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Vascular calcification is a major complication of maintenance hemodialysis patients. Studies have confirmed that calcification
mainly occurs in the vascular smooth muscle cells (VSMC) of the vascular media. However, the exact pathogenesis of VSMC
calcification is still unknown. This study shows that the crosstalk between calcium and aldosterone via the allograft
inflammatory factor 1 (AIF-1) pathway contributes to calcium homeostasis and VSMC calcification, which is a novel
mechanism of vascular calcification in uremia. In vivo results showed that the level of aldosterone and inflammatory factors
increased in calcified arteries, whereas no significant changes were observed in peripheral blood. However, the expression of
inflammatory factors markedly increased in the peripheral blood of uremic rats without aortic calcification and gradually
returned to normal levels with aggravation of aortic calcification. In vitro results showed that there was an interaction between
calcium ions and aldosterone in macrophages or VSMC. Calcium induced aldosterone synthesis, and in turn, aldosterone also
triggered intracellular calcium content upregulation in macrophages or VSMC. Furthermore, activated macrophages induced
inflammation, apoptosis, and calcification of VSMC. Activated VSMC also imparted a similar effect on untreated VSMC.
Finally, AIF-1 enhanced aldosterone- or calcium-induced VSMC calcification, and NF-κB inhibitors inhibited the effect of AIF-1
on VSMC. These in vivo and in vitro results suggest that the crosstalk between calcium ions and aldosterone plays an important
role in VSMC calcification in uremia via the AIF-1/NF-κB pathway. Local calcified VSMC induced the same pathological
process in surrounding VSMC, thereby contributing to calcium homeostasis and accelerating vascular calcification.

1. Introduction

Cardiovascular disease caused by vascular calcification is the
main complication of chronic kidney disease (CKD), partic-
ularly in maintenance hemodialysis (MHD) patients [1–3].
Increasing evidence suggests that aldosterone plays an essen-
tial role in vascular calcification, and an aldosterone receptor
antagonist alleviates vascular calcification [4]. However, due
to side effects such as hyperkalemia, the use of aldosterone
receptor antagonists in CKD is limited. Therefore, elucidat-
ing the mechanism of aldosterone in vascular calcification
will provide a theoretical basis for the development of new
practical solutions.

Aldosterone is involved in the inflammation of various
tissues [5, 6]. Our previous study also successively confirmed
that aldosterone contributes to inflammation of different tis-
sues involved in CKD such as the heart, kidney, and perito-
neum [7]. This suggests that aldosterone is a significant
cause of chronic inflammation. Studies have suggested that
the inflammatory response and macrophage activation are
downstream targets of aldosterone. Aldosterone activates
human macrophages and induces an inflammatory response
[8]. However, aldosterone upregulates the expression of
inflammatory factors (IL-16 and CTLA4) in human VSMC
via an MR-dependent pathway [9, 10]. Aldosterone receptor
antagonists alleviate the inflammatory response [11] and
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dysfunction of VECs [12]. However, aldosterone also exerts
proinflammatory effects on VSMC via the MR-independent
pathway, which is a rapid and nongenomic response [9]. In
addition, the rapid and nongenomic effects of aldosterone
are not blocked by MR antagonists [13, 14]. Under patholog-
ical conditions, aldosterone inhibits the expression of the cal-
cium pump on the sarcoplasmic reticulum of VSMC [15],
leading to intracellular calcium overload, cell damage,
apoptosis, and calcification [16]. Christ and Wehling [17]
proposed that aldosterone regulates calcium ion concentra-
tions in lymphocytes, VECs, and VSMC. However, the effect
of extracellular calcium ions on aldosterone synthesis in
VSMC has not been investigated. Gao et al. [18] suggested
that both intracellular and extracellular calcium ions could
regulate aldosterone synthesis in the adrenal glands. This
suggests that extracellular calcium can also affect aldosterone
synthesis. Therefore, it is essential to confirm the interaction
of aldosterone and calcium ions in VSMC.

Increasing evidence suggests that the process of vascular
calcification is similar to the inflammatory response [19, 20].
There is prevalent inflammation and calcification in heart
valves and aorta of MHD patients. However, the relationship
between inflammation and ectopic calcification (vascular cal-
cification) remains unclear. Vascular calcification in CKD
mainly occurs in the media of the artery and involves the
interaction of macrophages, VECs, and VSMC. Activated
macrophages adhere to VECs and migrate across the endo-
thelium to participate in vascular calcification [21]. The
expression of inflammatory factors such as IL-1 beta, IL-6,
MCP-1, and THF-alpha significantly increased in a rat model
of vascular calcification [22], and these directly or indirectly
participate in vascular calcification [23]. New and Aikawa
have previously defined vascular calcification as a chronic
inflammatory disease [24].

