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ABSTRACT

Background. Renal parenchymal inflammation is a critical de-
terminant of kidney injury in renal artery stenosis (RAS) but is
difficult to assess in the single kidney without tissue samples.
Whether renal vein (RV) levels of inflammatory markers
reflect active parenchymal inflammation remains unknown.
We evaluated the relationship between net RV cytokine release
and tissue inflammation in the post-stenotic kidney.
Methods. Pigs were studied after 10 weeks of RAS treated 4
weeks earlier with intra-renal vehicle or anti-inflammatory
mesenchymal stem cells (MSCs) or normal control. Single-
kidney renal blood flow was measured by fast computerized
tomography. RV and inferior vena cava levels of tumor necro-
sis factor (TNF)-α, interferon (IF)-γ, monocyte chemoattrac-
tant protein (MCP-1) and interleukin (IL)-10 were measured
by enzyme-linked immunosorbent assay, and their net release
calculated. Renal expression of the same cytokines was corre-
lated with their net release.
Results. Net release of TNF-α, IF-γ and MCP-1 was higher in
RAS compared with normal and to the contralateral kidney
(all P < 0.05), decreased in MSC-treated pigs as was their tissue
expression. Contrarily, the release of the anti-inflammatory
IL-10 was lower in RAS and normalized in RAS +MSC. The
net release of TNF-α, MCP-1 and IL-10 directly correlated
with their tissue expression. The ratio of inflammatory-to-re-
parative macrophages directly correlated with the release of
MCP-1, but inversely with the release of IL-10. In vitro cul-
tured MSCs also induced a shift in the macrophage phenotype
from inflammatory (M1) to reparative (M2).

Conclusions. Our findings demonstrate that the release of
inflammatory markers from the affected kidney provides an
index of renal tissue inflammation in experimental RAS.

Keywords: cytokines, hemodynamics, inflammation, renal
hypertension, renovascular hypertension

INTRODUCTION

Renal artery stenosis (RAS) is a leading cause of secondary hy-
pertension among the elderly population [1] and may acceler-
ate cardiovascular disease and progression to chronic renal
failure [2]. Over the last couple of decades, several lines of
investigation have identified multiple mechanisms responsible
for producing parenchymal tissue injury in RAS. Activation of
renin–angiotensin system, oxidative stress and fibrosis have all
been touted as major players in amplifying functional and
structural damage in the stenotic kidney [3].

In addition, inflammation represents an important
pathway that mediates deleterious processes in the stenotic
kidney [4]. Experimental studies have shown that macrophage
and T cell infiltration can exacerbate kidney damage by secret-
ing pro-inflammatory and pro-fibrotic cytokines, leading to fi-
brosis and microvascular damage [5, 6]. We have previously
shown that the post-stenotic human kidney releases inflamma-
tory cytokines that portend renal injury [7] and that the elev-
ated release of these cytokines from the stenotic swine kidneys
is associated with attenuated renal functional recovery after re-
vascularization [8]. Furthermore, we have recently demon-
strated that the progressive influx of CD68+ macrophages in
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the human post-stenotic kidneys correlated with disease
severity [9].

Macrophages have recently gained considerable attention
due to their ability to orchestrate the entire inflammatory
response. Although ‘classically’ activated macrophages (M1)
initially accumulate in the renal parenchyma after an ischemic
insult, ‘alternatively’ activated (M2) macrophages appear later
in the healing process and exert anti-inflammatory and repara-
tive properties [10]. Therefore, switching from a pro-inflam-
matory (M1) to a trophic (M2) macrophage phenotype may
confer protection and attenuate the progression to fibrosis in
the hypo-perfused kidney.

Detecting and monitoring intra-renal inflammatory activity
often necessitates biopsy [9]. However, whether levels of
inflammatory markers detected in venous blood draining the
stenotic kidney reflects their renal parenchymal expression is
unknown. This study tested the hypothesis that renal cytokine
release reflects tissue inflammation in the post-stenotic swine
kidney. We have recently shown in swine atherosclerotic RAS
that adipose tissue-derived mesenchymal stem cells (MSCs)
exert potent anti-inflammatory effects [11] and decrease T
cells and CD163+ macrophages infiltration in the post-stenotic
kidney, as well as the expression of pro-inflammatory cyto-
kines [12]. Therefore, in order to modulate cytokine release,
we took advantage of the anti-inflammatory properties of
MSCs, delivered into the renal artery in a subgroup of pigs.

