Pp, and Py, by colorimetric assay (Labtest,
Minas Gerais, Brazil).

Tissue Samples Preparation

After blood samples collection, we perfused the kidneys with
phosphate-buffered solution (PBS, pH 7.4). We froze the right
kidneys in liquid nitrogen and stored at —80°C for Western
blotting, ELISA and real-time quantitative polymerase chain
reaction (QPCR). The left kidneys were removed and a fragment
of the renal tissue was fixed in methacarn solution (60%
methanol, 30% chloroform, 10% glacial acetic acid) for 24 h and
in 70% alcohol thereafter. The kidney blocks were embedded
in paraffin and cut into 4-um sections for histological and
immunohistochemical studies.

Total Protein Isolation

Kidney samples were homogenized in ice-cold isolation solution
(200mM mannitol, 80nM HEPES and 41mM KOH, pH
7.5) containing a protease inhibitor cocktail (Sigma Chemical

Company, St. Louis, MO) with a homogenizer (Tissue Master
TM125, Omni International, Kennesaw, GA). Homogenates
were centrifuged at 4,000x rpm for 30 min at 4°C to remove
nuclei and cell debris. The supernatants were isolated, and
protein was quantified by Bradford assay (Bio-Rad Laboratories,
Hercules, CA).

Western Blot Assay

For Western blot analysis, 100 pg of total kidney protein were
separated on SDS-polyacrylamide minigels by electrophoresis
(21). After transfer by electroelution to PVDF membranes (GE
Healthcare Limited, Little Chalfont, UK), blots were blocked for
1 h with 5% non-fat milk in Tris-buffered saline solution. Blots
were then incubated overnight with primary antibodies for anti-
VDR and anti-Klotho (1:500 for both; Santa Cruz Biotechnology,
Santa Cruz, CA). The labeling was visualized with a horseradish
peroxidase-conjugated secondary antibody (anti-rabbit, 1:2,000,
or anti-goat, 1:10,000; Sigma Chemical, St. Louis, MO) and
enhanced chemiluminescence (ECL) detection (GE Healthcare
Limited, Little Chalfont, UK). Kidney protein levels were further
analyzed with a gel documentation system (Alliance 4.2; Uvitec,
Cambridge, UK) and the software Image J for Windows (Image
J-NIH Image). We used densitometry to quantitatively analyze
the protein levels, normalizing the bands to B-actin expression
(anti-B-actin, Sigma Chemical, St. Louis, MO).

ELISA in Renal Tissue

We assessed Collagen Type III (COL3) and MCP1/CCL2
(Monocyte Chemotactic Protein 1) in renal tissue by ELISA using
commercial kits (MyBiosource, San Diego, CA and LifeSpain
BioSciences, Seattle, DC, respectively). The detection system
and the quantification followed the protocols described by
the manufacturers. The absorbances were obtained using the
Epoch/2 device (Biotek Instruments, Winooski, VE).

Light Microscopy

Four-micrometer histological sections of kidney tissue were
stained with Masson’s trichrome and examined under light
microscopy. We quantified the fractional interstitial area (FIA)
by analyzing tubulointerstitial involvement and glomerular tuft
area as well. For histomorphometry, the images obtained by
microscopy were captured on a computer screen via an image
analyzer software (ZEN, Carl Zeiss, Munich, Germany). For FIA
evaluation, we analyzed 30-40 grid fields (0.09 mm? each) per
kidney cortex. The interstitial areas were demarcated manually,
and the proportion of the field was determined after excluding
the glomeruli. For glomerular area, we calculated the arithmetic
mean after analyzing approximately 80 glomeruli of each kidney
section. The glomerular tuft area (um?) was circulated manually
and calculated automatically by the software. To minimize bias
during the morphometric analysis, the observer was blinded to
the treatment groups.

Immunohistochemical Analysis

Immunohistochemistry ~was performed on 4-pum-thick
paraffinized kidney sections mounted on 2% silane-coated
glass slides. We used the following antibodies: (1:100) mouse

Frontiers in Medicine | www.frontiersin.org

April 2021 | Volume 8 | Article 625647


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

dos Santos et al.