Allograft inflammatory factor 1 (AIF-1) is an EF-hand
domain and calcium-binding protein. In addition, the EF-
hand domain has the ability to bind calcium ions. When the
EF-hand binds calcium ions, it undergoes a conformational
change, leading to AIF-1 activation [25, 26] and contributing
to macrophage activation and vascular inflammation [27].
Sommerville et al. proposed that AIF-1 is an inflammation-
responsive protein-activated VSMC in AIF-1 overexpression
mice [28]. Upon binding to Ca2+, AIF-1 is activated and
induces inflammation, apoptosis, oxidative stress, and other
pathological processes. Under normal physiological condi-
tions, AIF-1 is not expressed in VSMC but is rapidly upregu-
lated after exogenous stimulation [29–31]. Overexpression of
AIF-1 regulates cyclin, and cytoskeletal protein leads to cell
migration and phenotypic transformation [32], resulting in
vascular inflammatory response and atherosclerosis. AIF-1
mediates atherogenesis-initiated signaling and activation of
macrophages [33]. Structurally, the encoding gene of AIF-1
is located in the major histocompatibility complex class III
region of chromosome 6p21.3, which is also densely populated
with various inflammatory response protein genes such as the
TNF-α, TNF-β, and NF-κB genes [34, 35]. NF-κB plays a vital
role in the inflammatory response. It has been confirmed that
the chronic inflammatory response mediated via NF-κB
accelerates vascular calcification [36] and is involved in the

pathogenesis of VSMC calcification [37]. Thus, there may
be an interaction between AIF-1 and NK-κB in inflammation
and calcification of VSMC.

Clinically, it has been observed that total calcium content
is normal, high, or low in MHD patients with normal serum
calcium concentrations [38, 39]. Therefore, serum calcium
concentrations cannot reflect total calcium content [40].
The calcium balance is much more complex in patients with
chronic renal failure. Previous studies have confirmed that in
most situations, total calcium content is higher in MHD
patients and is associated with renal calcium excretion, dial-
ysate calcium concentration, secondary hyperparathyroid-
ism, and vitamin D metabolites [41–43]. Positive calcium
balance readily causes calcium salt deposition in soft tissues,
particularly in the arteries. Consequently, vascular calcifica-
tion also possibly contributes to calcium homeostasis in
MHD patients.

Therefore, aldosterone, AIF-1/NK-κB, and inflammation
are involved in calcium balance and vascular calcification in
MHD. However, the underlying mechanism remains
unclear. Our present study revealed that there is crosstalk
between calcium ions and aldosterone mediated by the
AIF-1/NK-κB pathway, thereby contributing to inflamma-
tion, apoptosis, and calcification of VSMC.

2. Materials and Methods

2.1. Patients. In accordance with the clinical study program
approved by the ethics committee of Harbin Medical Univer-
sity and the ethical standards of the 1964 Helsinki Declara-
tion, we randomly collected a 2-mm discarded radial artery
from 40 MHD patients who received autologous arteriove-
nous fistula surgery for the first time and 20 patients without
any underlying disease who underwent surgery due to emer-
gency forearm trauma. Then, the collected vascular speci-
mens were fixed in 4% paraformaldehyde, embedded in
paraffin, and used in subsequent analyses. Simultaneously,
discarded serum samples from all enrolled patients were col-
lected and cryopreserved after routine testing. All of the
patients signed an informed consent form allowing the use
of surgically discarded blood vessels and serum specimens
before surgery.

2.2. Abdominal Aortic Calcification Score. Abdominal aortic
calcification (AAC) of all enrolled patients was evaluated
by lateral abdominal X-ray photographs, which included
11–12 thoracic vertebrae, 1–5 lumbar vertebrae, and 1–2
sacral vertebrae as described in a previous study [44]. The
abdominal artery is a tubular structure in front of the spine.
The calcification of the abdominal aorta corresponding to
the 1–4 lumbar spine was independently scored by two
blinded radiologists, and the average of the two scores of
each aorta was used as the final score. The scoring method
based on the range of calcification was as follows: without
calcification, 0 points; <1/3 of the artery length, 1 point;
between 1/3 and 2/3 of the artery length, 2 points; and
>2/3 of the artery length, 3 points. The total score of AAC
in each patient ranged from 0 to 24 points. According to
AAC score and the segmented method in the CORD study,
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AAC ≤4 was noncalcification or mild calcification, 5 ≤
AAC ≤ 15 was moderate calcification, and AAC ≥16 was
severe calcification [45].

