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Impact statement

This work provides in-depth insights on
catalytic iron-induced cytotoxicity and the
resultant triggering of endogenous vitamin
D synthesis in experimental acute kidney
injury. Our results reveal significantly ele-
vated levels of catalytic iron culminating in
oxidant-mediated renal injury and a con-
comitant increase in 1,25-dihdyroxyvitamin
D3 levels. Also, changes in other iron-
related proteins including transferrin, ferri-
tin, and hepcidin were observed both in the
serum as well as in their mRNA expression.
We consider all these findings vital since no
connection between catalytic iron and
vitamin D has been established so far.
Furthermore, we believe that this work
provides new and interesting results, with
catalytic iron emerging as an important
target in ameliorating renal cellular injury,
possibly by timely administration of vitamin
D. It also needs to be seen if these obser-
vations made in rats could be translated to
humans by means of robust clinical trials.

Abstract

Acute kidney injury causes significant morbidity and mortality. This experimental animal
study investigated the simultaneous impact of iron and vitamin D on acute kidney injury
induced by iohexol, an iodinated, non-ionic monomeric radiocontrast agent in Wistar rats.
Out of 36 healthy male Wistar rats, saline was injected into six control rats (group 1) and
iohexol into the remaining 30 experimental rats (groups 2 to 6 comprising six rats each).
Biochemical, renal histological changes, and gene expression of iron-regulating proteins
and 1 o-hydroxylase were analyzed. Urinary neutrophil gelatinase-associated lipocalin
(NGAL), serum creatinine, urine protein, serum and urine catalytic iron, 25-hydroxyvitamin
D3, 1,25-dihydroxyvitamin D3, and tissue lipid peroxidation were assayed. Rats injected
with iohexol showed elevated urinary NGAL (11.94 +6.79 ng/mL), serum creatinine (2.92 +
0.91 mg/dL), and urinary protein levels (11.03 4+ 9.68 mg/mg creatinine) together with histo-
logical evidence of tubular injury and iron accumulation. Gene expression of iron-regulating
proteins and 1 a-hydroxylase was altered. Serum and urine catalytic iron levels were ele-
vated (0.57 +0.17; 48.95+29.13 umol/L) compared to controls (0.49+0.04; 20.7 +
2.62 umol/L, P < 0.001). Urine catalytic iron positively correlated with tissue peroxidation
(r=0.469, Cl 0.122 to 0.667, P=0.004) and urinary NGAL (r=0.788, Cl 0.620 to 0.887,
P <0.001). 25-hydroxyvitamin D3 (61.58 £9.60ng/mL) and 1,25-dihydroxyvitamin D3

(50.44 £19.76 pg/mL) levels increased simultaneously. In a multivariate linear regression analysis, serum iron, urine catalytic
iron, and tissue lipid peroxidation independently and positively predicted urinary NGAL, an acute kidney injury biomarker. This
study highlights the nephrotoxic potential of catalytic iron besides demonstrating a concurrent induction of vitamin D endoge-
nously for possible renoprotection in acute kidney injury.
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Introduction

iron in inducing AKI and poor outcomes.”’ However,

Acute kidney injury causes significant mortality and mor-
bidity, as well as being responsible for a tremendous
burden on health care costs."” The pathogenesis of AKI is
complex,® and presently the treatment is mainly supportive
in nature, there being no specific therapeutic modality with
proven efficacy.* Recent studies have identified catalytic
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knowledge of changes in iron metabolism during the
course of kidney injury is limited, thereby hampering the
development of strategies to counteract AKIL.'"*2
Meanwhile, the kidneys have both endogenous and
exogenous (antioxidant) nephroprotective agents to ame-
liorate cellular injury.”® Vitamin D has been shown to

Experimental Biology and Medicine 2020; 245: 1474-1489


https://orcid.org/0000-0003-3796-5589
mailto:pragasam.v@vit.ac.in

Annamalai et al.

have a cytoprotective effect owing to its antioxidant prop-
erty."*™1¢ Therefore, we sought to investigate the combined
roles of catalytic iron and vitamin D in relation to oxidative
stress and nephrotoxicity in a rat model of iohexol-induced
AKI. The primary goal was to characterize catalytic iron,
vitamin D, and oxidative stress over time following iohexol
administration, and the secondary goals were to determine
the relationship between catalytic iron, vitamin D, and oxi-
dative stress markers, and to determine if these variables
collectively predicted AKI.

Materials and methods

Experimental animals

Healthy adult male albino Wistar rats (8-12 weeks, weigh-
ing 180-200 g) were used for the study. All animal mainte-
nance and experiments were carried out according to
the ethical guidelines issued by the Institutional Animal
Ethics Committee of the VIT, Vellore (Registration No.
VIT/IAEC/9th/2nd March 2015). Animals were housed
in polypropylene metabolic cages at constant temperature
(27+£1°C) and relative humidity (55+10%) under a 12-h
light/dark cycle and with regular access to feed (standard
diet consisting of 4.1% fat, 22.2% protein and 12.1% carbo-
hydrates, as a percentage of total kcal, 0.9% calcium per 100
grams and 600 IE vitamin D3 per kg) and water ad libitum.