Vitamin D Replacement and Renal Ischemia/Reperfusion

monoclonal to CD68 (ED1; BioRad, Hercules, CA); (1:2,000)
rabbit polyclonal to mannose receptor (CD206; Abcam,
Cambridge, MA); (1:50) mouse monoclonal to CD3 (DAKO,
Glostrup, Denmark); (1:200) mouse monoclonal to a-smooth
muscle actin (a-SMA) (Millipore, Billerica, MA); (1:400) rabbit
monoclonal to fibronectin (Abcam, Cambridge, MA); (1:50)
mouse monoclonal to vimentin (DAKO, Glostrup, Denmark);
(1:100) rabbit polyclonal to transforming growth factor-g1 (TGF-
p1) (Santa Cruz Biotechnology, Santa Cruz, CA); and (1:100)
mouse monoclonal to JG12, direct against to aminopeptidase P
(Santa Cruz Biotechnology, Santa Cruz, CA). We subjected the
kidney tissue sections to immunohistochemical (IHC) reaction
according to the protocol for each primary antibody. Reaction
products were detected by avidin-biotin-peroxidase (Vector
Laboratories, Burlingame, CA). The color reaction was developed
in 3,3-diaminobenzidine (Sigma, St. Louis, MO) and hydrogen
peroxide. Counterstaining was with Harris' hematoxylin. We
analyzed 30-50 renal cortex fields (0.09 mm?) to evaluate the
immunoreactions. The volume ratios of positive areas of renal
tissue (%), determined by the color limit, were obtained by an
image analyzer software (ZEN, Carl Zeiss, Munich, Germany) on
a computer coupled to a microscope (Axioskop 40; Carl Zeiss)
and a digital camera (4, 22). To minimize bias during the THC
analysis, the observer was blinded to the treatment groups.

Gene Expression

We performed real-time qPCR in frozen renal tissue, assessing
the following genes: VDR (Rn00690616_ml) and klotho
(Rn00580123_m1). We extracted and prepared total RNA by
centrifugation technique using the commercial kit SV Total
RNA Isolation System (Promega Corporation, Madison, WI).
For ¢cDNA synthesis, we used total RNA and GoTaq qPCR
master mix reagent (Promega, Madison, WI). We performed
real-time PCR using TagMan (Applied Biosystems, Foster City,
CA) on Step One Plus (Applied Biosystems). Primers were
purchased from Applied Biosystems. We evaluated relative gene
expression with the 2744t method (23), using glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as the housekeeping
gene (Rn01775763_g1).

Statistical Analysis

All quantitative data are expressed as mean £+ SEM (standard
error of the mean). Differences among groups were analyzed
with GraphPad Prism 5.0 software (GraphPad Software, La
Jolla, CA) by one-way analysis of variance followed by the
Student-Newman-Keuls test. Values of p < 0.05 were considered
statistically significant.

RESULTS

Renal Function and Hemodynamic Analysis
We did not observe any differences in BW among groups since
all animals showed similar food ingestion (~25 g/day) during the
120-day protocol (data not shown). Our inulin clearance studies
(mL/min/100g BW) showed that the restoration of vitamin D
levels improved the renal function, evidenced by a higher GFR in
the VDD+IRI4-R group compared to the other groups (Table 1).

TABLE 1 | Renal function, hemodynamic and biochemical parameters evaluated
in rats after 90 days of a bilateral 45 min ischemia/reperfusion insult (IRI) on day 30.

IRI VDD-+IRI VDD-+IRI+R
Cin (ML/Min/100g BW)  0.47 + 0.02 0.46 + 0.03 0.57 + 0.02¢f
Pur (mg/dL) 4410 £ 246 5454 £282°  47.45 +1.77°
MAP (mmHg) 1249 £ 256 142043738 1220 + 2569
RBF (mL/min) 7.90 + 0.43 6.08 & 0.03° 8.80 + 0.49°
RVR (mmHg/min) 16.01 £ 1.07 2237 +£0.38  13.97 + 0.85¢
Pado (p9/mL) 2172 £3282 3,612 +£662.4° 1,753 & 167.4°
Proteinuria (mg/24 h) 10.14 £ 0.64  11.99 + 0.83 9.13 £ 0.74f
Pasionp (Ng/mL) 42,62 +2.28 <0.780° 42.89 + 2.58¢
Per (pg/mL) 806.5+ 89.2 1,378 +£2154°  778.4 + 135.4'
Prar_23 (pg/mL) 356.4 +37.5 5661 +£262°  653.0 + 62.12
FEca (%) 0.65 + 0.10 0.64 + 0.12 0.54 + 0.05
FEp (%) 8894090 1597 £1.01° 1261 & 1.39°

VDD, vitamin D deficiency; R, vitamin D replacement. Diet protocol: IRl, standard diet for
120 days; VDD+IRI, vitamin D-free diet for 120 days; and VDD+IRI+R, vitamin D-free dliet
in the first 30 days and standard diet in the last 90 days. Cy,, inulin clearance; BW, body
weight; Py, plasma urea concentration; MAR, mean arterial pressure;, RBF, renal blood
flow; RVR, renal vascular resistance; Pao, plasma aldosterone concentration; Posorp,
plasma 25 hydroxyvitamin D concentration; Ppry, plasma parathormone concentration;
Prgr—_23, plasma fibroblast growth factor 23 concentration; FEc,, fractional excretion of
calcium; FEp, fractional excretion of phosphorus. Values are mean + SEM. 9p < 0.001,
bp < 0.01, °p < 0.05 vs. IRI; 9p < 0.001, €p < 0.01, 'p < 0.05 vs. VDD+IRI.

