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Background: The pathophysiology of ischemic acute kidney injury (AKI) is thought to include a complex
interplay between vascular endothelial cell dysfunction, inflammation, and tubular cell damage. Several
lines of evidence suggest a potential anti-inflammatory effect of vitamin D in various kidney injury mod-
els. In this study, we investigated the effect of paricalcitol, a synthetic vitamin D analog, on renal inflam-
mation in a mouse model of ischemia/reperfusion (I/R) induced acute kidney injury (AKI).
Methods: Paricalcitol was administered via intraperitoneal (IP) injection at 24 h before ischemia, and
then I/R was performed through bilateral clamping of the renal pedicles. Twenty-four hours after I/R,
mice were sacrificed for the evaluation of injury and inflammation. Additionally, an in vitro experiment
using HK-2 cells was also performed to examine the direct effect of paricalcitol on tubular cells.
Results: Pre-treatment with paricalcitol attenuated functional deterioration and histological damage in
I/R induced AKI, and significantly decreased tissue neutrophil and macrophage infiltration and the levels
of chemokines, the pro-inflammatory cytokine interleukin-6 (IL-6), and monocyte chemoattractant
protein-1 (MCP-1). It also decreased IR-induced upregulation of Toll-like receptor 4 (TLR4), and nuclear
translocation of p65 subunit of NF-jB. Results from the in vitro study showed pre-treatment with
paricalcitol suppressed the TNF-a-induced depletion of cytosolic IjB in HK-2 cells.
Conclusion: These results demonstrate that pre-treatment with paricalcitol has a renoprotective effect in
ischemic AKI, possibly by suppressing TLR4-NF-jB mediated inflammation.

� 2014 Published by Elsevier Inc.
1. Introduction

Ischemic acute kidney injury (AKI) is a significant clinical prob-
lem that results in a poor outcome in hospitalized patients. It is
also associated with delayed and poor long-term graft function in
kidney transplantation [1–3]. Renal ischemia/reperfusion (I/R) is
one of the major causes of AKI, and there have been many advances
in the understanding of the mechanisms mediating the I/R injury
or repair processes. However, the clinical management of ischemic
AKI remains largely supportive.

The pathophysiology of renal IR injury is thought to involve a
complex interplay between vascular endothelial cell dysfunction,
inflammation, and tubular cell damage. Inflammation in particular
is a major component in the pathogenesis of renal IR injury, caus-
ing tissue damage by releasing several mediators such as pro-
inflammatory cytokines, proteases, and eicosanoids [4]. Tubular
cell apoptosis also plays an important role in renal dysfunction in
ischemic AKI [5].

Paricalcitol (19-nor-1,25-dihydroxyvitamin D2) is an active,
non-hypercalcemic vitamin D analog that shows similar biological
activity, but has fewer adverse events and good tolerance [6]. Sev-
eral recent observations have suggested that the effects of vitamin
D analog are not limited to mineral bone metabolism, but also ex-
tend to cellular proliferation and immune modulation, suggesting
the presence of pleiotropic action [7–9].

Active vitamin D and its analogs attenuate glomerular and
tubular interstitial fibrosis, [10] and demonstrate therapeutic
potential in various kidney injury models, including drug-induced
AKI such as cyclosporine, gentamicin [11,12]; glomerulonephritis,
and diabetic nephropathy [13,14]. Moreover, vitamin D has been
reported to protect tissue from ischemic injury such as myocardial
ischemia, cerebral ischemia, and muscle injury by peripheral arte-
rial occlusion [15–17]. Although its ability to modulate inflamma-
tion has been suggested to be one of the potential mechanisms,
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Table 1
Attenuation of renal functional impairment after IR by paricalcitol pre-treatment.

Sham IR Paricalcitol + IR

n 18 26 26
BUN (mg/dL) 18 ± 1.3 105.7 ± 11.5 a 35.0 ± 4.9 b

SCr (mg/dL) 0.23 ± 0.01 1.29 ± 0.10 a 0.31 ± 0.03b

SCa (mg/dL) 10.05 ± 1.35 9.25 ± 0.40 c 9.62 ± 0.29 d

Abbreviations: BUN; blood urea nitrogen, SCr; serum creatinine, SCa; serum cal-
cium, IR; ischemia–reperfusion.
Values are expressed as the mean ± s.e.m.

a p < 0.05 compared with sham.
b p < 0.05 compared with I/R mice.
c p = 0.338 compared with sham.
d p = 0.726 compared with I/R mice.
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little is known about the precise mechanism of beneficial effect of
paricalcitol in ischemic injury.