Study design

Thirty-six healthy rats were randomly divided into six
groups of six rats each. Six rats in Group 1 (control
group) were injected with normal saline (Sodium chloride
injection B.P. 0.9% w/v, Schwitz Biotech, India) and sacri-
ficed together under general anaesthesia (overdose of
Sodium thiopental 100 mg/kg IP) as per the IACUC guide-
lines."” The remaining 30 animals were injected with
iohexol (OMNIPAQUE™, 350mg I/mL, GE Healthcare,
India) at a dose of 3 g of iodine per kg intraperitoneally
(IP)18 and sacrificed groupwise sequentially at 2, 4, 6, 12,
and 24 h (experimental groups 2 to 6, respectively) follow-
ing contrast administration. Blood samples were obtained
from the inferior vena cava without the anticoagulant, incu-
bated at room temperature, allowed to clot completely and
centrifuged (REMI instruments Vasai, India) at 4000 r/ min
for 20 min at 4°C to separate the serum. Aliquots of serum
and urine were then transported frozen on dry ice and
stored at —80°C for biochemical analyses.

Histopathological examination of renal tissue

Each kidney harvested at different time points (0, 2, 4, 6, 12,
and 24h post-iohexol) was washed with phosphate-
buffered saline (PBS) at pH 7.4, fixed in 10% neutral-
buffered formalin, embedded on paraffin blocks, and cut
into 4 pm sections using Leica RM 2126 microtome (Leica
Inc., Allendale, NJ) for the evaluation of histopathological
changes using hematoxylin and eosin (H&E) and Periodic
acid-Schiff (PAS) stains and for iron accumulation by Perls’
Prussian blue stain (Sigma-Aldrich, St. Louis, MO, USA).
The sections were photographed under a microscope
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(Olympus BX51; Olympus Optical, Tokyo, Japan) at a
magnification of 400x. Ultrastructural examination
was performed by transmission electron microscopy
(FEI-TECNAI G220 TWIN, Netherland) on 2.5%
glutaraldehyde-fixed and wuranyl acetate-stained sec-
tions.'”?° The specimens were evaluated by an experienced
pathologist who was blinded to the data.

Quantitative real-time polymerase chain reaction
analysis

Gene expression of transferrin receptors 1 and 2, ferritin,
hepcidin, and ferroportin proteins was analyzed by qRT-
PCR.?' Additional data about the primer sequences used
are mentioned in Online Supplementary Table 1.

Serum and urine biochemistry of iron, vitamin D, and
AKI biomarker

Serum creatinine, blood urea nitrogen (BUN), serum iron,
and total iron binding capacity (TIBC) were determined
using the commercial kits (Beckman Coulter Inc., USA)
on the Beckman Coulter AU480 fully automated Clinical
Chemistry Analyzer. Serum ferritin (Cat: MBS564109), hep-
cidin (Cat: MBS774771), haptoglobin (Cat: MBS564114),
creatine phosphokinase [CPK] (Cat: MBS9344823),
25-hydroxyvitamin D3 [25(OH)D3] (Cat: MBS703860),

and 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] (Cat:
MBS2602146) were measured by ELISA  Kkits
(MyBiosource, USA). An automated ELISA washer

(PW40, Bio-Rad, USA) and reader (PR4100, Bio-Rad,
USA) were used for the purpose. Serum hemoglobin was
measured using the assay kit (MAK115, Sigma-Aldrich,
USA) by the colorimetric method at 400 nm. Urine protein
(Cat: TP0400, Sigma Aldrich, USA) was measured by the
micro Pyrogallol Red method. Urinary neutrophil
gelatinase-associated lipocalin (NGAL) was assayed using
direct ELISA (Cat: sc-80561, Santa Cruz Biotechnology Inc.,
USA) 225

The serum and urine bleomycin detectable iron (BDI),
also known as catalytic iron or labile iron, were quantified
by following the assay described by Halliwel and
Gutteridge® after suitable modification. The assay is
based on the activity of antitumor agent bleomycin that
binds to and degrades DNA in the presence of non-
transferrin bound iron to produce thiobarbituric acid reac-
tive chromogen. The color intensity of the chromogen was
measured at 532 nm wavelength light in a Beckman Coulter
UV Visible spectrophotometer, DUS00.

Measurement of oxidative stress

Lipid (tissue) peroxidation was evaluated by the TBARS
(Thiobarbituric acid reactive species) assay using a spectro-
photometric method reported by Ohkawa et al.®
Antioxidants including total thiol content were estimated
by Elmman’s method,?° catalase by colorimetric method,?’
and superoxide dismutase (SOD) by assessing its ability to
inhibit the reduction of nitro-blue tetrazolium by
superoxide.®®
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Statistical analysis

Data were analyzed using SPSS (IBM Corp. Released 2017.
IBM SPSS Statistics for Windows, Version 25.0. Armonk,
NY: IBM Corp). Descriptive statistics were expressed as
mean + standard deviation. Continuous data (iron indices,
vitamin D, oxidative stress and AKI markers) were com-
pared over time following iohexol administration in Wistar
rats by performing the one-way repeated measures analysis
of variance (ANOVA) with the Greenhouse-Geisser correc-
tion. Subsequently, a Bonferroni post hoc test was performed
to compute the individual variances in comparison with
the control group. The association between the various
study parameters was estimated by Pearson correlation.
Multiple linear regression analysis was conducted to test
if iron, vitamin D, and oxidative stress markers indepen-
dently predicted urinary NGAL and thereby, AKL
Statistical significance was defined as P <.05 for two-
tailed tests. GraphPad Prism Version 8.3.0 and GIMP
Version 2.10.12 were used to create the artwork and
illustrations.

Results

Histopathological examination of renal tissue

Findings consistent with acute tubular necrosis were evi-
dent 4 to 6 hours after contrast administration (Figures 1to
3; Table 1). Punctate bluish inclusions were visible on Perls’
staining indicating the presence of iron (hemosiderin)
in the cytosol (Figure 3). Characteristic subcellular modifi-
cations such as loss of brush border, nuclear
condensation, swollen mitochondria as well as cytoplasmic
electron-dense radiocontrast inclusions were conspicuous
ultrastructurally (Figure 4). These changes were more
prominent at 6 hours post-contrast. Subsequently, there
was a progressive decrease in the cytoplasmic inclusions
after 12 hours. Reversal of most of these histological

changes leading to near-normal morphology of the renal
tubules were discernible at 24 hours.