2.3. Animal Model. Price et al. previously suggested that a
synthetic diet (2.5% protein diet containing 0.75%) adenine
produces consistent and dramatic medial calcification in
adult rats within just 4 weeks [46]. In addition, we also have
earlier verified the feasibility of this method [47]. Therefore,
the rat model of uremia with aortic calcification was estab-
lished by feeding SD rats (eight-week-old SD rats, weight
range: 150–200 g, males and females were equally divided)
with calcification-induced diet (2.5% protein diet containing
0.75% adenine) for 2, 4, 8, and 12 weeks as described in pre-
vious studies [46, 47]. The rats were divided into two groups
as follows: the model group was fed with calcification-
induced diet only; treatment group patients were given epler-
enone (50mg/kg·d, Pfizer), which is a selective mineralocor-
ticoid receptor antagonist. At the end of the experiment, the
rats were anesthetized (pentobarbital sodium, 150mg/kg) by
intraperitoneal injection and euthanized. The thoracic aortas
and blood specimens were collected from each rat as soon as
possible [47]. Whole animal experiments were conducted
according to research protocols approved by the Animal
Ethics Review Committee of Harbin Medical University
and adhered to the principles stated in the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health. Untreated rats were used as controls.

2.4. Cell Culture. Rat macrophages (Sciencell Research Labo-
ratories, San Diego, California, USA) and VSMC (ATCC,
USA) were cultured in a special medium for each cell line
according to the manufacturer’s instructions. When the cells
reached 80% confluency, the cell culture medium was
replaced with serum-free medium to cell synchronization
for 24 h. Then, the cells were exposed to a high concentration
of calcium ions (CaCl2, 1.5mmol/L) or aldosterone (100 nM,
Sigma, USA) for 12h, 24 h, and 48h. The untreated cells were
cultured with the supernatant of cells treated with aldoste-
rone or calcium ions. The cells and supernatant were har-
vested and analyzed. Calcification of VSMC was evaluated
using the Red S staining assay (Sciencell Research Laborato-
ries, USA).

2.5. Plasmid Constructs and Transfections. The AIF-1 gene
overexpression construct was generated as described in our
previous study [47]. The AIF-1 coding sequence was ampli-
fied and subcloned into a pcDNA3.1 vector (Invitrogen),
generating the AIF-1 overexpression vector (pcDNA3.1-
AIF-1). Plasmid pcDNA3.1-AIF-1 was transfected into cells
through the transfection agent (riboFECT™ CP, China). All
of the constructed plasmids were sequenced for validation.

2.6. Western Blotting. The total proteins in tissues or cells
were extracted using a total protein extraction kit and quan-
tified with a BCA protein kit (Solarbio Life Sciences, China).
Fifty micrograms of total protein was loaded onto 12%
SDS-PAGE gels and isolated. Then, the isolated proteins in
SDS-PAGE gels were transferred to a PVDF membrane
(Millipore, Billerica, MA, USA). The membranes were incu-
bated in blocking buffer for western blotting (Solarbio Life
Sciences, China) in sealed bags at room temperature for 1 h
and then with primary antibodies against AIF-1, NF-κB
p65, p-NF-κB p65 (Ser536, dilution 1 : 1,000, Abcam, UK),
CYP11B2, CCR-2, and β-actin (dilution 1 : 1,000, Santa Cruz,
USA) at 4°C overnight. After the primary antibody was
removed, the membranes were incubated by goat anti-rat
or goat anti-rabbit antibody (dilution 1 : 10,000,
DyLight®800, Immuno Reagents, USA) at room temperature
for 1 h and washed with Tris-buffered saline Tween (TBST).
The bands were visualized and analyzed by an Odyssey Imag-
ing System (LICOR Bioscience, USA).

2.7. Histopathological Analysis of Calcium Deposits. The dis-
carded radial arteries of humans or aorta of rats were fixed
with 4% paraformaldehyde, embedded in paraffin, and sec-
tioned (4 microns in thickness). Calcification of vascular tis-
sue sections was assessed using a Von Kossa kit according to
the manufacturer’s instructions. However, VSMC in 6-well
plates was fixed in 4% paraformaldehyde. Cell calcification
was evaluated by alizarin red staining kit according to the
manufacturer’s instructions. Finally, staining was assessed,
and photomicrographs were captured under a microscope
(Nikon Corp., Japan).

2.8. Quantification of Calcium Content and ALP Activity. The
aorta or VSMC was dissolved in HNO3, and calcium content
was measured using tissue and cell colorimetric method kits

Table 1: Clinicopathological factors in serum.

