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ARTICLE INFO ABSTRACT

Keywords: Silymarin, an extract from Silybum marianum (milk thistle) containing a standardized mixture of flavonolignans
Contrast-induced nephropathy (CIN) that ameliorates some types of liver disease and, more recently, kidney damage, could be used for the ROS-
Silymarin scavenging effect of these antioxidants. Furthermore, contrast-induced nephropathy (CIN) is an iatrogenic im-

Contrast renal toxicity
Oxidative stress
Apoptosis

Cystatin C

pairment of renal function in patients subjected to angiographic procedures for which there is not yet a suc-
cessful preventative treatment. Recent evidence has shown that this event is related to tubular/vascular injury
activated mainly by oxidative stress. However, whether this bioavailable and pharmacologically safe extract
protects against CIN is not clear. We proposed to evaluate the possible protective role of the antioxidant sily-
marin in an experimental model of CIN. Adult male Swiss mice were separated into 6 groups and pretreated
orally with silymarin (50, 200 and 300 mg/kg), N-acetylcysteine (200 mg/kg) or vehicle for 5 days before the
CIN and control groups. Renal function was analyzed by plasma creatinine, urea and cystatin C levels.
Additionally, blood reactive oxygen species (ROS) were evaluated using ROS bioavailability, protein oxidation
and DNA damage. Renal oxidative damage was evaluated using apoptosis/cell viability assays and histological
analysis. We showed that silymarin preserved renal function and decreased systemic and renal oxidative damage
(antigenotoxic and antiapoptotic properties, respectively) in a dose-dependent manner and was superior to
conventional treatment with N-acetylcysteine. Histologically, silymarin treatment also had beneficial effects on
renal glomerular and tubular injuries. Therefore, silymarin prophylaxis may be an interesting strategy for the
prevention of CIN.

1. Introduction Although it is the third leading cause of all hospital-acquired renal in-

sufficiency with high morbimortality, strategies to prevent CIN (e.g.,

Contrast-induced nephropathy (CIN) is a result from iatrogenic de-
terioration of renal function mainly in vulnerable clinical subpopula-
tions (e.g., elderly patients with dehydration, renal/cardiac dysfunction
and/or diabetics) subjected to frequent angiographic procedures
2-5 days after administration of the intravascular contrast agent [1-3].

hydration, reduction of contrast dose, sodium bicarbonate, and N-
acetylcysteine) are still inadequate and subject patients to renal dys-
function and medical expenses [4-7]. In this context, the investigation
of effective preventative interventions against CIN is fundamental to
avoid kidney damage, costs and burden associated with this
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CM, contrast media; COX, cyclooxygenase; DHE, dihydroethidium; DCF, 2/,7’-dichlorofluorescein diacetate; HE, hematoxylin and eosin; HPF, 2-[6-(4’-hydroxy)
phenoxy-3H-xanthen-3-on-9-yl]benzoic acid; hROS, highly reactive oxygen species; H>O», hydrogen peroxide; L-NAME, L-NG-nitro arginine methyl ester; NAC, N-
acetylcysteine; NO, nitric oxide; NOS, NO synthase; OM, optical microscopy; PBS, phosphate-buffered saline; PI, propidium iodide; ROS, reactive oxygen species;
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complication [1,3,8].

The exact pathophysiology of CIN is still poorly understood [3,9].
Until now, it has been shown that iodinated contrast media (CM) de-
velops a combination of renal vascular and tubular injury that is highly
influenced by renal ischemia and ROS overproduction, culminating in
oxidative stress, aggravation of renal vasoconstriction and apoptosis of
kidney cells [1,3,10]. Moreover, CM can contribute to toxicity on renal
tubular epithelial cells, as recently published by our group [1,4] and
others [2,11-13]. The combination of these factors decreases the renal
blood flow and glomerular filtration rate, culminating with progressive
increases in renal biomarkers that characterize loss of renal function
[3,10,13]. One of the top 10 most popular natural compounds used in
Western society is silymarin, as noted by the exponential growth in
publications indexed on the PubMed platform in the last decade [14].
This mixture contains 65% to 80% flavonolignans (silybin A, silybin B,
isosilybin A, isosilybin B, silychristin and silydianin), with small
amounts of flavonoids and polyphenolic compounds extracted from the
seeds and fruits of Silybum marianum (milk thistle) [15,16]. Tradition-
ally, silymarin has been used for the treatment of liver diseases by ex-
ploiting its potent strong antioxidative and antiapoptotic properties
[14,16,17]. Considering the importance of these mechanisms in the
progression of CIN [1,4,10], silymarin may be an interesting pharma-
cological strategy for the prevention of this complication. The con-
firmation of this hypothesis may promote a novel approach for pre-
venting CIN.