Gene expression of iron-regulating proteins and 1
a-hydroxylase (CYP27B1)

There existed a significant alteration in the gene expression
of iron-regulating proteins as well as that of 1a-hydroxy-
lase. Genes of transferrin receptors 1 and 2, ferritin, hepci-
din, and ferroportin were significantly down-regulated,
notably at 6 hours which coincided with the period of max-
imal renal injury. On the other hand, 1a-hydroxylase gene
was up-regulated quite rapidly following the insult medi-
ated by iohexol (Figure 5).

Renal injury

The urinary NGAL levels increased immediately following
the use of iohexol, reaching a peak at around 6 hours, a time
coinciding with the maximum histologic damage, and
thereafter returned to the pre-contrast levels at around 24
hours, during which time most of the tissue damage had
resolved, indicating recovery from AKI. Serum creatinine
and urinary protein levels also showed a similar trend
(Figure 6).

Serum iron, iron-regulating proteins, and catalytic iron

During the renal injury phase, the levels of serum iron,
serum ferritin, and both serum and urine catalytic iron
were noted to increase, while the serum hepcidin levels
declined in a significant manner. Later, these levels gradu-
ally returned to their baseline values at the recovery phase
(12 to 24 h post-contrast) (Figure 7).

Oxidative stress

There was a significant increase in the tissue lipid peroxi-
dation levels and a corresponding reduction in the levels of

Table 1. Biochemical findings of iron, vitamin D, oxidative stress, and AKI markers in Control and iohexol-treated rats

Time since iohexol injection

Control

rats O h 2h 4 h 6 h 12h 24 h
Serum iron (ng/dL) 195+44.87 212 +7.8* 202 +15.1 225+26.6 135+ 13.9"** 180+ 30
TSAT (%) 37.5+1.37 38.5+4.49 32.8+2.57 45.9+10.3 41.34+15.9 39.74+7.71
Serum ferritin (ng/mL) 901+ 114 1924 + 252*** 2143 + 405" 1825 + 122*** 1399 + 287 1373 +267*
Serum hepcidin (pg/mL) 114 +6.71 48.4 +£13.7"* 72 +12.8** 101+11.9 106 +3.15 110+10.8
Serum catalytic iron (umol/L) 0.487 +0.039 0.913+0.01** 0.583 +0.014* 0.547 +£0.021** 0.46540.012 0.427 +0.025
Urine catalytic iron (umol/L) 20.7 +2.62 64.9 +5.07*** 95.4 + 4.1 65.2 +4.38"* 29.9+8.25 17.7 +5.87
Hemoglobin (g/dL) 16.44+0.34 15.24+0.21*** 19.2 +0.29"* 15.14+0.18* 14.9+0.16™* 14.7 +0.39*
Haptoglobin (ug/mL) 488 +40.6 466 +78.4 500 + 84 457 +£133 4114+61.5 406 +57.9
Serum CPK (units/L) 95.5+1.87 84.5+1.52*** 68.5 +2.43*** 91.5+1.87* 70.5+1.38"* 102 +£2.74
25(0OH)D3 (ng/mL) 51+0.74 62.7 +9.01 64.3 +2.36"** 63.8 +8.46 74.9 4427 52.6 +2.76
1,25(0OH)2D3 (pg/mL) 19+3.22 81.7 +£2.58** 59.7 +£3.93** 52 +0.89"* 52 £3.79"** 38.3+6.71*
Tissue peroxidation(mg/mg protein)  0.102 4+ 0.001 0.086 4+ 0.001 0.108 +0.001 0.157 +£0.001***  0.090 +0.007 0.074 4+ 0.004**
Tissue thiol(units/mg protein) 0.038 +0.004 0.011+0.001**  0.008 +£0.001***  0.006 +0.001***  0.012+0.001***  0.022 +0.001**
Catalase (units/mg protein) 2.09+0.06*** 1.41+£0.03"** 0.96 +0.01** 0.69 +0.01*** 0.79 +0.01*** 1.81+0.01**
SOD (units/mg protein) 0.445+0.034 0.196 +0.001***  0.409 +0.013 0.340 4+ 0.005** 0.306 +0.010"**  0.238 +0.015***
Urinary NGAL (ng/mL) 1+0%* 13.1£0.1% 14.6 £ 0.5 22.3+0.7 7.0+0.1% 2.84+0.2"

Note: Data shown as mean + SD. *P < 0.05, ** P < 0.01 and ***P < 0.001 versus control group.
TSAT: transferrin saturation; CPK: creatine phosphokinase; 25(0H)D3: 25-hydroxyvitamin D3; 1,25(0H)2D3: 1,25-dihydroxyvitamin D3; SOD: superoxide dismutase;
NGAL: neutrophil gelatinase-associated lipocalin.



Annamalai et al. Catalytic iron and vitamin D in acute kidney injury 1477

Figure 1. Histological sections of Control and iohexol-treated rat kidneys stained with haematoxylin and eosin (H&E) stain. Control rat displays a normal morphology
with a well-preserved glomerulus (notched black arrow) surrounded by clearly demarcated tubules (arrow pentagon). Experimental rats (2 h through 12 h) demonstrate
acute tubular injury with tubular dilatation and degeneration of segments of epithelial cells (thin black arrows). Others have flattened, regenerating-type epithelial cells
(thick black arrow) and some show frank necrosis (notched black arrow). Most tubules appear normal at 24 h. Scale bar =450 um. (A color version of this figure is
available in the online journal.)