Clinical parameters (median, IQR) Normal patients (n = 50) MHD patients (n = 100) P

Ca2+ (mmol/L) 1.21 (1.14, 1.27) 1.33 (1.81, 1.41) 0.567

Phosphate (mmol/L) 1.48 (1.43, 1.65) 1.88 (1.51, 2.05) 0.034

Aldosterone (pg/mL) 90.6 (65.4, 116.5) 104.6 (71.4, 121.5) 0.085

ALP (unit/L) 95.5 (56.7, 126.5) 114.3 (75.6, 136.2) 0.066

Macrophage (M1/M2) 2.34 (1.81, 3.87) 3.18 (2.01, 4.37) 0.059

hs-CRP (mg/L) 5.34 (2.95, 7.59) 6.61 (3.58, 8.14) 0.831

AIF-1 (pg/mL) 152.5 (95.1, 186.5) 170.9 (127.1, 216.2) 0.052

MCP-1 (pg/mL) 135.8 (114.6, 166.2) 150.6 (125.1, 176.8) 0.064

Albumin (g/L) 42.1 (37.8, 44.7) 40.3 (36.2, 45.6) 0.728
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(Genmed Scientifics, USA) as previously described [48]. Sub-
sequently, the measurement of calcium ion was normalized
according to the total protein. Moreover, the ALP activity
of aortic tissue and VSMCwas measured using an ALP color-
imetric assay kit (Abcam, UK), according to the manufac-
turer’s protocol.

2.9. Immunohistochemical Staining for Histological Analysis.
Specimens of the discarded radial artery in humans were

fixed with 10% buffered formalin and embedded in paraffin,
and 4-micron tissue sections were prepared. Paraffin sections
were dewaxed, and endogenous peroxidase activity was
blocked using 3% hydrogen peroxide at room temperature
for 10min (dark). Antigens were repaired by microwave
and blocked with normal goat or rabbit serum (homologous
to the second antibody animal serum) 37°C for 15min. Then,
the tissue sections were incubated with primary antibodies
against CYP11B2, MR, and AIF-1 (1 : 1,000, Abcam, UK) at
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Figure 1: Histological analysis of radial artery in MHD patients. (a, b) Calcification in radial artery was evaluated by Von Kossa staining. (c–
h) Expression of CYP11B2, MR, and AIF-1 in radial arteries was evaluated by immunohistochemical staining.
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4°C overnight. After rinsing with PBS, the tissue sections
were incubated with goat anti-rat or goat anti-rabbit anti-
body at 37°C for 1 h. Finally, the immunocomplexes were
stained with DAB and observed under a microscope (Nikon
Corp., Japan). Immunohistochemical staining was indepen-
dently evaluated by two experienced, blinded pathologists.
Based on relative immunostaining intensity, the results were
classified into four categories as follows: “0” as negative, “+1”
as mild, “+2” as moderate, and “+3” as strong. The final
results were averaged.

2.10. Macrophage Phenotype (M1/M2) Analysis. M1
macrophages impart proinflammatory effects, whereas M2
macrophages exhibit anti-inflammatory effects. It has been
suggested that the exchange of macrophage phenotype
(M1/M2) is associated with chronic low-grade inflammation.
Thus, the overall balance between M1 and M2 macrophages
is associated with equilibrium state of inflammation. The
ratio of M1/M2 macrophages may thus be utilized in predict-
ing the level of inflammation. Briefly, 400μL of the blood
sample was taken and centrifuged at 4°C, and the pellet con-
taining the erythrocytes was collected and fixed with 4%
formaldehyde. M1macrophages were labeled with antibodies
against CD68 and CCR2, and M2 macrophages were labeled
with antibodies against CD163 and CX3CR1. Subsequently,
the ratio of M1/M2 macrophages in the blood was detected
and calculated by flow cytometry.

2.11. Apoptosis Assay. Experimental cells were harvested and
washed twice with PBS and assayed by an Annexin V-
FITC/PI apoptosis detection kit (Beijing Solarbio Science &
Technology Co., Ltd., China). Briefly, 300μL of binding
buffer was added to resuspend the cells, and 5μL of Annexin
V-FITC was added. After mixing, the cells were incubated at
room temperature for 15min. Five microliters of PI was
added 5min before detection. Finally, 200μL of 1× binding

buffer was added. The rate of cell apoptosis was analyzed by
flow cytometry (BD Accuri C6, USA). The same experiment
was repeated thrice in parallel.

2.12. ELISA. The levels of aldosterone, hypersensitive C-
reactive protein (hs-CRP), MCP-1, and AIF-1 in serum or
supernatant were detected using an ELISA kit, according to
the manufacturer’s instructions.

2.13. Statistical Analysis. The SPSS 19.0 software was used for
statistical analysis of all of the experimental data. The mea-
surement data of normal distribution were presented as the
mean ± standard deviation, and the nonnormal distribution
data were expressed as the median and quartile spacing.
One-way ANOVA or Wilcoxon rank-sum test was used for
comparison among groups, and the chi-square test was used
for enumerating the data. Differences with P < 0:05 were
considered statistically significant.