2. Materials and methods
2.1. Animals

Experiments were conducted in male Swiss mice Mus musculus
(30-45 g), maintained in the animal care facility at the Experimental
Monitoring Laboratory of Vila Velha University (UVV), Espirito Santo,
Brazil. The animals were fed a normal chow diet and water ad libitum
and housed under standard conditions with a controlled temperature
(~22°C) and humidity (~60%) and were exposed to a 12/12-h light-
dark cycle. All biological assays were performed in accordance with the
guidelines for the care and handling of laboratory animals as re-
commended by the National Institutes of Health (NIH) and the Brazilian
Society of Experimental Biology. All protocols were previously ap-
proved by the Ethics, Bioethics and Animal Welfare Committee of Vila
Velha University (EBAW-UVV # 403/2016).

2.2. Treatments and experimental protocol (induction of CIN)

Mice were randomly divided into six groups as follows: group 1,
control; group 2, contrast-induced nephropathy (CIN); rats adminis-
tered with N-acetylcysteine (NAC, 200 mg/kg, group 3), with silymarin
50 mg/kg (S50, group 4), silymarin 200 mg/kg (S200, group 5) or si-
lymarin 300 mg/kg (S300, group 6). Silymarin was obtained from
Sigma-Aldrich (#S0292, St. Louis, MO, USA), and the doses were
chosen based on previous studies in similar experimental animal
models [18-21]. After five days of oral pretreatment with vehicle
(groups 1 and 2), NAC (group 3) and silymarin (S50, S200 and S300),
the CIN procedure was performed.

The CIN procedure in Swiss mice was performed according to pre-
vious protocols developed in our laboratory [1,4] adapted originally
from Lee et al. [22] and Billings et al. [12] with minor modifications.
Briefly, after overnight water deprivation (16h), nitric oxide (NO)
blockade and inhibition of prostaglandin synthesis, the mice were in-
jected intraperitoneally (i.p.) with a low-osmolar monomeric iodinated
radiocontrast medium, ioversol (Optiray, 320 Mallinckrodt Medical,
Inc., St. Louis, MO, 1.5g iodine/kg). For inhibition of NO synthase
(NOS) and cyclooxygenase (COX), the mice were exposed to L-NG-nitro
arginine methyl ester (L-NAME, 10 mg/kgi.p., diluted in 0.9% saline,
Sigma Chemicals, St Louis, MO, USA) and indomethacin (10 mg/kg i.p,
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diluted in dimethylsulfoxide), respectively, 15 min before the ioversol
injection. After the ioversol injection, the animals had free access to
food and water. The animals were euthanized 24 h later using an
overdose of sodium thiopental (Cristalia, Sao Paulo, Brazil, 200 mg/kg,
i.p.) for biochemical and cyto-histopathological investigations.

2.3. Blood and kidney samples

Venous blood was collected from the right ventricle of animals eu-
thanized with sodium thiopental (200 mg/kg, i.p.) and flushed through
a syringe with EDTA (0.3 mol/L). Next, the blood was centrifuged at
4000 X g for 10 min. Then, the serum was separated and stored at 4 °C
until analysis. The serum concentrations of creatinine and urea nitrogen
were determined using the Jaffe [23] and urease-indophenol methods
[24], respectively. The serum concentration of cystatin C was measured
using the turbidimetric method [25]. All measurements were obtained
using an automatic biochemical analyzer (AU 400 or 680, Olympus/
Beckman Coulter, Munich, Germany) from a clinical analysis laboratory
(Tommasi Laboratory, Vitoria, ES, Brazil). Standard controls were run
before each determination.

Immediately after perfusion of tissues with cold phosphate-buffered
saline (PBS, pH 7.4, 0.1 mol/L) through the left ventricle, both kidneys
were excised. Renal cells were prepared for flow cytometry analysis,
based on previous and standardized studies in our laboratory
[1,10,26,27]. Briefly, the tissues were grossly minced using surgical
scissors and were incubated with an isolation solution containing
trypsin (Sigma-Aldrich) to dissociate the cells. Next, the cell suspension
was filtered through a nylon screen (BD, Becton Dickinson, San Jose,
CA, USA, Falcon 70 um) to remove the cellular debris. Finally, the
samples were washed twice in PBS and stored at —80 °C until further
analysis. For histopathological examination, kidney samples were fixed
in paraformaldehyde (4%), and histological slides were prepared and
counterstained with hematoxylin and eosin (HE).