12 hours

6 hours 24 hours

Figure 2. Histological sections of Control and iohexol-treated rat kidneys stained with periodic acid-Schiff (PAS) stain. Control rat shows normal brush borders of the
proximal renal tubular cells (thick black arrow), normal glomeruli (notched black arrow), and preserved corticomedullary junction. Experimental rats (2 h through 12 h)
show proximal tubular lumen filled with varying amounts of PAS-negative bluish, acellular contrast material deposits (thin black arrows) within the cytoplasm and
tethered to the brush borders of tubules. Glomerulus and tubules appear normal at 24 h. Scale bar =450 um. (A color version of this figure is available in the online
journal.)

Correlation between iron indices, oxidative stress,
and AKI

Increased levels of serum iron were associated with
increased tissue lipid peroxidation (r=0.489, CI 0.166 to
0.691, P=0.002). In contrast, increased serum ferritin

antioxidants, namely tissue thiol, catalase, and superoxide
dismutase, immediately following contrast administration
(Figure 8).

Vitamin D levels

With the onset of AKI, the concentration of both 25-hydrox-
yvitamin D3 and 1,25-dihydroxyvitamin D3 increased
abruptly and remained elevated throughout the recovery
phase of AKI (Figure 9).

levels were associated with decreased antioxidant levels
including tissue thiol (r=-0.720, CI —0.867 to —0.564,
P <0.001) and catalase (r=-0.558, CI —0.749 to —0.281,
P <0.001). Similarly, decreased serum hepcidin levels
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24 hours

Figure 3. Histological sections of Control and iohexol-treated rat kidneys stained with Perls’ Prussian blue. Iron deposits (black arrows) are visible as dark brownish
green and bluish inclusions in the cytoplasm of renal tubular epithelial cells in experimental rats (4 to 6 h). No iron deposition is evident in Control rat. At 24 h, near-
normal morphology is conspicuous. Scale bar =450 um. (A color version of this figure is available in the online journal.)

12 hours

24 hours

Figure 4. Transmission electron micrograph of Control and iohexol-treated rats stained with Uranyl acetate. Ultrastructure of proximal convoluted tubular epithelium
of the Control rat shows normal cellular constituents with normal distribution of chromatin in nucleus (notched arrow). Intercellular junction is within normal limits (thick
arrow) (4 um). Experimental rats (2 h through 12 h) display loss of brush border, nuclear condensation with irregular clumping and margination of chromatin to periphery
(notched arrow), swollen mitochondria (arrow heads), and rough endoplasmic reticulum (arrow pentagon). Multiple electron-dense inclusion bodies (thin arrows) are
also observed. At 24 h, recovery of mitochondria with mild swelling and intact cristae is seen; the endoplasmic reticulum is unremarkable. Scale bar =4 to 20 um.

were associated with a decrease in the levels of antioxi-
dants, namely tissue thiol (r=0.489, CI 0.175 to 0.696,
P=0.002) and superoxide dismutase (r=0.363, CI 0.035
to 0.615, P=0.030). Although there was no correlation
between serum catalytic iron and oxidative stress, urine
catalytic iron was shown to increase the oxidative stress
(r=0.469, CI 0.122 to 0.667, P =0.004). Besides, both urine
and serum catalytic iron were associated with a decrease in
the antioxidant levels. No meaningful relationship existed

between TSAT, haptoglobin, and oxidative stress markers
(Table 2).

Increased levels of serum iron (r=0.506, CI 0.213 to
0.716, P=0.002), serum ferritin (r=0.506, CI 0.213 to
0.716, P=0.002), serum catalytic iron (r=0.410, CI 0.094
to 0.651, P=0.013), urine catalytic iron (r=0.788, CI 0.620
to 0.887, P <0.001), and decreased serum hepcidin levels
(r=0.432, CI —0.666 to —0.121, P =0.008) were associated
with increased urinary NGAL levels indicating AKI
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(Table 2). Similarly, increased oxidative stress as reflected
by an increase in the tissue peroxidation level and a simul-
taneous reduction in the antioxidant level were associated
with AKI (Table 2).

Correlation of vitamin D with catalytic iron, oxidative
stress, and AKI markers

25-hydroxyvitamin D3 showed no clear relationship with
catalytic iron. Contrarily, there existed a strong, positive
linear association between 1,25-dihydroxyvitamin D3 and
catalytic iron levels (Figure 10). Although, both 25-hydrox-
yvitamin D3 and 1,25-dihydroxyvitamin D3 showed no
correlation with lipid peroxidation, they exhibited an
inverse relationship with the antioxidant levels.
Furthermore, they correlated positively with urinary
NGAL, indicating that their levels increased with the
onset of renal failure (Table 2).

Prediction of AKI (urinary NGAL) by the collective effect
of catalytic iron and iron-regulatory proteins, vitamin D,
and oxidative stress markers

Results of the multiple regression analysis indicated that
urine catalytic iron, serum iron, and tissue lipid peroxida-
tion were associated with a higher likelihood of developing
AKI, whereas the antioxidants including the catalase and
superoxide dismutase were associated with increased uri-
nary NGAL levels (Table 3).

Discussion

In a case-control experimental study using an iohexol-
induced AKI rat model, we found that higher catalytic
iron levels were associated with increased oxidative stress
and development of AKI. There occurred a corresponding
increase in the endogenous vitamin D levels. In addition, a
substantial accumulation of iron in the injured kidney was
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Figure 10. Scatter plot depicting correlation between vitamin D and catalytic iron. (a) 25(0H)D3: 25-hydroxyvitamin D3 versus serum catalytic iron and urine catalytic
iron. No clear relationship is noted between 25-dihydroxyvitamin D and catalytic iron levels. (b) 1,25(0OH)2D3: 1,25-dihydroxyvitamin D3 versus serum catalytic iron and
urine catalytic iron. There exists a strong, positive linear association between 1,25-dihydroxyvitamin D3 and both serum and urine catalytic iron levels.