MATERIALS AND METHODS

All experiments were approved by the institutional Animal
Care and Use Committee. Eighteen domestic female pigs were
studied after 10 weeks of observation. At baseline, animals
were anesthetized (intramuscular telazol 5 mg/kg and xylazine
2 mg/kg), intubated and mechanically ventilated. Anesthesia
was maintained with intravenously (ketamine 0.2 mg/kg/min
and xylazine 0.03 mg/kg/min). RAS was induced in 12
animals by placing in the main renal artery a local-irritant coil,
which leads to the gradual development of unilateral RAS over
a 7–10-day period, as reported previously [13]. Normal
animals underwent a sham procedure. Fat tissue was collected
during the procedure for the subsequent isolation of MSCs.

Six weeks later, we evaluated the degree of stenosis using
angiography and performed a sham procedure in six normal
and six RAS pigs, whereas the other six were treated with a
single intra-renal infusion of autologous adipose tissue-
derived MSCs (10 × 106 cells/mL suspended in 10 mL). Cells
were pre-labeled with Chloromethylbenzamido-DiI and
infused slowly over 5 min into a 5F catheter engaged proximal
to the stenosis.

Four weeks later, we evaluated the degree of stenosis using
angiography. Then, stenotic kidney renal hemodynamics and
function were assessed using multi-detector computerized
tomography (MDCT) [14]. Briefly, renal regional perfusion,
renal blood flow (RBF) and glomerular filtration rate (GFR)
were measured from tissue time-attenuation curves obtained
in the regions of interest selected from the aorta, renal cortex
and medulla [15]. MDCT images were analyzed with the

Analyze™ software package (Biomedical Imaging Resource,
Mayo Clinic, MN, USA).

One week later, animals were euthanized with intravenous
sodium pentobarbital (100 mg/kg, Fatal Plus, Vortech Phar-
maceuticals, Dearborn, MI, USA) and the kidneys removed,
dissected and placed in liquid nitrogen or preserved in forma-
lin for in vitro experiments. Cytokine levels were measured in
the systemic veins, renal veins (RVs) and urine, and their
expression (western blot) and localization (staining) in renal
tissue.

Inflammatory cytokines

Under fluoroscopic guidance, catheters were advanced into
the inferior vena cava (IVC) and stenotic kidney RV to collect
samples. All blood samples were centrifuged and plasma ali-
quots stored at −80°C until it was assayed. RV and IVC (below
the RV) samples were collected and plasma levels of tumor ne-
crosis factor (TNF)-α, interferon (IF)-γ, monocyte chemoat-
tractant protein (MCP)-1 and interleukin (IL)-10 were
measured by enzyme-linked immunosorbent assay (Invitrogen
Cat# KSC3011 and Cat# KSC0101; Kingfisher Biotech Cat#
VS0081S-002 and VS0259s-002). Then, we estimated cytokine
gradient (RV-IVC) and net renal release (gradient × RBF) of
each measured analyte, as described previously [7, 8]. In
addition, we compared the difference between right (stenotic)
and left (contralateral) cytokine release in RAS and RAS +
MSC pigs, calculated using the following formula: release =
RV × RBF.

Urine samples were collected through supra-pubic catheter
and levels of the same markers measured (ALPCO, Cat# 45-
TNFHUU-E01 and 61-IFGPO-E01). Finally, the renal protein
expression of TNF-α (Santa Cruz, 1:200), IF-γ (Santa Cruz,
1:200), MCP-1 (MyBioSource, 1:7500) and IL-10 (Santa Cruz,
1:200) was assessed by western blot [13, 16]. Cellular localiz-
ation of the same inflammatory cytokines was assessed by
double immunofluorescence staining with macrophage
(CD68) and tubular (cytokeratin) markers.