2.4. Measurement of oxidative stress (ROS production) in the blood and
kidney

The ROS availability was analyzed using flow cytometry. To esti-
mate the intracellular superoxide (-O, ™) or hydrogen peroxide (H>0,)
concentration, dihydroethidium (DHE, 160pumol/L) and 2/,7’-di-
chlorofluorescein diacetate (DCF, 20 mmol/L) were added to the cell
suspension (10° cells) and incubated at 37 °C for 30 min in the dark.
Highly reactive oxygen species (hROS), such as hydroxyl radicals and
peroxynitrite (+OH™ /ONOO ™), were selectively detected by 2-[6-(4-
hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid (HPF, 10 pmol/L)
as described by our group [1,10] and others [28]. The cells were then
washed, resuspended in PBS and analyzed using the same flow cyt-
ometer (FACSCanto II, BD). All data were obtained using FACSDiva
software (BD), and overlay histograms were analyzed using FCS Express
trial software (De Novo). For quantification of DHE, DCF and HPF
fluorescence, samples were acquired in duplicate, and 10,000 events
were used for each measurement. The cells were excited at 488 nm;
DHE fluorescence was detected using a 585/42 nm bandpass filter, and
DCF/HPF fluorescence was detected using a 530/30 nm bandpass filter.
Finally, the data were expressed as median fluorescence intensity (MFI,
in a.u.).

2.5. Advanced oxidation protein products (AOPP) in plasma

The analyses of AOPP were performed according to Witko-Sarsat
et al. [29] and Coutinho et al. [30] using spectrophotometry with a
microplate reader (Spectra-MAX-190, Molecular Devices, Sunnyvale,
CA, USA). First, 40 uL of plasma (diluted at 1:10) was solubilized 1:5 in
PBS or chloramine-T standard solutions (0 to 100 umol/L). Then, the
samples were placed in each well of a 96-well microtiter plate (Becton
Dickinson Labware, Lincoln Park, NJ, USA), and 10 puL of 1.16 mol/L
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potassium iodide (KI, Sigma-Aldrich) was added, followed by the ad-
dition of 20 pL of acetic acid. Finally, the absorbance of the reaction
mixture was immediately acquired at 340 nm using a microplate reader
against a blank containing 200 pL of PBS, 10 uL of KI and 20 pL of acetic
acid. Finally, the AOPP was determined when the correlation coeffi-
cient was > 0.95. The concentrations of total protein were analyzed by
Bradford assay [31] at a plasma dilution of 1:200 for each measurement
and presented in pmol/mg.

2.6. Comet assay

DNA damage was assessed using an alkaline comet assay (single cell
gel electrophoresis) based on Singh et al. [32] following minor adap-
tations established in our laboratory [33-35]. Briefly, histological slides
were precoated with 1.5% normal melting point agarose. Subsequently,
2 x 10 blood cells were embedded in 110 pL of 1% low melting point
agarose and spread on agarose-precoated slides. After gelling at 4 °C for
30 min, the slides were incubated in freshly prepared lysis solution
(2500 mmol/L NaCl, 100 mmol/L. EDTA, 10mmol/L Tris, and
34 mmol/L N-Lauroylsarcosine sodium, adjusted to pH 10.0-10.5 using
freshly added 1% Triton X-100 and 10% DMSO) for 1 h at 4 °C. Then,
the slides were placed in an electrophoresis chamber filled with freshly
prepared alkaline buffer (300 mmol/L NaOH and 1 mmol/L EDTA,
pH > 13) for 40 min at 4 °C and electrophoresed at 300 mA and 32V
(1 V/cm) for 20 min. Next, the slides were neutralized with 0.4 mol/L
Tris buffer (pH 7.5) for 5 min (3 times) and finally dried with cold pure
methanol (—20°C) for fixation. Migration of DNA fragments towards
the anode creates a comet-shaped tail, which is visualized by staining
with ethidium bromide (20 pg/mL, Sigma-Aldrich). Images were ob-
tained at a magnification of 20 X using a fluorescence optical micro-
scope (Nikon Eclipse TI, Melville, NY, USA) equipped with excitation
(420-490 nm) and barrier (520 nm) filters. The coded images were
acquired using a CCD camera (Nikon) and analyzed with CASP 98beta
software (public domain). Among several parameters provided by the
program CASP, we used the percentage of DNA in the tail and the tail
moment for analysis of DNA damage. The images of 50 randomly se-
lected nucleoids from each sample were analyzed for each animal.
During the image analysis, nucleoids without clearly identifiable heads,
overlapping nucleoids or nucleoids containing an artifact were ex-
cluded as a quality control parameter.