Corroborating our renal function data, we found a lower plasma
urea concentration (mg/dL) in the VDD+IRI4-R group than in
the VDD+IRI group (Table 1). In addition, we noted that the
restoration of vitamin D levels reestablished MAP (mmHg), RBF
(mL/min) and RVR (mmHg/mL/min) in VDD+IRI+R rats in
relation to the IRI rats (Table 1). Following MAP data, we also
observed a recovery regarding aldosterone plasma levels (pg/mL)
in the VDD+IRI+R rats. Therefore, our data reinforce that
vitamin D is a protective factor concerning renal function and
hemodynamic parameters.

Vitamin D, PTH, and Other Biochemical

Parameters

Regarding vitamin D plasma levels on day 30, rats which
received the standard diet presented 31.83 £ 1.60 ng/mL while
those which received the vitamin D-free diet showed a lower
concentration of this hormone [6.87 £ 0.38 (p < 0.001)]. At the
end of 120 day-protocol, VDD-+IRI+R rats showed reestablished
plasma levels of 25(OH)D in comparison to IRI rats (Table 1).
Based on the daily food ingestion, we assume that our IRI
and VDD+IRI+R rats consumed ~250 UI - Vitamin D3/day.
Concerning intact PTH (pg/mL) data, we found significant lower
plasma levels of this hormone in the IRI and VDD+IRI+R
rats than in the VDD+IRI rats (Table 1). Plasma levels of
calcium and phosphorus did not change among the experimental
groups. As also shown in Table 1, we observed a significant and
lower proteinuria (mg/24h) in the VDD+IRI4-R group than in
the VDD+IRI group. Neither fractional excretion of calcium
(Table 1) nor urinary volume presented differences among the
groups. Meanwhile, the fractional excretion of phosphorus (%)
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was higher in the VDD-+IRI and VDD+IRI4R groups than in
the IRI group (Table 1).

Klotho-FGF-23 Axis

During kidney disease progression, it is usually observed a
reduction in Klotho expression following alterations in FGEF-
23 (24). We noted a significant higher plasma levels of FGF-
23 in the VDD+IRI and VDD+IRI+R groups than in the IRI
group (Table 1). In addition, we found a higher expression of
Klotho protein (%) in the VDD+IRI+R rats in comparison to the
VDD+IRI rats (Figure 1). Corroborating our Western Blot data,
we found a similar profile concerning gene expression of klotho
(Figure 1). Thus, our results showed that sufficient vitamin D
levels contributed to keep higher levels of Klotho and FGF-23,
which could be involved in slowing the progression of CKD.

Histomorphological Studies

We performed morphometric studies to evaluate the FIA of
the renal cortex. We observed more evident alterations in the
tubulointerstitial compartment, featuring increased interstitial
expansion, renal fibrosis, and inflammatory cell infiltrate in the
VDD+IRI rats. The restoration of vitamin D levels attenuated the
morphological alterations in the renal cortex from VDD+IRI4R

rats not only in comparison to the VDD+IRI rats but also to the
IRI rats (Figure 2). Based on our results, vitamin D exerted an
important role on interstitial morphological alterations observed
in our experimental model.