Table 3. Multivariate linear regression analysis of the relationship between urinary NGAL and its potential determinants

Standardized

Unstandardized Coefficients Coefficients 95% confidence interval for B
Std. Lower Upper
B Error Beta t-test P value bound bound
(Constant) 3.738 4.573 0.817 0.422 —5.722 13.198
Sl (ng/dL) 0.03 0.011 0.139 2.855 0.009*** .008 .052
TSAT (%) —0.038 0.025 —0.046 —1.539 0.138 —.090 .013
Ferritin (ng/mL) 0 0.001 0.013 0.189 0.852 —.002 .002
Hepcidin (pg/mL) —0.003 0.02 —0.009 -0.128 0.899 —.044 .039
Serum catalytic iron (umol/L) 1.425 4.563 0.032 0.312 0.758 -8.014 10.864
Urine catalytic iron (umol/L) 0.098 0.023 0.382 4.318 0.001*** .051 144
25(0OH)D3 (ng/mL) 0.003 0.037 0.004 0.091 0.928 —.074 .080
1,25(0H)2D3 (pg/mL) -0.016 0.054 —0.044 —0.305 0.763 —.128 .095
Tissue peroxidation 128.352 15.957 0.483 8.044 0.001*** 95.343 161.362
(mg/mg protein)
Tissue thiol (units/mg protein) 142.651 89.114 0.206 1.601 0.123 —41.694 326.997
Catalase (units/mg protein) —6.484 1.545 —0.462 —4.196 0.001*** —9.681 —3.288
SOD (units/mg protein) —31.757 6.615 —0.389 —4.801 0.001** —45.441 —18.073

NGAL: neutrophil gelatinase-associated lipocalin; SI serum iron; TSAT: transferrin saturation; 25(0OH)D3: 25-hydroxyvitamin D3; 1,25(0H)2D3:

1,25-dihydroxyvitamin D3;

SOD: superoxide dismutase.

*P <0.05, ** P<0.01, P <0.001 (2-tailed).
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detected along with an altered gene expression of iron-
regulatory proteins and CYPB21 (1 a-hydroxylase).

Impact of catalytic iron and other iron-regulating
proteins on iohexol-treated rat kidneys

Iohexol, an iodinated, non-ionic monomeric radiocontrast
agent causes acute kidney injury by a variety of mecha-
nisms.>>* One of the suggested mechanisms is the neph-
rotoxic role of iron in contrast-induced AKL’ The unique
property of iron to undergo redox cycling between its fer-
rous and ferric states is vital for many biological processes.
However, traces of free catalytic iron can also have a detri-
mental effect by participating in the generation of powerful
reactive oxygen species (ROS) such as hydroxyl radicals via
the Fenton/Haber-Weiss reaction and iron-oxygen com-
plexes such as ferryl or perferryl ions that cause lipid per-
oxidation of cellular macromolecules and influence local
inflammation and vasoconstriction.?*>!

Iron-mediated oxidative stress (ferroptosis) has been
shown to induce tubular injury in several murine and rat
models of AKI'93?737 Besides, living cells protect them-
selves from the harmful effects of oxidative stress by tightly
controlling iron homeostasis, consisting of iron uptake,
utilization, and storage. In the process, iron is usually
bound to intracellular ferritin, an iron-sequestering protein
and circulating transferrin for transport or utilization.?®
Additionally, the renal tubular cells contain an endogenous
antioxidant defense system consisting of superoxide dis-
mutase, catalase, and glutathione S transferase that helps
mitigate oxidant-mediated damage.*

This study illustrated that increased levels of serum iron
and serum ferritin and lower hepcidin levels were associ-
ated with raised levels of both serum and urine catalytic
iron levels. Also, elevated serum catalytic iron levels
tended to be associated with higher urine catalytic iron
levels (Table 2). These were accompanied by an increase
in the lipid peroxidation and a simultaneous decrease in
the antioxidant levels and a positive association with uri-
nary NGAL reflecting AKI. This is consistent with other
studies which showed that catalytic iron increased oxida-
tive stress*” and that an iron chelator reduced lipid perox-
idation and improved renal functions in an animal model
of AKL*!

Although the mechanism of catalytic iron induction is
not investigated in the present study, it is known that the
source of catalytic iron is either from the systemic circula-
tion following hemolysis, rhabdomyolysis,”*° or from the
mitochondria within the cells.*>** Despite an initial raise in
the hemoglobin levels, there was no biochemical evidence
to support hemolysis or rhabdomyolysis in this study as
demonstrated by normal haptoglobin levels and absence
of raised serum CPK levels, respectively. The renal cellular
injury induced by iohexol is thought to have triggered
mitochondrial release of free iron into the cytosol followed
by secretion into the tubular lumen and urine. In line with
this view, we found urinary catalytic iron to be consider-
ably high. Specifically, iron has been shown to be excreted
in urine along with increased free iron in the kidney tissue
in several animal models of AKL'*%33

Catalytic iron and vitamin D in acute kidney injury

In addition, our study also revealed elevated serum iron
levels without any change in the transferrin saturation.
Because of a high iron-binding capacity, transferrin plays
a protective scavenger role of sequestering free iron**
and transferrin saturation increases with elevated iron
levels, possibly reflecting an adaptive response to minimize
iron-mediated renal tubular toxicity.>* It could, therefore,
be speculated that absence of elevated transferrin levels
in our study presumably accounted for the increased avail-
ability of non-transferrin bound free catalytic iron in the
serum.