2.7. Apoptosis

Apoptotic kidney cells were quantified by annexin V-FITC and PI
double staining using an annexin V-FITC apoptosis detection kit (BD),
as previously described [1,36]. Briefly, renal cells were washed twice
with PBS and adjusted to 500 pL of the binding buffer (5 x 10° cells).
Then, the cell suspensions were incubated with annexin V-FITC and PI
for 15min at room temperature (25 °C) in the dark. Finally, the cells
were analyzed with a FACSCanto II (BD) flow cytometer. Viable cells
with positive staining for annexin V (Q2 + Q4) were considered
apoptotic cells.

2.8. Cell viability

In accordance with previous studies from our laboratory, cell via-
bility was analyzed using propidium iodide (PI) staining exclusion
[1,26,36]. A total of 10° cells were incubated with 2 pL of PI for 5 min
in the dark at ~23 °C. Then, the cells were washed with PBS and ana-
lyzed using a flow cytometer (FACSCanto 11, BD Biosciences, San Jose,
CA). For cell viability quantification, samples were acquired in tripli-
cate, and 10,000 events were used for each measurement. The cells
were excited at 488 nm, and PI fluorescence was detected using a 585/
42nm bandpass filter. The data are expressed as the percentage of
unstained/viable cells [1].
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2.9. Kidney histology

The renal tissues were embedded in paraffin, and sections (3.5 pum)
were stained with HE. Tubulointerstitial injury (TILI), which is char-
acterized by tubular atrophy, thickening of the basement membrane,
dilatation and protein cast, was assessed by semiquantitative analysis in
accordance with Boa et al. [1]. First, twenty fields from each animal
were examined at 400 X magnification and graded according to a scale
from O to 4 as follows: Grade 0, no tubulointerstitial injury; Grade
1, < 25% of the tubulointerstitium was injured; Grade 2, 25-50% of the
tubulointerstitium was injured; Grade 3, 51-75% of the tubulointer-
stitium was injured; and Grade 4, 76-100% of the tubulointerstitium
was injured. The TILI index was calculated by multiplying the number
of fields with a sclerosis score of 1 by one, the number of fields with a
score of 2 by two, the number of fields with a score of 3 by three, and
the number of fields with a score of 4 by four. Finally, these values were
summed and divided by the number of 20 fields assessed, including
those with a sclerosis score of zero. All sections were examined by re-
searchers blinded to the experimental groups of the samples.

2.10. Scanning electron microscopy (SEM)

Kidney samples from different groups were fixed in paraformalde-
hyde (4%) and refrigerated until the analysis. Longitudinal sections
were cut with razor blade to divide the samples for SEM (scanning
electron microscopy) and OM (optical microscopy). Next, each sample
was washed 3 times with cacodylate buffer (0.1 M; pH 7.2) for 30 min
each, postfixed in a solution of 1% osmium tetroxide (0sO,4) and 1.25%
potassium ferrocyanide for 1 h at room temperature and protected from
light. Then, the longitudinal sections of kidney samples were washed in
cacodylate buffer and ultrapure water, dehydrated in ascending grades
of ethanol (30%, 50%, 70%, 90% and 100%) for 30 min each, subjected
to critical point drying in CO, (Autosandri-815, Tousimis), coated with
10nm of pure gold in a vacuum sputter coater (Desk V, Denton
Vacuum) and studied using a scanning electron microscope (JEOL,
JEM6610 LV) in direct mode.

2.11. Statistical analysis

All data are expressed as the mean * standard error mean (SEM).
The flow cytometry data for ROS availability are expressed as the
median coefficient of two repeated and statistically reproducible mea-
surements of at least 5 independent animals (the Friedman test).
Statistical analysis was performed by one-way analysis of variance
(ANOVA) using Prism software (Prism 6.0, GraphPad Software, Inc.,
San Diego, CA, USA). Tukey's test was used for post hoc analysis when
ANOVA showed significant differences. The differences were con-
sidered significant at p < 0.05.