Vitamin D Replacement and Inflammation

We assessed the renal amount of MCPI (pg/iLg protein) by
ELISA as well as the renal expression of CD3+ (T cells) and
CD68+ (macrophages) cells by IHC studies (%). As shown in
Figure 3, we found a higher MCPI amount in the VDD+IRI
rats than in the IRI and VDD-+IRI4R rats. Likewise, Figure 3
shows a higher renal expression of CD3+- cells in the VDD+IRI
group than in both IRI and VDD+IRI4+R groups. By using
an anti-CD68 antibody, we immunolocalized the macrophage
population as a whole (M1+M2) in the renal cortex. As
illustrated in Figure 4, the percentage of CD68+ cells in the
tubulointerstitial compartment was higher in the VDD+IRI rats
than in the IRT and VDD+IRI+R rats. In addition, we evaluated
the proportion of CD206+ cells (M2 macrophages) in relation to
the whole amount of macrophages stained with CD68 (M1+M2
macrophages). CD206 is also known as mannose receptor, which
is an exclusive marker for M2 macrophages (3, 25). Although
without a significant difference, we observed an upward trend
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last 90 days.
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FIGURE 3 | Quantitative amount of Monocyte Chemotactic Protein 1 (MCP1)—ELISA and immunohistochemical analysis of CD3+ cells (T cells) expression in the
kidney tissue evaluated 90 days after ischemia/reperfusion insult (IRI) on day 30. (A) Bar graphs of MCP1 and (B) CD3+ cells expression values. (C) Representative
photomicrographs of immunostaining for CD3+ cells in the renal cortex from an IRI, VDD+IRI and VDD+IRI+R rat (x400). Note that vitamin D replacement restored
the expression of both MCP1 and CD3+ cells in the VDD+IRI+R rats. Data are mean + SEM. 2p < 0.001, °p < 0.05 vs. IRI; 9p < 0.001, fp < 0.05 vs. VDD+IRI.
VDD, vitamin D deficiency; R, vitamin D replacement. Diet protocol: IRI, standard diet for 120 days; VDD+IRI, vitamin D-free diet for 120 days; and VDD+IRI+R,
vitamin D-free diet in the first 30 days and standard diet in the last 90 days.
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FIGURE 4 | Immunohistochemical analysis of CD68+ cells (M1+M2 macrophages) and CD206+ cells (M2 macrophages) expression in the kidney tissue evaluated
90 days after ischemia/reperfusion insult (IRI) on day 30. (A) Bar graph of CD68+ cells expression values. (B) Representative photomicrographs of immunostaining for
CD68+ cells in the renal cortex from an IRI, VDD-+IRI and VDD+IRI+R rat (x400). Note that vitamin D replacement restored the expression of CD68+ cells in the
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0.01 vs. VDD+IRI. VDD, vitamin D deficiency; R, vitamin D replacement. Diet protocol: IRI, standard diet for 120 days; VDD+IRI, vitamin D-free diet for 120 days; and
VDD+IRI+R, vitamin D-free diet in the first 30 days and standard diet in the last 90 days.
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FIGURE 5 | Immunohistochemical analysis for transforming growth factor-g1 (TGF-g1) expression in the kidney tissue. (A) Bar graph of TGF-g1 values. (B)
Representative photomicrographs of immunostaining for TGF-B1 in the renal cortex from an IRI, VDD-+IRI and VDD+IRI+R rat (x400). Note that vitamin D
replacement restored the expression of TGF-B1 in the VDD+IRI+R rats. Data are mean + SEM. °p < 0.05, vs. IRI; ®p < 0.01 vs. VDD+IRI. VDD, vitamin D deficiency;
R, vitamin D replacement. Diet protocol: IRI, standard diet for 120 days; VDD-+IRI, vitamin D-free diet for 120 days; and VDD-+IRI4-R, vitamin D-free diet in the first 30
days and standard diet in the last 90 days.
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in the expression of CD206+ cells in the VDD+IRI+R group
in comparison to the VDD+IRI group (Figure 4). Therefore,
our results strengthen the important role of vitamin D on the
modulation of renal inflammation.

VDR Expression and Renal Fibrosis

Formation

TGE-p is the most important pro-fibrotic cytokine and vitamin
D is a hormone that participates in several tissue and cellular
processes involved in the suppression of renal fibrosis formation
(RFF) (6, 26). Therefore, we analyzed the renal expression
of TGF-f1 and VDR in all groups. We observed a higher
expression of TGF-B1 (%) in the VDD-+IRI group than in the
IRI and VDD+IRI4-R groups (Figure 5). Concerning VDR (%),
we found an impressive higher expression of this receptor in
the VDD+IRI4R group than in the other groups (Figure 6).
As expected, VDR expression was significantly lower in the
VDD+IRI rats than in the IRI rats (Figure 6). In addition,
VDR gene expression (AACt) was lower in the VDD+IRI rats
than in the other groups (Figure6). Thus, this set of data
indicated that the restoration of vitamin D levels reestablished

the TGF-B1 expression, increased the VDR amount, and
attenuated the morphological alterations observed in the kidneys
from VDD+IRIHR rats. Of note, these findings reinforce the
importance of maintaining adequate levels of vitamin D, which
could contribute to the modulation of the TGF-p signaling
cascade and RFF.

Extracellular Matrix Components

As mentioned in morphometric studies, our results showed
that the restoration of vitamin D levels attenuated the
tubulointerstitial damage and RFF as well. This process
is characterized by the production and secretion of many
extracellular matrix (ECM) components (27). Therefore, we
performed ELISA for COL3 and immunostaining for fibronectin,
both fibrous components of ECM. Figure 7 shows that the COL3
amount (ng/|Lg protein) was lower in the VDD+IRI4-R rats than
in the VDD+IRI rats. The same figure displays that the renal
fibronectin expression (%) was higher in the VDD-+IRI rats than
in the IRT and VDD+IRI+4R rats (Figure 7). Noteworthy, these
findings demonstrate that the restoration of vitamin D levels was
able to reduce the expression of ECM markers in the kidneys
from VDD+IRI4R rats in comparison to the VDD+IRI rats.
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FIGURE 7 | Quantitative amount of collagen type Ill (COL3)—ELISA and immunohistochemical analysis for fibronectin expression in the kidney tissue evaluated 90
days after ischemia/reperfusion insult (IRIl) on day 30. (A) Bar graphs of COL3 and (B) fibronectin expression values. (C) Representative photomicrographs of
immunostaining for fibronectin in the renal cortex from an IRI, VDD+IRI and VDD+IRI+R rat (x400). Note that vitamin D replacement restored the expression of both
COL3 and fibronectin in the VDD+IRI+R rats. Data are mean & SEM. 2p < 0.001 vs. IRI; %o < 0.001, 'p < 0.05 vs. VDD-+IRI. VDD, vitamin D deficiency; R, vitamin D
replacement. Diet protocol: IRI, standard diet for 120 days; VDD+IRI, vitamin D-free diet for 120 days; and VDD+IRI+R, vitamin D-free diet in the first 30 days and
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Phenotypic Alteration of Renal Cells