Inflammatory cells

Standard immunostaining with antibodies against CD68
+/inducible nitric oxide synthase (iNOS)+ (M1) (abcam cat#:
ab15323, 1:100) and CD68+/Arginase-1+ (M2) (abcam cat#:
HPA004114, 1:100) macrophages and CD3+ (abcam, cat#
ab16669) T-cells was performed in 5-µm sections. The
number of M1 and M2 macrophages was quantified in 15–20
fields, and the results from all fields averaged. Furthermore,
immunofluorescence staining with antibodies against M2a
(CD163+/CD206+/Fizz1+), M2b (CD163+/86+) and M2c
(CD163+/CD206+/Fizz1−) macrophages was used to count
cells per field.

Renal morphology

Renal scarring and tubular injury were assessed and quanti-
fied in kidney sections stained with Masson trichrome and
H&E staining, as shown previously [16].

Labeled MSCs were counted manually in frozen kidney sec-
tions (5 μm) from the stenotic kidney under fluorescence
microscopy. The number of cells/mm2 was averaged and
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multiplied by the renal section thickness, and then by renal
volume obtained by MDCT, to calculate the MSC retention
rate, as described previously [12, 17].

MSC effects on macrophages

Human monocytes were cultured for 18 h in RPMI 1640
media supplemented with macrophage colony-stimulating
factor, lipopolysaccharide and IF-γ to induce M1 polarization
[18]. M1-polarized cells were cultured alone or co-cultured
with porcine MSCs and expression of iNOS, TNF-α, IL-10
and arginase-1 (all 1:200, Santa Cruz, CA, USA) was evaluated
using western blotting.

Statistical analysis

Statistical analysis was performed using JMP software
package version 8.0 (SAS Institute Inc., Cary, NC, USA). Nor-
mally distributed data were expressed as the mean ± SD and
comparisons within and among the groups were performed
using analysis of variance (ANOVA)/Student’s two-tailed t-
test. For data that did not show a Gaussian distribution, non-
parametric (Kruskal–Wallis/ Wilcoxon) were used. A P-value
<0.05 was considered significant. Regressions were calculated
by the least-squares fit (for detailed Methods and Results, see
Supplementary data).

RESULTS

Body weight was similar in all pigs (P = 0.75, ANOVA). Ten
weeks after induction of RAS, both sham and MSC-treated
RAS pigs achieved hemodynamically significant stenoses (P =
0.009 and P = 0.001 versus normal), and blood pressure was
significantly and similarly elevated compared with normal
(both P < 0.05 versus normal). Serum creatinine and plasma
renin activity levels were similar among the groups (Table 1).

Renal hemodynamics and function

Cortical volume, perfusion and RBF were reduced in RAS
compared with normal but improved (although not normal-
ized) in RAS +MSC pigs. However, treatment with MSC re-
stored GFR to normal levels (Table 1, P = 0.012 versus RAS,
P = 0.17 versus normal).

Systemic, RV and urine levels of inflammatory markers

IVC (Figure 1A–D) and urine (Figure 1E–H) levels of
TNF-α, IF-γ, MCP-1 and IL-10 were similar among the
groups, although circulating MCP-1 levels tended to be higher
in RAS compared with normal (P = 0.08). The net release of
TNF-α, IF-γ and MCP-1 from the RV was higher in the RAS
kidney compared with normal and decreased in MSC-treated
pigs (Figure 1I–K). Conversely, IL-10 release was lower in RAS
compared with normal and returned to normal levels in RAS
+MSC animals (Figure 1L). Furthermore, the difference
between the release of IF-γ, TNF-α and MCP-1 in the stenotic
and contralateral kidneys was positive in RAS and negative in
RAS +MSC (Supplementary Figure 2SA–C, P < 0.05 all),
whereas the difference in the release of IL-10 showed the op-
posite pattern (Supplementary Figure 2SD, P < 0.001).

Tissue expression and localization of inflammatory
markers

The renal expression of TNF-α, IF-γ and MCP-1 was
higher in RAS compared with normal and decreased in MSC-
treated pigs, whereas the expression of IL-10 was decreased in
both RAS and RAS +MSC (Figure 2A and B). IF-γ and IL-10
were commonly observed in renal tubules and co-stained with
cytokeratin (Supplementary Figure 3SB and D), whereas TNF-
α and MCP-1 were expressed mostly in the interstitium and
co-stained with CD68+ macrophages (Supplementary
Figure 4SA and C). A fraction of IL-10 was also expressed at
the interstitium and co-stained with CD68 (Supplementary
Figures 3SD and 4SD).