3. Results
3.1. Silymarin attenuates renal dysfunction after CIN in mice

Fig. 1 summarizes the mean values of the main serum parameters
used to estimate renal function. As expected, the CIN group exhibited a
significant increase in urea (3.7-fold), creatinine (2.1-fold) and cystatin
C (1.8-fold) compared with the control animals (51 = 4mg/dL,
0.26 *+ 0.01 mg/dL and 0.26 + 0.01 mg/L, respectively, p < 0.05).
In relation to conventional treatment in clinical practice, the NAC group
did not reduce any renal biomarkers (urea: 180 *+ 15mg/dL; creati-
nine: 0.48 + 0.1 mg/dL and cystatin C: 0.73 = 0.12mg/L). Interest-
ingly, all doses of silymarin were capable of preventing renal injury by
CM (p < 0.05), as observed by the reduction of serum levels of urea
(S50: 108 = 26mg/dL; S200: 102 = 13mg/dL. and S300:
98 + 15mg/dL, p < 0.05), creatinine (S50: 0.21 = 0.02mg/dL;
$200: 0.33 + 0.02mg/dL and S300: 0.3 = 0.02mg/dL, p < 0.05)
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5 Fig. 1. The renoprotective effects of silymarin against radio-
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S300: 0.43 = 0.01 mg/L, p < 0.05) compared with the CIN group. the CIN group (DHE: 39%; DCF: 21%; and HPF: 36%) compared with
More specifically, only the S300 group showed a significant reduction the control mice (DHE: 1540 *+ 120a.u.; DCF: 691 *+ 38a.u.; and
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Fig. 3. A high dose of silymarin prevents DNA damage against radiocontrast-induced nephropathy in Swiss mice. A) Typical comets showing higher DNA frag-
mentation in the CIN group compared to the control group, in contrast with the S300 group. The comets were quantified and are shown in graphs in the bottom panel.
B) Bar graphs showing the mean percentage of DNA damage and tail moment (~2.5-fold higher in the CIN group). Only S300 was able to protect the DNA of blood
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Fig. 4. Silymarin prevents renal ROS production against radiocontrast-induced
nephropathy in Swiss mice. Bar graphs showing severe ROS overproduction in
the CIN kidney, which was partially reversed by the NAC, S50 and S200 groups.
Only silymarin at 300 mg/kg presents a reduction of O, H;O, and -OH™ /
ONOO ™. Values are presented as the mean *+ SEM for n = 5-6 animals per
group. *p < 0.05 vs. control group and #p < 0.05 vs. CIN group (one-way
ANOVA).

405 * 17 a.u., p < 0.05) compared with the CIN group. As shown in
Fig. 2B, the CIN group showed increased serum oxidized proteins
compared with the control group (CIN: 8.6 + 0.5 compared with CON:
3.7 = 0.7 umol/mg protein, p < 0.05). However, the standard treat-
ment with NAC did not reduce AOPP serum levels (9.2 + 1.1 umol/mg
protein, p > 0.05). In relation to the silymarin preventative strategy,
only the highest dose was effective (§300: 6.2 *+ 0.4 pmol/mg protein,
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SEM for n = 5-6 animals per group. *p < 0.05 compared with the CON group and #p < 0.05 compared with the CIN

p < 0.05).

3.3. Silymarin prevents blood DNA damage in the CIN model

As observed in Fig. 3A and B, the assessment of genotoxic stress by
comet assay indicated higher DNA damage of blood cells in the CIN
group (~2.5-fold) compared with the CON mice (20 = 2%, p < 0.05).
Among the preventative strategies, the conventional NAC and lower
doses of silymarin were similar to the CIN group (NAC: 40 *= 5%; S50:
37 = 2% and S200: 36 * 5%, p > 0.05). Interestingly, only S300
was able to prevent DNA damage (28 + 3%) compared with the CIN
group (48 = 3%, p < 0.05). Concerning the comet tail moment, in-
cluding the product of the tail length and the portion of total DNA in the
tail [33,35], there was a similar profile of the first analysis (Fig. 3A); an
increase in DNA fragmentation in the CIN group (77 * 8a.u.) com-
pared with the CON group (15 = 3a.u.,, p < 0.05). Only the highest
dose of silymarin reduced this parameter (32 * 6a.u., p < 0.05)
compared with other groups (NAC: 58 = 14a.u.; S50: 49 = 4a.u. and
$200: 54 + 1la.u, p > 0.05).