In this study, we investigated the effect of paricalcitol on kidney
injury and inflammation, focusing on the Toll-like receptor 4
(TLR4) – the nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-jB) pathway in I/R induced AKI.

2. Materials and methods

2.1. Animal experiment

Six-to-eight week old, male C57BL/6 mice (weight, 20 � 22 g)
were purchased from Orient Bio (Seongnam, Republic of Korea)
and had free access to food and water before manipulation. Animal
care was governed by the Animal Care Committee of Korea Univer-
sity for the care and the use of laboratory animals in research. Mice
were either treated with 25 lg/kg of paricalcitol (Abbott, Italy), or
the same volume of control vehicle administered through IP injec-
tion at 24 h before ischemia. Mice were subjected to bilateral renal
pedicle clamping for 28 min, and sham operations were performed
in a similar surgical procedure except for the clamping of renal
pedicles. Twenty-four hours after IR, mice were sacrificed. Blood
was collected by intracardiac puncture and kidneys were
processed for molecular and histological examinations.

2.2. Biochemical analysis

Four hundred microliters of blood was collected at 24 h after
I/R, and blood urea nitrogen (BUN), serum creatinine, and calcium
were measured using a Hitachi 747 automatic analyzer.

2.3. Histological examination

The 10% formalin-fixed, paraffin-embedded, 4-lm thickness
kidney sections were stained with periodic acid-Schiff reagent
(PAS [Sigma Chemical Co, Perth, Australia]). Histological changes
in the outer stripe of the outer medulla were assessed by quantita-
tive measurements of tissue damage as described by Miyaji et al.
[18]. Tubular damage was defined as tubular epithelial swelling,
loss of brush border, vacuolar degeneration, necrotic tubules, cast
formation, and desquamation. The degree of kidney damage was
estimated at a 200� magnification using 10 randomly selected
fields for each kidney by the following criteria: 0, normal; 1, areas
of damage <25% of tubules; 2, damage involving 25–50% of
tubules; 3, damage involving 50–75% of tubules; and 4, damage
involving 75–100% of tubules.

Tubular cell apoptosis was examined by terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining. For the immunohistochemical detection of
monocytes, macrophages, or neutrophils, kidney tissues were
stained with a monoclonal antibody against F4/80 (AbD Serotec,
Kidlington, UK) or Ly6G (eBioscience, San Diego, CA, USA). Ten
high power fields (HPF) using a 200� magnification of the outer
stripe of the outer medulla were captured, and the mean
numbers of TUNEL, F4/80- or Ly6G-positive cells per HPF were
compared. Immunohistochemical analysis of TLR4 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA expression) was also per-
formed, and quantitative measurement of TLR4-positive cells
was done in the same manner.

2.4. Quantification of cytokines and chemokines by a cytometric bead
array (CBA)

Quantification of cytokines and chemokines in kidney tissues
was done using a cytometric bead array (CBA). A mouse inflamma-
tion kit (BD Bioscience, San Diego, CA, USA), was used according to
the manufacturer’s instructions to simultaneously detect mouse
interleukin (IL)-12p70, tumor necrosis factor alpha (TNF)-a, inter-
feron (IFN)-c, monocyte chemotactic protein (MCP)-1, IL-10, and
IL-6. Briefly, a mixture of 6 capture bead populations (50 ll) with
distinct fluorescence intensities (detected in FL3) coated with anti-
bodies specific for the above cytokines and chemokines were
mixed with each sample from kidney homogenates. Standard
dilutions and test samples were added to the appropriate sample
tubes (50 ll/tube). Additionally, phycoerythrin (PE)-conjugated
detection antibodies (detected in FL-2; 50 ll) were added to form
sandwich complexes. After 2 h of incubation at room temperature,
the samples were washed with 1 ml of wash buffer and centrifuged
(200g for 5 min). Three hundred microliters of wash buffer was
added to each assay tube before acquisition in a FACScan flow
cytometer (FACSCalibur™; BD Biosciences), and the sample results
were analyzed using CBA software (BD Biosciences). The concen-
tration of each cytokine in cell supernatants was determined by
interpolation from the corresponding standard curve and normal-
ized according to protein concentrations. The range of detection
was 20–5000 pg/ml for each cytokine.