Inflammatory cells

The number of M1 macrophages was similarly elevated in
both RAS groups compared with normal, whereas the number
of M2 macrophages tended to be higher in RAS +MSC com-
pared with RAS (P = 0.08, Figure 3A and B). However, the
M1/M2 ratio was higher in the RAS and decreased in animals
treated with MSC (Figure 3C). The number of M2a and M2b
cells did not differ among the groups (Supplementary
Figure 5SB–C), whereas RAS +MSC showed higher numbers
of M2c macrophages compared with normal and RAS (Sup-
plementary Figure 5SD, P < 0.05 both).

Finally, the number of CD3+ T cells was similarly elevated
in both RAS groups compared with normal (Figure 3D–E,
P < 0.05 versus normal).

Renal morphology

Four weeks after intra-renal delivery, MSC showed the re-
tention rate of around 12%, were commonly observed in the
interstitium (Supplementary Figure 1SA) and tubular

Table 1. Systemic characteristics and single-kidney hemodynamics
(mean ± SD) 10 weeks after baseline in normal, untreated RAS and RAS
pigs treated with MSCs

Normal RAS RAS +MSC

Body weight (kg) 50.4 ± 1.1 52.2 ± 5.8 50.8 ± 3.1
Degree of stenosis (%) 0 77.0 ± 25.7* 74.8 ± 20.3*

Systolic blood pressure
(mmHg)

118.7 ± 21.1 141.4 ± 24.9* 143.0 ± 25.2*

Diastolic blood pressure
(mmHg)

88.7 ± 19.0 111.0 ± 15.6* 115.8 ± 26.4*

Mean arterial pressure
(mmHg)

98.7 ± 19.5 121.1 ± 18.5* 124.9 ± 25.9*

Serum creatinine (mg/dL) 1.3 ± 0.2 1.6 ± 0.3*,
**

1.3 ± 10.3
PRA (ng/mL/h) 0.10 ± 0.01 0.27 ± 0.22 0.18 ± 0.13
Cortical volume (cc) 103.9 ± 4.0 58.1 ± 21.6*,

**

81.5 ± 20.8*

Cortical perfusion (mL/
min/cc tissue)

5.4 ± 0.3 2.7 ± 0.7*,
**

4.3 ± 0.8*

RBF (mL/min) 650.4 ± 92.7 299.1 ± 78.6*,** 497.3 ± 124.3*

GFR (mL/min) 97.0 ± 8.1 49.7 ± 7.1*,** 80.6 ± 20.1

PRA, plasma renin activity; RBF, renal blood flow; GFR, glomerular filtration rate.
*P≤0.05 versus normal.
**P < 0.05 versus RAS +MSC.
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structures (Supplementary Figure 1SB) and few in perivascular
regions.

Tubulo-interstitial fibrosis (Supplementary Figure 6SA)
and tubular injury (Supplementary Figure 7SA) were greater
in RAS compared with normal, yet restored in MSC-treated
pigs.

Correlations between net release and tissue expressionof
inflammatory markers

Stenotic-kidney release of TNF-α, MCP-1 and IL-10 di-
rectly correlated with their tissue protein expression
(Figure 4A, C and E), but not with their urinary levels
(Figure 4B, D and F). The net release of IF-γ did not correlate
with either its tissue expression (R2 = 0.106, P = 0.188) or
urinary levels (R2 = 0.001, P = 0.892). No significant

correlations were found for any cytokine between systemic
concentrations alone and tissue expression.

Correlations between cytokine net release and tissue
inflammation or damage

The M1/M2 ratio inversely correlated with the release of
IL-10 (Figure 4H, P = 0.01) and tended to correlate directly
with the release of MCP-1 (Figure 4G, P = 0.07). No corre-
lations were found between the number and the net release of
any inflammatory marker and the number of either M1 or M2
macrophages or T cells (data not shown).