In addition to fibrous components of ECM, we also
evaluated the presence of phenotypic alteration of renal
tubular cells. We used vimentin antibody to detect tubular
injury and expression of a-SMA for interstitial fibroblast
activation. The percentage of positive area (%) for both
markers was higher in the VDD+IRI rats than in the other
groups (Figures8 and 9). Of note, vitamin D replacement
restored the expression of vimentin and o-SMA in the
VDD+IRI4R rats in comparison to the IRI rats, showing
the role of this hormone on epithelial-mesenchymal
transition (EMT).

Effects of Vitamin D Replacement on

Glomerular Vascular Endothelium

We also evaluated whether the restoration of vitamin D
levels could contribute toward improving the integrity of
the vascular endothelium in the progression of CKD. We
performed IHC studies to assess the expression of JG12,
a specific marker for the vascular endothelium. Within the
glomerular capsule, JG12 is only expressed on the surface of
the capillary endothelium (3). As shown in Figure 10, JG12
staining per glomerular tuft area (%) was significantly higher
in the VDD+IRI4R rats than in the other groups. Hence,
the restoration of vitamin D levels ameliorated the integrity
of glomerular vascular endothelium in the VDD-+IRI+R rats,
reinforcing its contribution on the improvement of renal
function previously described.

DISCUSSION

In the present study, we observed that the restoration
of vitamin D levels after I/R injury in rats previously
deficient in vitamin D significantly improved the functions
of the kidney as a whole. VDD+IRI+R rats presented a
significant improvement in GFR and a smaller FIA (fibrosis
and inflammatory cell infiltrate). Furthermore, we observed a
reestablishment regarding the hemodynamic parameters and
plasma levels of aldosterone, urea and PTH provided by the
restoration of vitamin D levels. We also demonstrated that
the restoration of vitamin D levels reestablished the expression
of ECM components and modulated the phenotypic alteration
of renal tubular cells as well. In addition, VDD+IRI4+R
group presented an improvement of renal protein handling
and a higher expression of JG12 on the glomerular vascular
endothelium. All those changes were accompanied by a higher
expression of VDR, a restored expression of Klotho and TGF-
Pl and an increased plasma levels of FGF-23 observed in the
VDD+IRI4-R rats.

Our results showed that upon returning the standard diet
to the VDD-+IRI+R rats after 30 days under vitamin D-free
diet, there was an effective restoration of the 25(OH)D plasma
levels in these animals. As described earlier, vitamin D plasma
level reflects vitamin D intake from diet and supplements,
as well as skin synthesis (4, 28). Here, our VDD-+IRI4+R
rats presented an important and significant amelioration of

the renal function estimated by inulin clearance, which was
accompanied by lower levels of plasma urea in that group.
Previous studies from our research group demonstrated that
VDD is an aggravating factor for I/R-AKI, which was associated
with a progressive and significant impairment of the renal tissue
(4, 11, 12). The pathogenesis of AKI involves a multifactorial
process and early prevention and treatment are considered the
best therapeutic options (29). In 2011, de Boer et al. suggested
that hypovitaminosis D is a risk factor for CKD, showing
that vitamin D supplementation slowed the progression of
renal disease (30). Supporting this information, recent studies
also reaffirmed that the use of vitamin D metabolites and
its analogs in the treatment of CKD was helpful in terms
of slowing the risk of CKD progression (31, 32). Our data
show that the simple restoration of vitamin D levels by
the diet was sufficient to improve the renal function of the
VDD-+IRI+R rats.

It has been known that hypovitaminosis D in renal I/R injury
compromises the blood pressure control through alterations in
RAAS, endothelium and vascular smooth cells (4, 11, 12). On
the other hand, studies conducted in humans and animals show
that vitamin D status can modulate the RAAS activity, mainly by
lowering renin synthesis (6, 15, 33). In 2012, Dong et al. showed
that calcitriol protected renovascular function in hypertensive
patients by downregulating angiotensin II type 1 receptor in
endothelium cells (34). In addition, Li et al. demonstrated that
VDR knockout mice showed an increased renin expression
and hypertension, and these changes were suppressed by an
analog of vitamin D (35). Vitamin D replacement restored
MAP, RVR, RBE and aldosterone plasma levels observed in
our VDD+IRI4R rats in comparison to the IRI rats. Hence,
our data reinforce the important role of vitamin D in blood
pressure control.