Similarly, we found a significant increase in the serum
ferritin levels which correlated with the decrease in the
antioxidant levels and AKI. This is likely to be an effect
rather than the cause, indicating probably an attempt to
sequester the free catalytic iron. This has been pointed
out by some researchers who have documented increased
oxidant-mediated iron release from storage proteins and a
parallel increase in the ferritin synthesis.*>*°

Further, the expression of the hepcidin gene was signif-
icantly downregulated along with a reduction in the serum
hepcidin levels in this study. This probably is due to renal
hypoxia resulting from iohexol-induced renal vasoconstric-
tion and ischemia.*”*® Hepcidin is a negative regulator
of intestinal iron absorption and iron release from
macrophages, by inactivating the iron export protein ferro-
portin.***Y Hepcidin expression is induced by iron storage
and inflammation and suppressed by hypoxia and
anemia.”" It is thought to confer renoprotection by seques-
tering intracellular iron, thereby limiting oxidative stress
and free radical injury”* as well as by inducing H-ferritin.”®
Lower serum hepcidin levels in our study presumably
contributed to AKI due to inadequate sequestration of
free iron.

Of note, serum catalytic iron and serum iron levels
showed an abrupt rise at 2 hours following iohexol use.
On the other hand, urinary catalytic iron reached a peak
concentration only at 4 hours. This delay could be
explained partly by the time taken by the serum catalytic
iron to enter the proximal tubular cells following glomeru-
lar filtration.” Tt is also probable that some catalytic iron
could have formed within the cytosol of the renal tubular
cells from the iron released from the injured mitochondria
containing the cytochrome complex***’ causing a further
time lapse in the appearance of urinary catalytic iron.

On a univariate analysis, increased levels of serum cat-
alytic iron and urine catalytic iron were associated with
elevated urinary NGAL levels reflecting AKI. However,
in a multivariate regression analysis, only urinary catalytic
iron was shown to independently predict AKI. Statistically,
this could be attributed to the effect of modification and
interaction between the various independent factors con-
sidered in the multiple regression model, including serum
and urine catalytic iron and urinary NGAL. Importantly,
statistical significance does not necessarily imply practical
significance.” Applying the relationship of the mathemat-
ical model to a biological (mechanistic) system, where there
is multicausality, and the events or cellular metabolic pro-
cesses change continuously over time, could be mislead-
ing.”® In this study, serum catalytic iron did not correlate
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with lipid peroxidation, whereas urinary catalytic iron
showed a positive correlation with lipid peroxidation.
This hints at the possibility that the urinary catalytic iron
released locally in the kidney as part of the pathophysiolo-
gy of AKI could have induced oxidative stress in the renal
cells rather than by the catalytic iron present in the serum.
Importantly, urinary NGAL, a 25-kDa lipocalin-2, and a
scavenger of labile iron siderophore™ readily bind urine
catalytic iron, while the unbound catalytic iron is reab-
sorbed by the thick ascending limb of the loop of Henle
(TAL) and cortical collecting tubule.”” Consequently, as
AKI progresses, less iron is reabsorbed and excess catalytic
iron is released into the urine.”® These facts perhaps
account for the positive prediction of AKI by urinary cata-
lytic iron.

Taking all these findings into consideration, it is possible
to establish that catalytic iron and iron regulatory pathways
play a crucial role in AKI pathophysiology.®

Induction of endogenous vitamin D

Vitamin D is a prohormone synthesized endogenously
from 7-dehydrocholesterol in the skin. Upon exposure to
ultraviolet rays (270-300 nm), 7-dehydrocholesterol is pho-
tolytically converted to previtamin D3 which undergoes
thermal isomerization to vitamin D3.*°° Vitamin D3 is
then hydroxylated by the cytochrome P450s (CYP2R1 and
CYP27A1)*" in the liver to 25-hydroxyvitamin D3, the major
circulating form of vitamin D. This inactive metabolite
binds to vitamin D-binding protein (DBP), gets filtered in
the glomerulus, and subsequently undergoes endocytosis
by megalin-cubulin®® in the apical membrane of the renal
proximal tubular cells.**** Intracellularly, 25-hydroxyvita-
min D3 is hydroxylated further by 1 a-hydroxylase to form
the active metabolite, 1,25-dihydroxyvitamin D.%567

1 o-hydroxylase, also a part of the cytochrome P450 com-
plex (CYP27B1), is the rate-limiting enzyme located in the
inner membrane of the mitochondria, and functions as a
mixed-function oxidase.®*®” Although, predominantly
expressed in the proximal renal tubules, its activity has
been detected in the distal nephron” as well as in extrare-
nal tissues including monocy’tes,71 keratinocytes,72 colon,
lung, and parathyroid cells.”*”* It is worth noting that,
while the renal 1 a-hydroxylase performs endocrine func-
tions, the extrarenal 1 a-hydroxylase principally acts in an
autocrine or paracrine fashion with cell-specific functions.””
The activity of the 1 a-hydroxylase gene is tightly regulated
by the serum levels of calcium, phosphorus, 1,25-dihydrox-
yvitamin D3, parathyroid hormone (PTH), calcitonin, and
bone-derived fibroblast growth factor 23 (FGF23).7¢-%°

Bioactive vitamin D3, also known as Calcitriol, is a
secosteroid hormone with pleiotropic effects®*** and
exerts its actions through the vitamin D receptor. In addi-
tion to the direct calciotropic effect of enhancing calcium
absorption from the gut by modulating parathyroid
hormone secretion,®® it also possesses  antioxidan-
t,'>'anti-inflammatory, and antiproliferative properties®*
8 and plays a role in the prevention of cancer.*”

Based on these facts, it is apparent that vitamin D offers
cytoprotection in contrast to catalytic iron which causes

cytotoxicity. Moreover, unlike in chronic kidney disease,
the role of vitamin D in AKI is not well defined® and it
remains unclear whether vitamin D can ameliorate
contrast-induced AKI in Wistar rats.'