3. Results and Discussion

3.1. Clinicopathological Factors in the Serum of MHD
Patients. Because calcium and phosphorus are the main raw
materials of calcification, these play a key role in vascular cal-
cification [49]. Table 1 shows that the levels of Ca2+, ALP
activity, macrophage polarization (M1/M2), hs-CRP,
aldosterone, AIF-1, MCP-1, and albumin in serum did not
significantly change except for phosphate in MHD patients
with arterial calcification. This indicated that there were no
obvious abnormal indicators in the peripheral blood of
MHD patients, which is discordant to the findings of an
earlier study [50]. A possible explanation for this discrepancy
is the degree of vascular calcification. We propose that the
levels of calcium, aldosterone, and inflammation in periph-
eral blood and local vascular tissues vary.

Table 2: Expression of CYP11B2, MR, and AIF-1 in radial artery.

Variables
Noncalcification (%) Calcification (%)

P
0 +1 +2 +3

CYP11B2 <0.001
0 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

+1 20 (33.3) 1 (1.7) 0 (0.0) 0 (0.0)

+2 0 (0.0) 2 (3.3) 2 (3.3) 1 (1.7)

+3 0 (0.0) 0 (0.0) 10 (16.7) 24 (40.0)

MR <0.001
0 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

+1 20 (33.3) 0 (0.0) 0 (0.0) 0 (0.0)

+2 0 (0.0) 3 (5.0) 5 (8.4) 0 (0.0)

+3 0 (0.0) 0 (0.0) 12 (20.0) 20 (33.3)

AIF-1 <0.001
0 20 (33.3) 0 (0.0) 0 (0.0) 0 (0.0)

+1 0 (0.0) 1 (1.7) 0 (0.0) 0 (0.0)

+2 0 (0.0) 1 (1.7) 4 (6.7) 2 (3.3)

+3 0 (0.0) 0 (0.0) 14 (23.3) 18 (30.0)

Versus noncalcification, P < 0:001.
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Figure 2: Continued.
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It is well known that calcium homeostasis is regulated by
intestinal calcium absorption, bone calcium remodeling, and
renal calcium excretion. In particular, calcium metabolism is
more complicated in patients with CKD or MHD [51, 52].
For example, in CKD stages 2–5, acidosis or renal tubular
damage leads to a decrease in tubular calcium reabsorption,
and 1,25(OH)2D synthesis decreases or hyperphosphatemia
leads to a decrease in intestinal calcium absorption [53–55].
A decrease in tubular calcium reabsorption and intesti-
nal calcium absorption results in hypocalcemia. However,
MHD promotes a positive calcium balance and results in
hypercalcemia for the following reasons: a decrease in glo-
merular filtration rate leads to a decrease in renal calcium
excretion, progressive secondary hyperparathyroidism leads
to an increase in bone resorption and tubular calcium reab-
sorption, the use of calcium-containing phosphate binders
or vitamin D metabolites leads to an increase in intestinal
calcium absorption, and calcium ions are present in the
dialysate [56]. Bones are incapable of buffering excessive
amounts of calcium [57] and thus are stored in soft tissue
(ectopic calcification such as vascular calcification), which is
beneficial to maintaining serum calcium levels. Conse-
quently, vascular calcification may also contribute to calcium
balance in MHD patients. It has been confirmed that calcium
deposition onto vascular walls is an active process, but the
exact mechanism remains unclear. Based on previous studies,
we hypothesize that abnormal levels of calcium ions poten-
tially activate macrophages to release inflammatory factors
in MHD patients, which in turn leads to inflammation and
calcification of VSMC.

3.2. Overproduction of Aldosterone and Inflammatory Factors
in the Calcified Artery. There is significant ectopic calcifica-
tion such as the aorta, coronary artery, and heart valves in

MHD patients [58, 59]. Vascular calcification is the main
cause of cardiovascular accidents and loss of arteriovenous
fistula. To investigate the pathogenesis of arterial calcifica-
tion, we evaluated arterial calcification based on AAC scores
and the histomorphology of the radial artery, which were
abandoned during the operation of autologous arteriovenous
internal fistula. Compared with a healthy individual, the
AAC scores showed significant abdominal aortic calcification
in 40 MHD patients. In the 40 MHD patients, 11 (27.5%)
patients had mild calcification, 19 (47.5%) patients had mod-
erate calcification, and 10 (25%) patients had severe calcifica-
tion. In addition, the results of Von Kossa staining clearly
showed the presence of calcium deposition in the radial
artery of MHD patients (Figures 1(a) and 1(b)). Simulta-
neously, the aldosterone system (CYP11B2 and MR) and
inflammatory factor (AIF-1) were significantly upregulated
in the calcified radial artery and associated with the severity
of calcification (Figures 1(c)–1(h), Table 2). Dysregulation
of mineral metabolism promotes arterial calcification in ure-
mic patients [60]. Our data fromMHD patients with obvious
arterial calcification showed that there was no obvious
increase in the levels of blood calcium, aldosterone, and
inflammatory factors that contributed to vascular calcifica-
tion. It also indirectly indicated that vascular calcification
occurs in local blood vessels. In addition, this study con-
firmed that aldosterone synthase and AIF-1 are overex-
pressed in the calcified radial artery of MHD patients with
AAC ≥5.