2.5. Cell culture and cytokine treatment

To examine the direct effect of paricalcitol on the NF-jB pathway
in tubular cells, an in vitro experiment using human proximal tubu-
lar epithelial cell line, HK-2 cells (American Type Culture Collection
[ATCC], Manassas, VA, USA), was performed. Briefly, cells were pas-
saged every 3–4 days in 100-mm dishes using Dulbecco’s modified
Eagle’s medium-F12 (Sigma–Aldrich, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (Life Technologies, Gaithers-
burg, MD, USA), 100 U/ml penicillin, and 100 mg/ml streptomycin
(Sigma–Aldrich). These cells were incubated in a humidified atmo-
sphere of 5% CO2, 95% air at 37.1 �C for 24 h and sub-cultured at
70–80% confluence. For experimental use, HK-2 cells were plated
onto 60 mm dishes in medium containing 10% fetal bovine serum
for 24 h. Cells were then switched to Dulbecco’s modified Eagle’s
medium-F12 with 2% fetal bovine serum for 16 h. These cells were
then treated with TNF-a (3 or 30 ng/ml) in the presence or absence
of paricalcitol (0.2 ng/ml) for 4 h. Another set of HK-2 cells was
treated with paricalcitol alone (0.2 ng/ml) and control cells received
buffer only, instead of TNF-a or paricalcitol. The cells were
harvested at the end of the treatment for further analysis.

2.6. Western blot analysis

With the preparation of whole-cell lysates and kidney tissue
homogenates, Western blot analyses of protein expression were
carried out by using routine procedures, as described previously.
The primary antibodies were obtained from following sources:
anti-p65 NF-jB, and anti-IjBa (Cell Signaling Technology, Danvers,
MA, USA). Anti ß-actin (Santa Cruz Biotechnology, CA, USA) or anti
lamin B (Cell Signaling Technology) was used for loading controls.



Fig. 1. Effect of paricalcitol on tubular cell damage and apoptosis. (A) Tubular epithelial swelling, loss of brush border, vacuolar degeneration, necrotic tubules, cast formation,
and desquamation were noticed in mice in response to I/R injury. Paricalcitol ameliorated these changes (PAS stain, 100�). (B) The TUNEL assay revealed increased apoptosis in
response to I/R injury, whereas paricalcitol pre-treatment significantly reduced the number of TUNEL-positive cells (TUNEL stain, 100�). ⁄ p < 0.05 compared with sham or I/R.
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2.7. Statistical analysis

All data were presented as the mean ± SE and were analyzed by
a Kruskal–Wallis’s test. A p value of less than 0.05 was considered
statistically significant.

3. Results

3.1. Pre-treatment of paricalcitol attenuated kidney injury

Pre-treatment with paricalcitol attenuated the elevation of BUN
(105.7 ± 11.5 mg/dL versus 35.0 ± 4.9 mg/dL, p < 0.05), and creati-
nine (1.29 ± 0.01 mg/dL versus 0.31 ± 0.03 mg/dL, p < 0.05) levels
at Day 1 after I/R injury, but did not affect serum calcium levels
(Table 1). Histological kidney injury such as epithelial swelling, loss
of brush border, vacuolar degeneration, necrotic tubules, cast
formation, and desquamation were all observed in vehicle-treated
mice, but pre-treatment with paricalcitol attenuated histologic kid-
ney injury (Fig. 1A). The number of TUNEL positive tubular cell
apoptosis was also decreased by paricalcitol pre-treatment (Fig. 1B).