The net release of TNF-α and MCP-1 (but not IF-γ) corre-
lated directly (Supplementary Figures 6SB, D and E and Sup-
plementary Figure 7SB, D and E), whereas the release of IL-10
correlated inversely with both tubulo-interstitial fibrosis and
tubular damage (Supplementary Figures 6SD and 7SD).

F IGURE 1 : IVC levels of TNF-α, IF-γ, MCP-1 and IL-10 in normal, RAS and RAS +MSC pigs (A–D). Urine levels of the same cytokines did
not differ among the groups (E–H). Net release of TNF-α, IF-γ, MCP-1 and IL-10 in normal, RAS and RAS +MSC pigs (I–L). *P≤0.05 versus
normal, ‡P < 0.05 versus RAS +MSC.
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MSC effects on macrophages

Compared with quiescent monocytes, M1-polarized macro-
phages overexpressed iNOS and TNF-α, whereas arginase-1
and IL-10 expression was down-regulated. Co-culture with
MSC increased the expression of these proteins (although IL-10
remained suppressed), indicating that MSC directly induced a
phenotypic switch of M1 to M2 macrophages and decreased
TNF-α expression (Supplementary Figure 8SA and B).

DISCUSSION

This study demonstrates that the release of inflammatory
markers from the affected kidney, but not their concentrations
alone, is a useful index of renal tissue inflammation in exper-
imental RAS and can track its modulation by an anti-inflam-
matory intervention. Moreover, our findings suggest that the
release of inflammatory cytokines detected in the RV might
reflect the relative activities of macrophage subpopulations
with the inflammatory phenotype. These observations may
contribute towards the development of refined management
strategies to improve renal outcomes in patients with RAS.

The prevalence of RAS increases with age, and it affects
almost 7% of individuals older than 65 years of age [1]. Fur-
thermore, patients with RAS have an increased incidence of
adverse cardiovascular events and the potential for progression
to end-stage renal disease [2]. Therefore, understanding and
early detection of the mechanisms underlying disease pro-
gression in RAS is critical and would be useful for the design
of therapeutic approaches.

Inflammation characterized by Th-1 lymphocyte activation
and macrophage infiltration amplifies renal parenchymal

damage in experimental and clinical RAS [19, 20]. Significant
RAS is characterized by macrophage accumulation in the post-
stenotic kidney [9], and the inhibition of MCP-1 confers reno-
protective effects [5]. Therefore, these observations provide the
impetus for the early assessment of renal parenchymal inflam-
mation to reduce progression to chronic renal failure.
However, the direct assessment of renal inflammatory activity
in situ often requires tissue obtained using renal biopsy, a pro-
cedure associated with potential risk [21]. Hence, identifying
clinically feasible markers to monitor renal parenchymal
inflammatory burden could provide valuable information re-
garding the patient’s risk for progression to renal dysfunction
and response to therapy.

RV sampling has been used in RAS patients to evaluate
renin production, an index of renal ischemia [22]. Its major
advantage over peripheral vein measurements is the potential to
assess single-kidney contributions in asymmetric kidney disease
and to localize the site of production to the kidney. Comparing
RV with systemic measurements (such as the IVC) affords esti-
mating the gradient across the kidney [23], and factoring-in
single-kidney RBF allows the calculation of net venous release
of cytokines from each kidney [7, 8], excluding their metab-
olism or urinary excretion. The potential value of this approach
is underscored by our recent demonstration that the post-steno-
tic human kidney releases inflammatory cytokines that parallel
renal hypoperfusion and tissue ischemia [7]. Furthermore, the
net release of inflammatory markers, but not their systemic
levels, constitutes an important determinant of renal functional
outcomes after revascularization [8]. Indeed, a previous study in
RAS patients undergoing percutaneous renal angioplasty failed
to detect significant differences in systemic levels of inflamma-
tory biomarkers [24]. Taken together, these observations imply
that the net release of inflammatory markers assessed in RV
samples might represent inflammatory damage beyond the ste-
notic lesion more closely than their systemic levels.