3.4. Silymarin prevents renal oxidative stress after CIN in mice

We also investigated the impact of CIN on oxidative damage in
kidney tissues from all groups using the same ROS indicators. Similar to
the observations in the blood, Fig. 4 shows severe ROS overproduction
in CIN kidneys (DHE: 151%; DCF: 220%; and HPF: 21%) compared with
control mice (DHE: 1064 + 33 a.u.; DCF: 830 = 107 a.u.; and HPF:
571 + 23a.u., p < 0.05). However, the conventional prevention with
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Fig. 5. Silymarin prevents apoptosis and restores renal cell viability after CIN in Swiss mice. A) Dot plots showing the increase in apoptosis in CIN animals compared
with all treated groups, determined through propidium iodide (PI) and annexin V-FITC staining. B) Bar graphs showing the apoptotic indices (Q2 + Q4) of all groups
(left panel) and the renal cell viability highlighting the increase in CIN and the prevention with NAC and silymarin (50, 200 and 300 mg/kg) (right panel). Values are
presented as the mean + SEM for n = 5-7 animals per group. *p < 0.05 compared with the control group and #p < 0.05 compared with the CIN group (one-way

ANOVA).

NAC inhibited the increase in the renal levels of only -O,” and H,0,
(1417 = 136 and 1435 + 328 a.u., respectively, p < 0.05) compared
with the CIN mice. Interestingly, silymarin showed a dose-dependent
decrease in oxidative stress, reducing it significantly according to the
three ROS biomarkers at the highest dose (DHE: 1187 + 92a.u.; DCF:
998 + 221 a.u.; and HPF: 535 + 6a.u., p < 0.05) compared with the
CIN group.

3.5. Apoptosis and cell viability

Apoptosis was evaluated in the same kidney cells using PI and an-
nexin V staining followed by flow cytometry analysis, which is one of
the best methods for this purpose. Fig. SA shows representative dot
plots for each group. We observed a notable increase in the number of
apoptotic cells (Q2 + Q4) in the CIN group (~1.7-fold) compared with
the control mice (5.7 * 0.2%, p < 0.05), as shown in Fig. 5B (left
panel). Interestingly, all treatments (NAC and all doses of silymarin)
prevented the increase in apoptosis (NAC: 4.6 *= 1.5%; S50:
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3.2 = 0.3%; S200: 3.4 + 1.1%; and S300: 3.4 = 1.4%, p < 0.05)
compared with the CIN group (p < 0.05). Concerning cell viability
(Fig. 5B, right panel), the CIN group impaired cell viability
(87.6 = 0.9%) compared with all treated groups (NAC: 93.5 + 1.5%;
S§50: 93.5 = 1.6%; S200: 95.6 *+ 1.6%; and S300: 94.4 + 1.5%,
p < 0.05).

3.6. Kidney morphometric parameters

As shown in Fig. 6, histological analysis showed that the CIN group
exhibited remarkable damages in the renal microarchitecture (Fig. 6,
top panel). The CIN group showed increased glomerular damage, loss of
nuclei, tubular dilation with luminal congestion, tubular epithelial cell
vacuolization, tubular shedding and more tubulointerstitial lesions
compared with the control mice (CIN: 3.49 + 0.11 compared with
CON: 0.05 * 0.01,p < 0.05) (Fig. 6, bottom panel). Interestingly, the
conventional treatment with NAC and all tested doses of silymarin re-
duced these lesions (NAC: 57%; S50: 30%; S200: 64% and S300: 62%,
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Fig. 6. TILI index. Silymarin ameliorates glomerular and tubulointerstitial lesions in radiocontrast-induced nephropathy in mice. Top panel: Representative mi-
crographs showing kidney histology (stained with hematoxylin and eosin) in different groups of mice 24 h after induction of CIN. A-F: The cortex-medulla section
(100 x); G-L: the cortical region (200 x) and M-R: the cortical region (400 x ), showing glomerular damage, loss of nuclei, increased luminal congestion, epithelial
cell shedding, tubular dilation and tubulointerstitial lesions mainly in the CIN group, which was prevented in a dose-dependent manner with silymarin. Bottom panel:
The tubulointerstitial lesion (TILI) indices of all groups (n = 4). The values are presented as the mean + SEM. *p < 0.05 compared with the control group.