A major feature of AKI is the presence of proteinuria.
Hypovitaminosis D can exert important alterations in renal
protein handling (36, 37). Studies have showed that VDD
is associated with an increased prevalence of proteinuria, a
marker of CKD progression, in adult population (36, 37).
Our results showed a significant lower proteinuria in the
VDD+IRI4R rats than in the VDD+IRI rats, showing that
vitamin D replacement restored the renal protein handling
in this group of animals. It is known that vitamin D levels
can trigger proteinuria by direct or indirect factors. Directly,
low levels of vitamin D can induce loss of podocytes and
development of glomerulosclerosis, damaging the integrity
of the glomerular filtration membrane (38). On the other
hand, vitamin D suppresses renin transcription contributing
to a reduction in proteinuria by hemodynamic effects (39).
In 2008, Dusso et al. described that VDR is involved
in the regulation of the RAAS, playing the role of a
downregulator of this system (40). In our study, we observed
a higher renal VDR expression in the VDD+IRI+R group
provided by the restoration of vitamin D levels, which can
explain at least in part, the lower proteinuria observed in
these animals.

Expectedly, we observed higher plasma levels of PTH in the
VDD+IRI rats. On the other hand, we found lower levels of this
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FIGURE 8 | Immunohistochemical analysis for vimentin expression in the kidney tissue evaluated 90 days after ischemia/reperfusion insult (IRI) on day 30. (A) Bar
graph of vimentin expression values. (B) Representative photomicrographs of immunostaining for vimentin in the renal cortex from an IRI, VDD+IRI and VDD+IRI+R
rat (x400). Note that vitamin D replacement restored the expression of vimentin in the VDD+IRI4-R rats. Data are mean + SEM. @ p < 0.001, vs. IRI; 9 p < 0.001 vs.
VDD+IRI. VDD: vitamin D deficiency; R: vitamin D replacement. Diet protocol: IRI, standard diet for 120 days; VDD+IRI, vitamin D-free diet for 120 days; and
VDD+IRI+R, vitamin D-free diet in the first 30 days and standard diet in the last 90 days.
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FIGURE 9 | Immunohistochemical analysis for a-smooth muscle actin (a-SMA) expression in the kidney tissue evaluated 90 days after ischemia/reperfusion insult (IRI)
on day 30. (A) Bar graph of a-SMA expression values. (B) Representative photomicrographs of immunostaining for a-SMA in the renal cortex from an IRI, VDD+IRI
and VDD+IRI4R rat (x400). Note that vitamin D replacement restored the expression of a-SMA in the VDD+IRI+R rats. Data are mean + SEM. °p < 0.01, vs. IRI; ¢p
< 0.01 vs. VDD+IRI. VDD, vitamin D deficiency; R, vitamin D replacement. Diet protocol: IRI, standard diet for 120 days; VDD+IRI, vitamin D-free diet for 120 days;
and VDD+IRI4R, vitamin D-free diet in the first 30 days and standard diet in the last 90 days.
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FIGURE 10 | Immunohistochemical analysis for aminopeptidase P (JG12) expression in the kidney tissue evaluated 90 days after ischemia/reperfusion insult (IRI) on
day 30. (A) Bar graph of JG12 expression values. (B) Representative photomicrographs of immunostaining for JG12 in the renal cortex from an IRI, VDD+IRI and
VDD+IRI+R rat (x400). Note that the restauration of vitamin D levels ameliorated the expression of JG12 in the VDD+IRI+R rats. Data are mean + SEM. °p < 0.05,
vs. IRI; ®p < 0.01 vs. VDD+IRI. VDD, vitamin D deficiency; R, vitamin D replacement. Diet protocol: IRI, standard diet for 120 days; VDD-+IRI, vitamin D-free diet for
120 days; and VDD+IRI+R, vitamin D-free diet in the first 30 days and standard diet in the last 90 days.
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hormone in both IRI and VDD+IRI4R rats. In addition, we
found an increased FEP in both VDD+IRI and VDD+IRI+R
groups. It has been well-described that decreased plasma levels
of vitamin D cause an elevation in plasma levels of PTH,
leading to an increased urinary excretion of phosphorus (41).
PTH inhibits phosphorus reabsorption in the kidney proximal
tubule by the degradation of the co-transporter Na-Pi in the
luminal membrane (41). In our study, it was noteworthy that
the restoration of vitamin D levels, although not significant, was
able to decrease FEP in the VDD-+IRI+R rats in comparison
to the VDD-+IRI rats. Interestingly, our results demonstrated
higher plasma levels of FGF-23 in the VDD-+IRI4R rats. This
result suggests that the restoration of vitamin D levels normalized
plasma PTH levels in an attempt to decrease FEP, probably at
the expense of higher plasma levels of FGF-23. FGF-23 is a
phosphatonine that acts in the kidney to increase phosphorus
excretion and decrease 1,25(OH), D3 production (42). Moreover,
some findings have supported an increasingly and important
role of FGF-23 as an initial event in the development of CKD
(3, 42). However, with the progression of kidney disease, a
reduction in the levels of 1,25(OH),Ds3 persists in addition to
a secondary increase in PTH levels, leading to the development
of secondary hyperparathyroidism (43). Thus, based on our
results, we could infer that the restored levels of vitamin
D acted on the PTH-vitamin D-FGF-23 axis, retarding renal
disease progression.