In the current study, we assessed the release of inflamma-
tory markers in a large animal model of chronic experimental
RAS and correlated their levels with their tissue expression.
We used MSC as an anti-inflammatory strategy, due to their
immunomodulatory properties [11, 12]. We found that MSC
attenuated the release of several inflammatory markers from
the post-stenotic kidney as well as their tissue expression. Con-
versely, the net release of the anti-inflammatory cytokine IL-
10 was lower in RAS, and although it was not improved by
MSC, it directly correlated with its renal expression. Although
the observed correlations were generally modest, these findings
imply that changes in net cytokine release may be a useful
index of tissue inflammation in the post-stenotic kidney. Fur-
thermore, the lateralization of the release of inflammatory cy-
tokines toward the stenotic kidney and its restoration after
MSC therapy underscore the improvement of renal parenchy-
mal inflammation in the progression to chronic renal failure in
RAS, and its potential modulation with anti-inflammatory in-
terventions. Pertinently, urine and IVC cytokine levels (which
sample both the kidneys) were similar among the groups and
did not correlate with their renal release, arguing against their
use as reliable markers of kidney inflammation in asymmetric
kidney disease.

F IGURE 2 : Representative immunoblots (A) and renal protein
expression (B) of TNF-α, IF-γ, MCP-1 and IL-10 in the study groups.
*P≤0.05 versus normal, ‡P < 0.05 versus RAS +MSC.
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Notably, this study showed the robust expression of IF-γ in
renal tubules [25] that was elevated in the stenotic kidney, as
was TNF-α and MCP-1 expression in interstitial cells. Similar
to IF-γ, IL-10 was mostly expressed in renal tubules, as ob-
served in the human kidney [26], suggesting that renal par-
enchymal cells can modulate their release from the stenotic
kidney. These results extend previous studies that have shown
that in situ production of pro-inflammatory and anti-inflam-
matory cytokines by renal tubular epithelial cells mediates
tissue repair [25–27]. In addition, a small proportion of IL-10
was expressed at the interstitium and co-stained with CD68,
possibly reflecting M2 macrophages. Our group has also
shown in experimental murine RAS elevated renal expression
of TNF-α and MCP-1 [5, 28]. Thus, the interstitial production
of these cytokines may reflect secretion by infiltrating inflam-
matory cells. Furthermore, TNF-α increases the expression of
adhesion molecules and chemokines, including MCP-1, a key
regulator of macrophage recruitment [29]. Interestingly, IL-10
expression was decreased in both RAS groups, whereas its net
release was elevated in RAS +MSC. Therefore, IL-10 net

release might reflect its level of activity instead of the number
of IL-10-expressing cells in the renal tissue.

Macrophages exhibit great plasticity in their surface marker
expression profile [30], with M1 macrophages expressing
inflammatory cytokines like IL-1β and iNOS, whereas M2
express arginase-1, mannose receptor or IL-10 [10]. In models
of acute kidney injury, M1 are involved in initiation of the
inflammatory process and aggravating renal damage, whereas
M2 participate in subsequent tissue remodeling and repair
[10]. The current study shows that in chronic renal ischemia
the kidney shows a mixed macrophage phenotype with greater
predominance of M1 macrophages, which might be regulated
by treatment with MSC. Furthermore, our in vitro study con-
firmed the ability of MSC to switch macrophages from the M1
to M2 phenotype. The higher numbers of M2c macrophages
in RAS +MSC animals suggest a selective contribution of this
M2 macrophage subtype to renal repair in this group [31]. In-
terestingly, we found that the renal release of MCP-1 tended to
directly correlate with the ratio of M1/M2 macrophages popu-
lating the stenotic kidney, whereas the release of the anti-

F IGURE 3 : Representative fluorescence staining (40×) for M1: anti-macrophage CD68 (green)/iNOS (red) and M2: CD68 (green)/Arginase-1
(red) macrophages (A) and their quantification (B). (C) Quantification of the M1/M2 ratio. Representative fluorescence staining (40×) for CD3+
T cells (D, green) and its quantification (E). *P≤0.05 versus normal, ‡P < 0.05 versus RAS +MSC.
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inflammatory IL-10 correlated inversely with the M1/M2
ratio. Hence, the induction of the inflammatory macrophage
phenotype within the kidney might be reflected in the corre-
sponding renal venous profiles for M1 (TNF-α, IF-γ) and M2
(IL-10) cytokines.