CON
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S50
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Fig. 7. Scanning electron microscopy (SEM) images. Kidney tissue samples from different groups confirmed the decrease in renal glomerular and tubular injuries. The
first column (A-F, scale bar = 10 pm) shows SEM images of whole glomeruli, showing greater structural preservation of the surface tissues in the NAC (C) and S300
(F) groups, similar to the control group. The CIN (B), S50 (D) and S200 (E) groups exhibited a loss of structural cohesion. The second column (G-L, scale bar = 1 um)
shows higher magnification of podocytes to show the primary processes and the interdigitating secondary processes. The CIN (B) and S50 (D) groups showed atypical
podocytes. Only the NAC (I), $200 (K) and S300 (L) groups were similar to the control structures (G), with smooth foot processes that tightly apposed each other
(yellow arrows). The third column (M-R, scale bar = 10 um) shows SEM images of proximal tubules with normal structure (M), with cell epithelial vacuolization (red
arrows) after radiocontrast nephropathy (N, O and P) and the absence of cytoplasmic vacuoles in the $200 (Q) and S300 (R) groups. The last column (S-X, scale
bar = 5 or 10 um) shows more details of tubular structure according to the response pattern shown in the third column, emphasizing a dose-dependent protective
effect of silymarin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

p < 0.05) compared with the CIN group. Among these preventative observed a shrunken glomerular tuft (Fig. 7B), loss of structural cohe-
treatments, only the lowest dose of silymarin S50 was less effective than sion with atypical podocytes (Fig. 7H), luminal congestion and vacuo-
the others (NAC, S200 and S300, p < 0.05). lization of tubular epithelial cells (Fig. 7, images N and T) compared to

Fig. 7 shows typical SEM photomicrographs confirming the results the control group. Interestingly, the NAC (Fig. 7, images C, I, O and U),
obtained in our previously mentioned results. In the CIN group, we $200 (Fig. 7, images E, K, Q, and W) and S300 (Fig. 7, images F, L, R
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and X) groups prevented iodinated contrast-induced lesions in both
glomerular podocytes and tubular cells.

4. Discussion

Although recent studies have suggested the efficacy of silymarin for
some renal diseases, such as diabetic nephropathy [37,38] or iatrogenic
nephrotoxicity induced by therapeutic drugs [39,40], the efficacy of
silymarin in preventing contrast-induced renal dysfunction remains
inconclusive [5]. To the best of our knowledge, our study is the first to
demonstrate experimentally that silymarin (including a low dose of
50 mg/kg) is able to prevent the development of CIN by preserving
renal function, reducing blood and renal oxidative stress/apoptosis,
increasing renal cell viability and attenuating the incidences of renal
glomerular and tubular injuries, as shown by the histological analysis.

Although the first clinical case of contrast-impaired renal injury was
reported in 1942 [2,41], the first experimental model appeared only in
the 1980s in rabbits and rats [42] and presented some variations over
time (e.g., animal model, type of contrast agent, dehydration and/or
different combinations of drug injuries). In 2015, our laboratory suc-
cessfully developed a novel, simple and reproducible CIN experimental
model in Swiss mice by administering the contrast agent in-
traperitoneally [1], differing from the majority of previous murine
studies that administered contrast agents intravascularly [12,43]. In
addition, because the injection of contrast agent alone does not cause
overt acute kidney injury in rodents (nor in healthy patients), we
maintained the use of prostaglandin and NO inhibitors in accordance
with previous studies [2,3,12,22]. Therefore, this adjuvant pharmaco-
logical strategy mimics the clinical conditions that usually predispose
an atherosclerotic patient to CIN (elderly and hypertensive/diabetic
patients), resulting in a decline in renal function [1,2].

In recent years, some researchers have argued that the future gold
standard in CIN diagnostics must be determined in a synergistic ap-
proach that includes different biomarkers and functional imaging
techniques [2,44,45]. Therefore, to increase the reliability of renal
impairment in the present study, we have incorporated some analysis,
starting with the serum cystatin C measurement. As this peptide in-
creases proportionally to the decrease in the glomerular filtration rate
and shows a small volume of distribution, it has recently been con-
sidered an important endogenous biomarker of acute kidney injury
[25,45-47]. According to our hypothesis, the increase in all three renal
biomarkers (urea, creatinine and cystatin C) in the CIN group confirms
the success of acute nephropathy but fortunately, not in the CIN groups
treated with silymarin at all doses studied. In addition, our negative
data in the NAC group notably corroborate recent studies that challenge
the utility of this inexpensive and safe antioxidant for the prevention of
CIN in clinical practice [7,9,45,48]. More interestingly, we also ob-
served that the attenuation of uremia and cystatin C in the S300 group
was significant compared with the NAC group (p < 0.05), demon-
strating an important potential role for silymarin in protecting against
contrast-induced renal injury. Considering that oxidative damage is one
of the main pathogenic mechanisms involved in CIN [1,9,47,48] and
that silymarin displays high antioxidant properties [14,16,17], we also
extended this investigation to oxidative stress-related parameters in the
blood and kidneys of all groups, as discussed below.