This study noticed that both 25-hydroxyvitamin D3 and
1,25-dihydroxyvitamin D3 levels tended to increase with an
increase in the catalytic iron and urinary NGAL levels as
well as with a decrease in the antioxidant levels. At the
same time, there was a significant upregulation in the
CYPB21 (1 a-hydroxylase) gene in the renal tubular cells.
Since it is known that vitamin D has a cytoprotective effect,
it is conjectured that the injured cells generated endoge-
nous vitamin D to protect themselves from the iron-
mediated oxidant damage. In support of these findings,
vitamin D and its synthetic analogues have been shown
to prevent renal injury and exert a renoprotective effect in
several in vitro and in vivo models of glomerular and tubu-
lar injury, both in acute and chronic situations. For instance,
calcitriol has been demonstrated to exhibit antiproliferative
effects in vitro using opossum kidney (OK) cells having
characteristics of proximal tubular cells.*’ In a study by
Ari et al.,”® Paricalcitol, a novel synthetic vitamin D ana-
logue mitigated contrast-induced nephropathy by inhibit-
ing renal and systemic oxidative stress. Vitamin D, by
virtue of its antioxidant effects, offers protection against
aminoglycoside-induced nephrotoxicity,”**cyclosporine-
mediated kidney injury,”rhabdomyolysis-induced AKI,*
and lipopolysaccharide-induced AKL> Additionally, vita-
min D deficiency seemed to aggravate renal inflammation,
cell proliferation, and cell injury in experimental ischemia-
reperfusion injury, indicating the need for sufficient vita-
min D levels.”® Apart from these findings, vitamin D has
also been documented to prevent active Heymann nephri-
tis”” and experimental murine lupus,” decrease podocyte
loss” and glomerulosclerosis'® in subtotally nephrectom-
ized rats, lower albuminuria in rats with diabetic nephrop-
athy,'" attenuate renal interstitial fibrosis in obstructive
nephropathy,'® and retard the progression of renal insuf-
ficiency in uremic rats.'”

There is some proof to suggest the protective effects of
vitamin D against catalytic iron-induced damage in non-
renal cells as well, yet the evidence regarding the same
appears to be weak.'”'% Current data indicate that the
levels of vitamin D also have an influence on the occurrence
and severity of AKI in humans. The study of Zapatero
et al."” has demonstrated renal failure to be significantly
more frequent and to cause more mortality in patients with
25-hydroxyvitamin D < 10.9 ng/mL than in those with con-
centrations of >10.9ng/mL (29% vs.13%). In another clin-
ical study, patients with a severe form of AKI necessitating
hemodialysis were noted to have low concentrations of
both 25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin
D3.' Similar findings still need to be demonstrated in
experimental animals.

Interestingly, 1,25-dihydroxyvitamin D3 displayed a
strongly positive correlation with catalytic iron in this
study, while 25-hydroxyvitamin D3 lacked such an associ-
ation (Figure 9) despite the fact that intrarenal 25-hydrox-
yvitamin D3 is the precursor of 1,25-dihydroxyvitamin D3.
Nevertheless, both were noted to correlate strikingly with
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urinary NGAL and AKI. Analysis of the temporal relation-
ship (Figures 7 and 9) reveals that 1,25-dihydroxyvitamin
D3 levels increased rapidly along with serum and urine
catalytic iron within the first 2 to 4 hours of iohexol use.
25-hydroxyvitamin D3, on the other hand, attained a
maximum concentration only at 12 hours. This disparity
in the timing of maximal concentration likely explains the
presence of an association between catalytic iron and 1,25-
dihydroxyvitamin D3 but not with 25-hydroxyvitamin D3,
albeit not statistically evident. Besides, it can be hypothe-
sized that 25-hydroxyvitamin D3, being inactive, might not
have had any meaningful direct impact on the catalytic iron
accounting for the absence of an abrupt increase in its con-
centration, and this needs to be proven further. It is also
conceivable that the already existing cytosolic 25-hydroxy-
vitamin D3 was used by the injured renal cells as the sub-
strate to synthesize active 1,25-dihdyroxyvitamin D3
leading to relatively higher concentrations of 1,25-hydrox-
yvitamin D3 compared to 25-hydroxyvitamin D3. In this
context, it is worth mentioning that 25-hydroxyvitamin
D3 has a half-life of about 14-20days and circulates in
nmol/L concentrations in marked contrast to 1,25-dihdyr-
oxyvitamin D3 which has a shorter half-life of only 4-15
hours and is present in much lower concentrations (pmol/
L)' in humans. Therefore, variations in the 1,25-dihydrox-
yvitamin D3 levels can theoretically occur more quickly
than 25-hydroxyvitamin D3 levels.