Previous studies have suggested an important role for T
cells in the pathogenesis of hypertensive disorders [32]. Per-
ipheral blood of RAS patients also contains increased numbers
of cells expressing CD3 and CD4 markers, which correlate
with their expression in post-mortem samples, interpreted to
suggest that some circulating T cells derive from the renal vas-
culature [33]. In the current study, the number of T cells in the
kidney was similarly elevated in RAS and RAS +MSC com-
pared with normal, but did not correlate with the release of the
measured inflammatory markers. However, we cannot rule out
the possibility that the number of T cells might be related to
different markers, whereas the markers we examined are more
specific to macrophages.

Increased serum creatinine levels in RAS animals was
associated with higher histological damage (tubulo-interstitial
fibrosis and tubular injury), which was restored in MSC-
treated pigs. Stenotic-kidney release of TNF-α and MCP-1
correlated directly, and IL-10 inversely, with both tubulo-in-
terstitial fibrosis and tubular damage, underscoring the impli-
cation of these inflammatory mediators in the progression of
the disease. Contrarily, lack of association between IF-γ release
and either histological damage or its expression in the stenotic
kidney argues against a major role of this cytokine in the pro-
gression of tissue injury.

The limitations of our study include the use of young
animals with no co-morbidities (atherosclerosis, diabetes, es-
sential hypertension), which may aggravate tissue damage in
the stenotic kidney. In addition, the early stage of RAS and the
short duration of the disease may modulate the release of indi-
vidual markers. Despite these caveats, this study has a number
of strengths. Our model recapitulates many characteristics

F IGURE 4 : A direct correlation was found between net renal release of TNF-α, IF-γ and MCP-1 and their tissue expression (A, C and E, left), but
not with their urinary levels (B,D and F, right). Correlations between net release of IL-10 (H) and MCP-1 (G) and the M1/M2 macrophage ratio.
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observed in human RAS [7, 9, 34]. Indeed, our results correlate
with our previous clinical study that showed a significant
release of inflammatory cytokines in patients with RAS [7].
Collecting RV samples remains an invasive procedure, yet
associated with minimal morbidity and few complications.

CONCLUSIONS

Our study demonstrates that renal parenchymal inflammation
can be profiled by the measurement of the net release of cyto-
kines from the stenotic kidney, including TNF-α, MCP-1 and
IL-10. Moreover, our observations highlight the central role of
macrophages in the pathogenesis of renal ischemic injury and
the potential for MSCs to modulate expression of inflamma-
tory pathways. These results may direct the development of
novel and specific therapies aimed to improve the outcome of
ischemic renovascular disease. The clinical implications of
these findings remain to be established.
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Magnesium modulates parathyroid hormone secretion and
upregulates parathyroid receptor expression at moderately low
calcium concentration
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ABSTRACT
Background. The interest on magnesium (Mg) has grown
since clinical studies have shown the efficacy of Mg-containing
phosphate binders. However, some concern has arisen for the
potential effect of increased serum Mg on parathyroid
hormone (PTH) secretion. Our objective was to evaluate the
direct effect of Mg in the regulation of the parathyroid func-
tion; specifically, PTH secretion and the expression of

parathyroid cell receptors: CaR, the vitamin D receptor (VDR)
and FGFR1/Klotho.
Methods. The work was performed in vitro by incubating
intact rat parathyroid glands in different calcium (Ca) and Mg
concentrations.
Results. Increasing Mg concentrations from 0.5 to 2 mM pro-
duced a left shift of PTH–Ca curves. With Mg 5 mM, the
secretory response was practically abolished. Mg was able to
reduce PTH only if parathyroid glands were exposed to mod-
erately low Ca concentrations; with normal–high Ca concen-
trations, the effect of Mg on PTH inhibition was minor or

O
R
IG

IN
A
L
A
R
T
IC

L
E

© The Author 2013. Published by Oxford University Press on behalf of ERA-
EDTA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/3.0/), which permits noncommercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com

282



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