There were similar changes in the uremic rat model with
aortic calcification. Figure 2(a) shows significant aortic calci-
fication in uremic rats. Positive calcium balance likely causes
calcium salt deposition in soft tissues, including the arterial
walls, and, therefore, may be a strong predictor of the severity
of vascular calcification [9, 47, 61]. Vascular calcification can
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Figure 2: Aortic calcification and inflammatory factors in uremic rats. (a) Calcification in aortic artery was evaluated by Von Kossa staining.
(b–f) Expression of CYP11B2, MR, AIF-1, and CCR-2 was evaluated by western blot assay (n = 8). (g) NF-κB activity was evaluated by
western blot assay (n = 8). Data were represented by means ± SD. Versus normal control group, ∗P < 0:01; versus artery calcification
group, #P < 0:01.
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Figure 3: Continued.
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be evaluated by calcium content. Meanwhile, CYP11B2, MR,
AIF-1, NF-κB, and CCR-2 in calcified aortas were signifi-
cantly upregulated (Figures 2(b)–2(g)). Treatment with a
mineralocorticoid receptor antagonist prevented and allevi-
ated aortic calcification in the rat model. These findings sug-
gest that the local overproduction of the aldosterone system
(CYP11B2 and MR) and inflammatory factors (AIF-1, NF-
κB, MCP-1, and CCR-2) contributed to calcium metabolism
and vascular calcification.

AIF-1 is an essential inflammatory factor that contributes
to inflammation which is associated with various diseases
[62]. Nevertheless, whether AIF-1 is also involved in vascular
calcification remains unclear. As shown in the rat model
results, AIF-1-related inflammatory factors in blood circula-
tion increased before aortic calcification and decreased after
aortic calcification. However, the expression of AIF-1-
related inflammatory factors in the calcified aorta was signif-
icantly upregulated. This observation suggests that systemic
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Figure 3: The effect of calcium ions on inflammation, apoptosis, and calcification in VSMCs. (a) Calcified nodules of VSMCs were detected
by alizarin red staining. (b) Apoptosis of VSMCs was evaluated by flow cytometry. (c) Production of aldosterone in VSMCs was regulated by
calcium ions. (d) Production of MCP-1 in VSMCs was regulated by calcium ions. (e–h) Expression of AIF-1, CCR-2, and NF-κB in VSMCs
was evaluated by western blot assay. Data were represented bymeans ± SD from three independent experiments. Versus normal calcium ions,
∗P < 0:01.
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inflammation affects the initiation of VSMC calcification,
while local inflammation of the arterial wall contributed to
the continuous progression of VSMC calcification. Elucida-
tion of the pathogenesis of local inflammation in the artery
may contribute to alleviating calcification of VSMC [63].

Maintaining calcium balance is a complex process in
CKD. While hypocalcemia is common in nondialysis CKD
patients, a positive calcium balance may be encountered in
MHD patients [40, 51, 55, 64, 65]. As medial artery layers
can accommodate large amounts of calcium, we propose that
vascular calcification may contribute to calcium balance in
MHD patients. However, the long-term persistence of arte-
rial calcification will also lead to cardiovascular accidents. It
has been suggested that local aldosterone and AIF-1 are
involved in radial artery calcification. Studies have also dem-
onstrated aldosterone-induced inflammatory responses in
multiple cells, leading to fibrosis and calcification [66, 67].

However, the mechanism of inflammation induced by aldo-
sterone and AIF-1 in VSMC requires further investigation.

3.3. Interaction of Calcium Ions and Aldosterone in
Inflammation, Apoptosis, and Calcification of VSMC.
Although studies have confirmed that there is an interaction
between calcium ions and aldosterone in many cells, its exact
role in vascular calcification remains unclear. To clarify the
role of calcium ions and aldosterone in inflammation, apo-
ptosis, and calcification of VSMC, we cultured VSMC
in vitro as follows. When VSMC were exposed to a high con-
centration of calcium ions (CaCl2, 1.5mmol/L) for 0 h, 12 h,
24 h, and 48 h, compared with 0 h, calcified nodule formation
and apoptosis of VSMC significantly increased after 24 h and
48 h (Figures 3(a) and 3(b)). In addition, the production of
aldosterone, AIF-1, NF-κB activity, MCP-1, and CCR-2 in
calcified VSMC was upregulated (Figures 3(c)–3(h)). In turn,
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Figure 4: The effect of aldosterone on intracellular calcium ions and inflammation in VSMCs. (a) Intracellular calcium ions in VSMCs were
affected by aldosterone. (b) Production of MCP-1 in VSMCs was regulated by aldosterone. (c–f) Expression of AIF-1, CCR-2, and NF-κB in
VSMCs was evaluated by western blot assay. Data were represented by means ± SD from three independent experiments. Versus normal
control group, ∗P < 0:01; versus aldosterone group, #P < 0:01.