Klotho is a potent therapeutic target regarding the different
stages of CKD and a decline of its expression has been reported
during renal disease progression (44, 45). It is known that renal
I/R injury is related to Klotho deficiency (46). Previously, we
demonstrated a reduction in Klotho expression in rats under
VDD euthanized 60 days after I/R injury (4). Here, we also
found a lower renal Klotho expression in the VDD+IRI rats.
Conversely, our data showed that the restoration of vitamin
D levels increased Klotho protein expression in VDD+IRI4R
rats, followed by a similar profile of klotho gene expression.
Klotho was identified as an aging suppressor gene in mouse
(24). Moreover, Klotho is a single-pass membrane protein,
mainly expressed in the kidney, acting as a co-receptor for FGF-
23 (7, 24). This protein regulates direct and indirectly PTH
production through the modulation of the plasma levels of
1,25(0OH);, D3, phosphorus and FGF-23. Also, such alterations
in vitamin D, PTH and FGF-23 levels are usually followed
by a progressive decreased Klotho protein in urine of CKD
patients (7, 24). Our data showed that the restoration of
vitamin D levels ameliorated the renal Klotho expression in the
VDD+IRI4-R rats.

The pathological syndrome of CKD is characterized by a
chronic reduction in kidney function and structural kidney
damage (31, 47). The initial renal injury results in renal
morphological changes such as necrosis, cast formation, tubular
collapse and dilatation, inflammatory cell infiltrate and fibrosis
(3). In previous studies, we found such alterations associated
with an enlargement of the tubulointerstitial compartment in
Nx and I/R rats. Furthermore, we showed that vitamin D
deficiency per se or associated with Nx or I/R exacerbated
the renal morphological alterations (3, 4). It is known that

vitamin D is a renoprotector factor, however, the protective
mechanisms of this hormone are still unclear (48). In the
present study, we found higher expansion of the renal interstitial
area associated with histological alterations (fibrosis, tubular
atrophy and dilatation, and inflammatory cell infiltrate) in
VDD+IRI rats. These morphological alterations were attenuated
by the restoration of vitamin D levels in the VDD+IRI4+R
rats. Further, we analyzed the expression of two fibrous ECM
components (fibronectin and COL3), the amount of MCP1I, as
well as the expression of CD68+ (macrophages) and CD3+ (T
cells) cells in the renal tissue. Vitamin D deficiency increased
the expression of both ECM markers, MCP1 amounts, and
CD68+ and CD3+ cells expression in the renal tissue of
VDD++IRI rats. In contrast, the restoration of vitamin D
levels reestablished the amounts of COL3 and MCP1 as well
as the renal expression of fibronectin, CD68+ and CD3+
cells in the VDD+IRI4R rats in comparison to the IRI
rats. Macrophages are heterogeneous and their phenotype and
functions are regulated by the surrounding micro-environment
(49). Broadly, macrophages commonly exist in two different
subtypes: classically activated or M1 macrophages, which are
considered pro-inflammatory due to their capacity to release
cytokines such as IL-18, IL-6, IL-12, IL-23, and TNF-o;
and alternatively activated or M2 macrophages, which are
anti-inflammatory, immunomodulatory, and polarized by Th2
cytokines (3, 49, 50). It is known that M1/M2 macrophages
balance regulates the inflammation as well as the tissue repair
of an organ under injury (3, 49, 50). In 2018, we showed
that the expression of macrophages (M1+M2) was increased in
vitamin D-deficient rats submitted to Nx. In that same study,
we found that VDD also reduced the expression of CD206+
cells (3). Here, we found similar results for CD68+ (M1+M2)
cells in VDD+IRI rats. As mentioned earlier, the restoration
of vitamin D levels decreased the expression of macrophages
(CD68+ cells) as a whole in VDD+IRI4R rats. Although not
statistically significant, it is important to highlight that the
population of M2 macrophages was proportionally restored
by vitamin D replacement in VDD+IRI+R rats. Despite M2
macrophages are considered to be pro-fibrotic, they also exert an
important role in tissue repair, especially in acute and active renal
lesions (3). Corroborating our data, Zhang et al. demonstrated
that vitamin D prevented podocyte injury via regulation of
macrophages M1/M2 phenotype in diabetic nephropathy rats
(51). Thus, our results show that the restoration of vitamin D
levels confirms the renoprotective effects of this hormone on
the modulation of the expression of both ECM components and
inflammatory cells.