3.2. Pre-treatment of paricalcitol attenuated renal inflammation

To determine the effect of paricalcitol on renal inflammation,
the infiltration of Ly6G-positive neutrophils and F4/80-positive
macrophages were analyzed. Increased neutrophil and macrophage



Fig. 2. Effects of paricalcitol on inflammatory cell infiltration. The infiltration of Ly6G-positive cells (A) or F4/80-positive cells (B) increased significantly in I/R mice, which
was ameliorated by paricalcitol pre-treatment (100�). ⁄ p < 0.05 compared with sham or I/R.
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infiltration at 24 h after reperfusion were decreased significantly by
paricalcitol pre-treatment (Fig. 2). In addition, we also observed
that interleukin-6 (IL-6) and monocyte chemoattractant protein-1
(MCP-1) levels, which were markedly increased at 24 h after reper-
fusion, were significantly decreased in paricalcitol pre-treated I/R
mice (Fig. 3).
3.3. Pre-treatment of paricalcitol suppressed TLR4 and NF-jB
activation in kidney

To further examine whether pre-treatment with paricalcitol
modulates TLR4 signaling, an important inflammatory pathway
mediating ischemic AKI, we first analyzed the expression of TLR4
in tubular cells. We found that I/R increased TLR4 expression
in tubular epithelial cells, but pre-treatment with paricalcitol
markedly attenuated TLR4 expression (Fig. 4A). In the analysis of
NF-jB, the downstream molecule of TLR4 pathway, an increase
in p65 subunit of NF-jB was observed in the kidney of I/R mice,
but this was also suppressed by paricalcitol pre-treatment
(Fig. 4B).
3.4. Paricalcitol prevented the TNF-a-induced decrease in cytosolic IjB
in cultured tubular cells

Results from an in vitro experiment designed to show the direct
effect of paricalcitol treatment on tubular cells showed that the



Fig. 3. Effects of paricalcitol on inflammatory chemokines and cytokines. Inflammatory chemokine, MCP-1 (A), and cytokine, IL-6 (B), were significantly elevated in I/R mice
compared to those in control. Paricalcitol pre-treatment suppressed the I/R-induced overexpression of these inflammatory cells. ⁄ p < 0.05 compared with sham or I/R.
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expression of cytoplasmic IjB was significantly decreased in HK-2
cells by TNF-a in dose-dependent manner, and decreased cytoplas-
mic IjB was partially prevented by paricalcitol treatment (Fig. 4C).

4. Discussion

This study demonstrated that pre-treatment with paricalcitol
had a renoprotective effect by attenuating inflammation in I/R
induced AKI in mice. To further elucidate possible mechanisms
mediating the anti-inflammatory effect of paricalcitol, we exam-
ined the expression of TLR4 and NF-jB in a I/R induced AKI mice
model, and found that the tubular expression of TLR4 and NF-jB
were increased by I/R injury and suppressed by pre-treatment with
paricalcitol. The in vitro study showed the expression of cytoplas-
mic IjB were decreased in HK-2 cells by TNF-a, and this finding
was partially reversed by paricalcitol. These results suggest that
paricalcitol improved renal inflammation and damage by blocking
the activation of TLR4-NF-jB pathway in ischemic AKI.

TLR4 is a trans-membrane protein that plays a central role in im-
mune response, including NF-jB regulation [19]. I/R injury
produces endogenous ligands referred to damage-associated
molecular pattern molecules (DAMPs) and leads to the expression
of TLR4 in renal tubular cells. The activation of tubular TLR4 by
DAMPs propagates the initial injury through development of
subsequent inflammatory processes, including the production
of proinflammatory cytokines and chemokines and infiltration of
immune cells in ischemic AKI [20,21]. This subsequent
inflammatory process via TLR4 is mediated by increased expression
of nuclear NF-jB through a MyD88-dependent pathway [22,23].

NF-jB is a key transcription factor that regulates the expression
of a number of genes, including those encoding chemokines, adhe-
sion molecules, and cytokines [24,25] such as TNF-a and MCP-1,
which have jB-binding motifs in their promoter regions. The
NF-jB signaling ultimately initiates the inflammatory cascade
and leukocyte recruitment. These results support that TLR4 stimu-
lation and subsequent activation of the NF-jB pathway could be a
potential therapeutic target in ischemic AKI.