Table 3: Pathological factors in serum of uremic rats with arterial calcification.

Parameters (median, IQR) 2 weeks 4 weeks 8 weeks 12 weeks

Ca2+ (mmol/L) 1:41 ± 0:11 1:27 ± 0:09∗ 1:38 ± 0:15 1:39 ± 0:16
Phosphate (mmol/L) 1:71 ± 0:18∗ 1:98 ± 0:20∗ 2:41 ± 0:21 2:55 ± 0:24∗

Aldosterone (pg/mL) 98:6 ± 8:22∗ 90:6 ± 7:17∗ 83:4 ± 7:01 73:5 ± 5:69
ALP (unit/L) 55:5 ± 4:13∗ 64:3 ± 4:78 75:6 ± 5:78 86:2 ± 7:26∗

Macrophage (M1/M2) 10:3 ± 1:86∗ 8:15 ± 1:16∗ 5:01 ± 0:99 3:37 ± 0:45∗

hs-CRP (mg/L) 35:3 ± 3:27∗ 16:6 ± 2:71∗ 10:5 ± 1:84 5:14 ± 0:96∗

AIF-1 (pg/mL) 96:5 ± 7:67∗ 81:9 ± 6:55∗ 48:1 ± 4:78 46:2 ± 4:57
MCP-1 (pg/mL) 85:8 ± 8:42∗ 88:6 ± 8:67∗ 59:1 ± 5:67 56:8 ± 5:15
Versus 8 weeks, ∗P < 0:01. n = 8.
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when VSMC were exposed to aldosterone (Aldo, 100nM) for
12 h, 24 h, and 48 h (Figure 4), the levels of intracellular
calcium ions, AIF-1, NF-κB activity, MCP-1, and CCR-2
were enhanced at 24 h and 48 h compared with 12 h
(Figures 4(a)–4(f)). In contrast, treatment with a mineralo-
corticoid receptor antagonist inhibited inflammation,
apoptosis, and calcification of VSMC. These results suggest
that the interaction between calcium ions and aldosterone
contributed to inflammation, apoptosis, and calcification of

VSMC. The AIF-1/NF-κB/MCP-1/CCR-2-pathway might
mediate the crosstalk between calcium ions and aldosterone.

3.4. Activated Macrophages Induce Initiation of VSMC
Inflammation and Calcification. Previous in vitro and animal
studies have confirmed that chronic inflammation induced
by aldosterone is involved in vascular calcification in uremia.
Clinical research has confirmed that significant arterial calci-
fication occurs in MHD patients. Still, there was no obvious
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Figure 5: The effect of activated macrophages on inflammation and calcification in VSMCs. (a) Calcified nodules of VSMCs were detected by
alizarin red staining. (b) Expression of AIF-1, CCR-2, and NF-κB in VSMCs was affected by activated macrophages. (c) Intracellular calcium
ions, aldosterone, and MCP-1 in VSMCs was affected by activated macrophages. (d) The effect of activated VSMCs on the expression of AIF-
1, CCR-2, and NF-κB in untreated VSMCs. (e) The effect of activated VSMCs on intracellular calcium ions, aldosterone, and MCP-1 in
untreated VSMCs. Data were represented by means ± SD from three independent experiments. Versus normal group, ∗P < 0:01.
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exchange of the macrophage phenotype (M1/M2), inflam-
matory factors, and aldosterone levels in peripheral blood.
Previous studies have confirmed that macrophage polariza-
tion (M1 and M2) plays an important role in inflammation
[68, 69]. The ratio of M1/M2 contributes to predict chronic
inflammation. Table 1 shows that macrophages (M1/M2)
and inflammatory factors in the blood circulation of uremic
patients with evident vascular calcification had no increase.
However, these significantly increased in the early stage of
uremic rats without arterial calcification and gradually
returned to normal levels as artery calcification occurred
and progressed (Table 3). However, the expression of aldo-