Fibrosis and inflammation are hallmark features of CKD.
Physiologically, renal fibrosis is a common downstream event
in response to the initial renal insult (6, 52). However,
unresolved renal inflammation turns into a major driving force
to promote renal scar formation via a progressive process of
RFF (6, 52). TGF-B is a multifunctional cytokine generally
considered a potent pro-fibrotic mediator regarding CKD
progression (26). Some studies have shown that vitamin D
has proven to have beneficial effects in animal models as well
as in clinical trials with chronic renal insufficiency, resulting
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in attenuation of renal fibrosis and kidney dysfunction (6).
In order to clarify the effects of vitamin D in RFE we
analyzed the link between renal TGF-f1 and VDR expression.
In 2014, we observed that VDD caused a decrease in VDR
expression and an increase in TGF-P1 expression in vitamin
D-deficient rats submitted to renal I/R injury (4). In this
present study, we found similar results for both markers in
the VDD-+IRI rats. On the other hand, we observed a higher
VDR expression associated with a restored expression of TGF-
Pl caused by vitamin D replacement in the VDD-IRI4R
rats in comparison to the IRI rats. These results were
accompanied by a smaller FIA in the VDD+IRI+R group.
Corroborating our data, Tan et al. showed that paricalcitol, a
vitamin D analog, attenuated renal interstitial fibrosis in the
obstructive nephropathy model. According to the authors, such
improvement was due to the restoration of VDR expression and
subsequent suppression of TGF-f expression and blockage of
the epithelial-mesenchymal transition (EMT) (17). Thus, our
data allowed us to infer that sufficient levels of vitamin D could
help to slow the RFF probably due to an increase in VDR
expression and a restoration of TGF-f expression in the kidneys
of VDD+IRI4-R rats.

The presence of epithelial cell phenotype modification to
assume more mesenchymal characteristics is an integral part
of tissue fibrogenesis after renal damage (53, 54). Previously,
our research group demonstrated that vitamin D-deficient rats
submitted to I/R or Nx models presented higher expression of
vimentin and a-SMA in the renal cortex. According to those
findings, we demonstrated that vitamin D was involved in the
process of cellular phenotypic alteration (3, 4). In the present
study, we observed that the restoration of vitamin D levels
reestablished the renal expression of vimentin and a-SMA in
the VDD+IRI+R rats in comparison to the IRI rats. A joint
analysis of our data allows us to note that the restoration
of vitamin D levels not only increased VDR expression but
also reestablished TGF-f1, vimentin, and a-SMA expression in
the renal tissue from VDD-+IRI+R rats. Based on that, we
could infer that those events observed in the renal cortex of
VDD+IRI4R rats were possibly related to the smaller FIA
as a result of an attenuation in the RFF. In 2012, Xiong
et al. demonstrated that a loss of VDR in unilateral ureteral
obstruction was considered a potential mechanism linking
inflammation to EMT. According to the authors, this suppression
on the VDR expression could lead the tubular epithelial cells
to EMT and RFF induced by TGF-B and downregulation of
B-catenin signaling (55). Therefore, our data highlight the
importance of sufficient levels of vitamin D in maintaining
VDR expression and its influence on the modulation of RFF
and EMT.

Finally, we verified the contribution of the restoration of
vitamin D levels on the improvement of the integrity of
glomerular vascular endothelium in our renal disease model.
In 2018, our group reported a lower expression of JG12 in
glomerular capillaries in 5/6-nephrectomized rats under vitamin
D deficiency (3). The JGI12 protein is an aminopeptidase

responsible for anchoring the cells in the cell membrane and
it is considered as a specific marker for vascular endothelium
(3, 56). The damage caused to the vascular endothelium is
critical and triggers a series of pathological changes present
in the progression of kidney disease (3, 56). Recently, we
demonstrated that vitamin D deficiency contributed to vascular
damage in ischemic-AKI model (12). Kumar et al. showed
that the correction of vitamin D deficiency by cholecalciferol
supplementation exerted a beneficial effect on vascular function
in patients with early CKD (57). Here, we found that vitamin
D deficiency decreased JG12 expression in the glomerular
capillaries in VDD+IRI rats. Conversely, JG12 expression in
the glomerular capillaries was improved by the restoration
of vitamin D levels in VDD+IRI+R rats. Therefore, vitamin
D replacement after I/R insult in rats previously deficient
in vitamin D enhanced the expression of JGI2 in the
glomerular vascular endothelium, which could have probably
contributed to the improvement of the renal function observed
in these animals.

In conclusion, our data reinforce that vitamin D deficiency
is an aggravating factor for renal diseases. Most important,
the simple restoration of vitamin D levels by diet ameliorated
the renal function, reestablished the hemodynamic parameters,
and attenuated the tubulointerstitial damage (inflammation
and fibrosis) in I/R rats previously deficient in vitamin
D. The observation of vitamin D status as well as its
replacement should be considered in the mitigation of renal
disease progression.
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