Several reports have demonstrated that vitamin D reduces the
expression of TLR4 in human monocytes [26], myometrial cells
[27], human colon cancer cell lines (Caco-2, HCT116 and HT-29)
[28], rat aortic injury model [29], and a rat nonalcoholic
steatohepatitis model [30]. However, the role of paricalcitol on
TLR4 expression in ischemic kidney has not been determined yet.
This study is the first to demonstrate that pre-treatment with
paricalcitol may reduce the expression of TLR4 in renal tubular
cells and subsequent inflammatory processes following I/R injury.
Recently, a study showed that COX-2 and PGE2 expression were
increased by paricalcitol which may contribute to renoprotection
and reduced inflammation in I/R induced AKI [31]. However, there
are some conflicting results about the role of COX-2 and PGE2
expression in ischemic AKI studies [32]. Therefore, we focused on
the more up-stream components of these inflammatory pathways
and found that paricalcitol treatment modulates the TLR4-NF-jB
pathway in the I/R induced AKI model [33,34]. Although we did
not examine the level of COX-2 and PGE2 in this study, the changes
in other cytokine and chemokine levels were investigated, and sig-
nificant reductions of IL-6 and MCP-1 by paricalcitol treatment
were observed. In the ischemic kidney, MCP-1 plays an important
role in leukocyte recruitment, further compromising the outer
medullary reflow and facilitating tubular cell damage [35,36].
IL-6 is also an important pro-inflammatory cytokine in renal I/R
injury. Previously, Kielar et al., demonstrated an important role
for IL-6, showing that IL-6�/� mice are protected against ischemic
injury [37]. In addition, a study using human living-donor allograft
revealed that early renal I/R injury is dominated by a local release
of IL-6 [38]. Therefore, a reduction of IL-6 and MCP-1 via the mod-
ulation of TLR4-NF-jB pathway might be considered to mediate
the renoprotective effect of paricalcitol pre-treatment in renal I/R
injury.

The renoprotective effect of vitamin D through its impact on
inhibiting NF-jB activation was previously demonstrated in an
obstructive nephropathy model [39]. In addition, in vitro studies
using HK-2 cells showed that paricalcitol attenuated NF-jB activa-
tion induced by cyclosporine or gentamicin [11,12]. Similarly, our
study showed that the increased expression of NK-jB in I/R kidney
was decreased by paricalcitol treatment. Additionally, our in vitro
findings showed that the decreased expression of IjB in TNF-a-
treated HK-2 cells was partially reversed by paricalcitol. However,
unlike a previous study [39] that showed that paricalcitol treat-
ment sequestered NF-jB signaling by interfering with the binding
of p65 to the RANTES promoter in nucleus without any change
upon IjB degradation, in our study, paricalcitol treatment affected
IjB degradation. The discrepancy in these findings could have re-
sulted from differences in experimental settings such as mouse
strain, different doses or administration route of paricalcitol, and
a different time point for the assessment of inflammation.

In this study, the dose of paricalcitol (25 lg/kg, IP) was higher
than that of previous studies. In a obstructive nephropathy model
using CD-1 mice, 0.1 or 0.3 lg/kg of paricalcitol was administered
by daily subcutaneous injection for 7 or 14 days [39]. In drug-in-
duced AKI models using either cyclosporine or gentamicin and
Sprague-Dawley rats, 0.2 or 0.3 lg/kg of paricalcitol was injected



Fig. 4. Effects of paricalcitol on TLR4-NF-jB pathway. (A) The increased expression of TLR4 in tubular cells was noticed in response to I/R injury, whereas paricalcitol pre-
treatment significantly reduced TLR4 expression (100�). (B) The expression of p65 NF-jB increased after I/R injury, and this was attenuated by paricalcitol pre-treatment. (C)
The expression of cytosolic IjB in HK-2 cells was decreased significantly by TNF-a in proportion to TNF-a concentration. The depletion of cytosolic IjB was suppressed by
paricalcitol. ⁄ p < 0.05 compared with sham or I/R.
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by subcutaneously for 14 or 28 days [11,12]. In our study, paricalc-
itol was administered only once, and no toxic effects (such as
hypercalcemia) were noted.

In conclusion, pre-treatment with paricalcitol was renoprotec-
tive in ischemic AKI and was associated with the suppression of
TLR4-NF-jB signaling. Subsequently, decreased inflammatory
molecules and leukocyte recruitment were observed, suggesting
that the modulation of TLR4-NF-jB signaling may play a role in
the renoprotective effect of paricalcitol pre-treatment. In various
clinical settings, paricalcitol has been widely used with fewer
adverse events and good tolerance; therefore, our results indicate
that paricalcitol might be a promising agent for clinical application
to ischemic AKI.
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