A few studies have described the reduction of malon-
dialdehyde levels by vitamin D,**'% but our study
revealed no such association with lipid peroxidation.
Nonetheless, both 25-hydroxyvitamin D3 and 1,25-dihy-
droxyvitamin D3 exhibited an inverse relationship with
the antioxidants. These data conflict with findings from
other studies which have reported vitamin D to increase
antioxidants such as glutathione and gamma glutamine
transferase (GSH).” It can be conceptualized that during
the early phase of renal injury, the pre-existing cytosolic
antioxidants were utilized by the injured cells to overcome
ferrotoxicity, thereby lowering their concentrations.
Simultaneously, the cells also synthesized active 1,25-
hydroxyvitamin D3 leading to excess quantities.
Accordingly, this discrepancy in the vitamin D and antiox-
idant levels during the early phase of injury is reflected
statistically by a negative correlation. However, during
the later recovery phase of AKI, the antioxidants increased
persistently along with both 25-hydroxyvitamin D3 and
1,25-dihydroxyvitamin D3 as evident from Figures 8 and
9, respectively.

To the best of our knowledge, this study is the first to
describe the dynamic relationship between both iron and
vitamin D in the context of AKI in Wistar rats. Distinctly,
the biochemical findings were corroborated by histopatho-
logical evidence of tubular injury and repair. Also, this
experimental animal study helps one to visualize these
renal histological changes induced by iohexol which
otherwise would be difficult to observe in patients with
contrast-induced acute kidney injury in whom renal
biopsy is usually not performed. Next, the determination
of changes in the major iron-regulating proteins including
transferrin, hepcidin, and ferritin in addition to the changes

Catalytic iron and vitamin D in acute kidney injury

in the catalytic iron adds more value to this study. Lastly,
despite its widespread use in diagnosing clinical AKI, the
levels of serum creatinine tend to raise a few days following
significant renal damage.'"’ To overcome this caveat, uri-
nary NGAL which is an early and sensitive AKI marker
was used for correlation and regression analyses in this
study, particularly to conform to the rapid changes in rela-
tion to the iron, vitamin D, and oxidative stress levels
occurring within hours after renal insult."! Moreover, by
its ability to bind siderophores which are the small iron-
binding molecules, NGAL is involved in the transport of
iron to and from cells''? and, thereby by sequestering iron,
it may abate iron-induced injury.">''* Hence, its utility
seems most ideal in this study involving iron regulation.

The present study has some limitations. Firstly, it is
important to realize that the findings of animal studies do
not always translate to human subjects."'>'® Next, the
radiocontrast agent, iohexol causes acute tubular necrosis
by several mechanisms including alterations in renal hemo-
dynamics and viscosity leading to renal medullary ische-
mia and by direct tubulotoxicity.*® The relative contribution
of each mechanism alone is, however, not known.>*'”
Hence, assessing the potential mechanism of catalytic
iron-induced cytotoxicity alone using cultured renal cells
in vitro in the absence of several confounding variables
found in vivo may have been more informative.
Furthermore, although the activity of endogenous vitamin
D3 was demonstrated along with the clear upregulation of
its mRNA and protein in this animal model of AKI, it
would have been worthwhile to explore the effects of exog-
enously administered vitamin D on the functional and his-
tological protection of kidneys in AKI.

Lastly, this study, by and large, shows an association
between vitamin D and catalytic iron in an experimental
AKI model. It cannot, however, be concluded that vitamin
D has a protective role against ferrotoxicity merely based
on this finding. Unless supported by a plausible proof,
these limitations could preclude the utility of outcomes of
this study for translational purposes. Regardless of this
shortcoming, taking into consideration the pleiotropic
effects of calcitriol and its protective role in the various
settings of AKI described above as well as our own study
findings of upregulation of 1 a-hydroxylase gene and an
association of 1,25-dihydroxyvitamin D3 with catalytic
iron, antioxidants, and urinary NGAL, it seems logical to
implicate vitamin D in maintaining resistance against iron-
induced nephrotoxicity. A definitive conclusion in this
regard would entail demonstrating the link between iron
and vitamin D pathophysiologic mechanisms and valida-
tion in experimental and clinical studies.

Based on these observations, there are a few recommen-
dations for further research. The severity of AKI is likely to
be increased in vitamin D-depleted rats than in non-
depleted animals. It is also possible that the efficiency of
renal recovery after injury is slower in the case of vitamin D
deficiency. Necessary investigations are required in order
to confirm or refute these hypotheses. Crucially, given the
complexity of the pathogenesis of AKI, it is hard to envision
a “silver bullet” for its optimal treatment. Rather, drugs
targeting multiple pathways might prove more effective.
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Considering this, it seems desirable to investigate the ben-
eficial effects of vitamin D in comparison with iron chela-
tors to attenuate ferrotoxicity, preferably in various settings
and severity of AKI. It might also be helpful to examine pre-
and post-AKI vitamin D levels to understand if vitamin D
uptrends among several other endogenous factors in AKI
and to ascertain its preventive or causative potential.
Finally, it needs to be seen if the findings of this animal
study could be translated to humans and to facilitate ther-
apeutic interventions by validating in large-scale clinical
trials. Future research involving interaction between vita-
min D and iron at a critical juncture in AKI timeline is
warranted.

Conclusions

In a rat model of iohexol-induced AKI, a considerable
increase in the catalytic iron, tissue lipid peroxidation,
and vitamin D levels was observed together with deposi-
tion of iron and altered gene expression of iron-regulating
proteins and CYPB21 (1 a-hydroxylase) in the injured renal
tubular cells. In a multivariate linear regression analysis,
serum iron, catalytic iron, and lipid peroxidation indepen-
dently and positively predicted urinary NGAL, the AKI
biomarker. Notably, the vitamin D levels remained elevated
until the functional and histologic recovery of AKI that
ensued a progressive reduction in the catalytic iron levels.

Overall, this study underscores the nephrotoxic poten-
tial of catalytic iron besides documenting a concomitant
induction of endogenous vitamin D for possible renopro-
tection. Additional research involving cross-talk between
vitamin D and iron, preferably in vitro and in large clinical
trials is warranted.
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