sterone and inflammatory factors in the calcified artery was
upregulated. These results indicate that aldosterone and
inflammation in the artery play essential roles in the progres-
sion of vascular calcification. Our group hypothesizes that
systemic inflammation is not the main cause of arterial
calcification, and local inflammation possibly promotes the
progress of vascular calcification. Dysregulation of calcium-
activated macrophages leading to the release of inflammatory
factors and aldosterone induces intracellular calcium ions
overload, cell damage, inflammation, apoptosis, and calcifi-
cation. Activated VSMCwould synthesize and secrete aldoste-
rone and inflammatory factors to amplify the inflammatory
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Figure 6: The effect of AIF-1/NF-κB on inflammation, apoptosis, and calcification in VSMCs induced by aldosterone. (a) Calcified nodules of
VSMCs were detected by alizarin red staining. (b) Apoptosis of VSMCs was evaluated by flow cytometry. (c) The effect of AIF-1/NF-κB on
intracellular calcium ions, MCP-1, and ALP activity in VSMCs exposed to aldosterone. (d) The effect of AIF-1/NF-κB on inflammatory
factors in VSMCs exposed to aldosterone. Data were represented by means ± SD from three independent experiments. Versus control
group, ∗P < 0:01; versus AIF-1 overexpression group, #P < 0:01.
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signal of macrophages and induce calcium ion storage in
VSMC.

To explore the role of macrophages and VSMC in vascu-
lar calcification, untreated VSMC was cultured with the
supernatant of macrophages, which were stimulated by a
high concentration of calcium ions. Figure 5 shows that the
supernatant of activated macrophages promotes calcified
nodule formation, induces intracellular calcium ion over-
loading and upregulates the expression of aldosterone, AIF-
1, NF-κB, MCP-1, and CCR-2 in VSMC (Figures 5(a)–
5(c)). Untreated VSMC were cultured with the supernatant
of VSMC that were exposed to the supernatant of activated
macrophages. The supernatant of activated VSMC also pro-
moted calcified nodule formation, activated aldosterone,
and induced the expression of inflammatory factors in
VSMC (Figures 5(a), 5(d), and 5(e)). These results indicated
that activated VSMC possess abilities similar to activated
macrophages on untreated VSMC. However, there was no
significant change in aldosterone and inflammatory factors
in macrophages that were exposed to the supernatant of acti-
vated VSMC. This indicated that VSMC had no direct effect
on the activity of macrophages. These results suggest that
macrophages activated by a high concentration of calcium
ions induce inflammation, apoptosis, and calcification of
VSMC via the aldosterone/AIF−1/NF-κB pathway. Further-
more, activated VSMC play a similar role to the surrounding
normal VSMC but did not directly influence the activity of
macrophages. Thus, a vicious and self-sustained cycle is
established, resulting in the continuous progression of VSMC
calcification that is no longer dependent on macrophages.
These dynamics could explain why the level of inflammatory
factors in blood did not change with severe vascular
calcification.

3.5. AIF-1 Mediates Aldosterone-Induced VSMC
Inflammation, Apoptosis, and Calcification via the NF-κB
Pathway. The gene that encodes AIF-1 is surrounded by var-
ious inflammatory genes, including NF-κB. AIF-1 regulates
the inflammatory response by activating the surrounding
inflammatory genes. It has been confirmed that the NF-κB
signal plays an essential role in vascular calcification. In addi-
tion, our previous study proved that AIF-1 contributes to the
macrophage activity by acting as an inflammatory factor.
Consequently, we hypothesize that AIF-1 participates in the
process of vascular calcification via the NF-κB pathway. To
determine the role of AIF-1/NF-κB in inflammation, apopto-
sis, and calcification of VSMC induced by aldosterone, AIF-
1-overexpressing VSMC exposed to aldosterone for 48h,
which resulted in enhancement of the levels of calcified
nodules, apoptosis, intracellular calcium ions, ALP activity,
NF-κB activity, and inflammatory factors (MCP-1/CCR-2)
(Figure 6). Moreover, inhibition of NF-κB activity reduced
inflammation and calcification that was induced by aldoste-
rone in VSMC AIF-1-overexpressing VSMC. When the
expression of AIF-1 was inhibited in VSMC by exposure to
aldosterone, the activity of NF-κB was downregulated,
inflammatory factors (MCP-1/CCR-2) and apoptosis were
decreased, and calcification (calcified nodules, intracellular
calcium ions, and ALP activity) was alleviated (Figure 6).

These results suggest that AIF-1 contributes to aldosterone-
induced inflammation, apoptosis, and calcification of VSMC
by regulating NF-κB activity. Through this mechanism, the
overload of calcium ions continuously deposited in the mid-
dle membrane of the artery results in arterial calcification and
maintains calcium homeostasis.

4. Conclusion

For the first time, we have demonstrated that the crosstalk
between calcium ions and aldosterone contributes to the
inflammation, apoptosis, and calcification of VSMC via the
AIF-1/NF-κB pathway in uremia. In addition, local calcified
VSMC promote similar pathological processes in the sur-
rounding VSMC, thereby resulting in vascular calcification.
This study strongly suggests that the inhibition of the AIF-
1/NF-κB pathway is helpful to prevent inflammation, apo-
ptosis, and calcification of VSMC.
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