Among the studies involving CIN, the uncommon investigation of
systemic extrarenal adverse effects has been evidenced only by indirect
methods of oxidative stress both in animals [49-51] and humans [52].
For the first time, it was demonstrated that both direct (ROS detection)
and indirect methods (AOPP and comet assay) detected iodinated
contrast increases in blood (systemic) oxidative stress in the same an-
imals. More interestingly, conventional NAC and silymarin prevention
can reverse blood ROS overproduction. Regarding protein oxidation
and DNA damage, better prevention may be achieved with the highest
dose of silymarin (but not by NAC), as observed in biomarkers of renal
function. This apparent difference between methods may be partially
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explained by a faster ROS washout compared with the analysis of cu-
mulatively oxidized macromolecules [1]. Furthermore, it emphasizes
the importance of analyzing different tests of oxidative damage, since
they might provide additional oxidative stress data. For example, since
serum AOPP biomarkers may be related to the progression of renal
failure [29,53,54], we included this analysis in our investigation. Our
hypothesis is that the reduction in uremia and improvement in ROS
status in the kidney may be related to AOPP serum reduction, as ob-
served by others [53,55].

Concerning renal toxicity, we also observed that silymarin inhibits
ROS overproduction in a dose-dependent manner. Since it is known that
the oxidative damage has major consequences, such as elevation of
apoptosis and decrease in cell viability through established pathways
(e.g., activation of caspases, telomere shortening, and/or chromosomal
cleavages) [1,34,35,56], we investigated whether silymarin could also
decrease these parameters, even under exposure to an iodinated con-
trast agent. The present data suggest that the slight modification of the
lower dose of silymarin can provide antiapoptotic effects and improve
renal cell viability, as well as the standard NAC. These anti-ROS and
cell-protective processes observed for silymarin may be supported by
some interrelating mechanisms recently described in other models of
nephropathy as follows: scavenging activity [39], metal chelation
[16,57], increased activity of antioxidative enzymes [58], repair and
removal of damaged molecules [16] and/or mitochondrial protection
[59].

In addition to the biochemical and flow cytometric analysis, our
histological and scanning electron microscope examinations showed a
pronounced disruption of renal ultrastructure in the CIN group com-
pared with the control mice, consistent with previous reports from our
group [1,4] and other groups [12,51,60,61]. In relation to silymarin
intervention, another novelty of this study is the nephroprotective ef-
fect, which ameliorates glomeruli and tubular structures in a dose-de-
pendent manner.

Regarding the set doses of silymarin, which are apparently high, it is
important that the animal dose should not be extrapolated to a human
equivalent dose by a simple conversion based on body weight, which
has frequently been reported by some investigators [62,63]. Attempting
to optimize this conversion of drug doses from animal experimental
studies to future clinical trials, some investigators have suggested a
simple method of using the body surface area normalization method
[64,65]. After applying those calculations, we noted that all doses
chosen in this study (50, 200 and 300 mg/kg) may be compatible with
those used in humans (4, 16 and 24 mg/kg, respectively). As an extreme
example, for a human weighing 85kg, an oral administration of
2040 mg/day would be safe and well tolerated, as observed by others
[14,66]. Therefore, the dose of silymarin used in the present study
could be compatible with that being proposed in future clinical trials. In
addition, since this flavonoid mixture has shown safety and efficacy
profiles of usage in previous studies conducted in both animals and
humans, we hope that further trials with large sample sizes, distinct
dosages and durations are conducted against CIN. Furthermore, our
findings provide new insights to investigate the role of silymarin in
other experimental models of nephropathy induced by other pro-oxi-
dant substances such as nandrolone [67] or acetylcholinesterase in-
hibitors (insecticides) [68].

A limitation of the study is that we did not analyze other renal
parameters, such as proteinuria, which is a potential biomarker for
tubular damage and impaired renal function. Moreover, in future stu-
dies, we intend to investigate the effects of silymarin on renal hemo-
dynamic parameters in this experimental Swiss mouse model of CIN
(recently developed in our laboratory). These data can be obtained by
measuring inulin and sodium paraaminohippurate clearance to esti-
mate the glomerular filtration rate and renal plasma flow, respectively
[10].
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5. Conclusion

In summary, the present study demonstrates for the first time that
silymarin decreases systemic and renal oxidative damage, preserving
renal function and morphological architecture under exposure to a
radiocontrast agent in mice. More specifically, this renoprotective role
is accompanied by antigenotoxic and antiapoptotic activities.
Therefore, this flavonoid mixture may have promising clinical appli-
cations against CIN.
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