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Abstract: Contrast-induced acute kidney injury (CIAKI) is a common complication with limited treat-
ments. Intermedin (IMD), a peptide belonging to the calcitonin gene-related peptide family, promotes
vasodilation and endothelial stability, but its role in mitigating CIAKI remains unexplored. This study
investigates the protective effects of IMD in CIAKI, focusing on its mechanisms, particularly the
cAMP/Rac1 signaling pathway. Human umbilical vein endothelial cells (HUVECs) were treated with
iohexol to simulate kidney injury in vitro. The protective effects of IMD were assessed using CCK8
assay, flow cytometry, ELISA, and Western blotting. A CIAKI rat model was utilized to evaluate
renal peritubular capillary endothelial cell injury and renal function through histopathology, im-
munohistochemistry, immunofluorescence, Western blotting, and transmission electron microscopy.
In vitro, IMD significantly enhanced HUVEC viability and mitigated iohexol-induced toxicity by
preserving intercellular adhesion junctions and activating the cAMP/Rac1 pathway, with Rac1 in-
hibition attenuating these protective effects. In vivo, CIAKI caused severe damage to peritubular
capillary endothelial cell junctions, impairing renal function. IMD treatment markedly improved
renal function, an effect negated by Rac1 inhibition. IMD protects against renal injury in CIAKI
by activating the cAMP/Rac1 pathway, preserving peritubular capillary endothelial integrity and
alleviating acute renal injury from contrast media. These findings suggest that IMD has therapeutic
potential in CIAKI and highlight the cAMP/Rac1 pathway as a promising target for preventing
contrast-induced acute kidney injury in at-risk patients, ultimately improving clinical outcomes.

Keywords: contrast-induced acute kidney injury; contrast media; intermedin; peritubular capillaries;
endothelial barrier; cAMP; Rac1

1. Introduction

In recent years, with the rapid development of radiological diagnosis and angiography,
iodized contrast media have become the most widely used reagent in diagnostic angiogra-
phy and catheter interventional therapy in patients with cardiovascular disease (CVD) [1].
The incidence of CIAKI has concurrently surged, becoming the third most prevalent cause
of acute renal injury among hospitalized patients [2]. CIAKI, resulting from the intravascu-
lar administration of iodine-based contrast media (CM), is a significant complication in this
context [3]. To date, the pathogenesis of CIAKI has not been completely clarified.
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Previous studies on CIAKI have predominantly focused on the mechanisms by which
CM induce damage to renal tubules and tubular epithelial cells. However, research inves-
tigating its impact on peritubular capillaries (PTCs) remains limited [4–6]. Studies have
revealed a significant increase in the diameter of PTCs following intravenous injection
of CM in mice, indicating that PTCs play a crucial role in the onset and progression of
CIAKI [7,8]. PTCs are secondary capillaries in the kidney, densely distributed around the
renal tubules [9]. They serve as the primary nourishing blood vessels for both the renal
tubules and the renal interstitium, with their function being highly dependent on the in-
tegrity of the vascular endothelial barrier [10]. Following the intravascular injection of CM,
renal peritubular endothelial cells (RPECs) are directly exposed to CM within the plasma.
This exposure can trigger inflammation, elevate the production of reactive oxygen species
(ROS) in endothelial cells, increase plasma osmotic pressure, and induce hemodynamic
changes, all contributing to RPEC injury [11]. Some researchers have suggested that in
acute renal failure (ARF), the disruption of the endothelial barrier function in RPECs can
cause PTC leakage, reducing perivascular perfusion and impairing the delivery of oxygen
and nutrients to renal tubular epithelial cells, thereby compromising renal function [11,12].
The endothelial barrier primarily consists of adherens junctions (AJs), tight junctions (TJs),
and the cytoskeleton [13,14]. Among these, AJs are more widely distributed and have a
stronger influence on microvascular function. AJs are primarily composed of vascular
endothelial cadherin (VE-cadherin), catenins, and actin [15]. GTPases of the Rho family,
including RhoA, Rac1, and Cdc42, are widely recognized as critical regulators of the actin
cytoskeleton and AJs, playing a pivotal role in maintaining the integrity of the endothelial
barrier [16,17].

Based on the critical role of endothelial integrity in the pathogenesis of CIAKI, iden-
tifying effective therapeutic agents is crucial. One promising candidate is IMD, a mem-
ber of the calcitonin gene-related peptide (CGRP) superfamily, which is expressed in
various endothelial cells [18]. IMD interacts with the cell membrane receptor complex
CRLR/RAMPs, participating in the regulation of numerous physiological and pathological
processes, including vasodilation, stabilization of the endothelial barrier, and inhibition of
apoptosis [19–21]. Studies have demonstrated that in endothelial cells, IMD binding to its
receptor activates adenylate cyclase, resulting in increased intracellular cAMP levels [22,23].
This rise in cAMP can subsequently activate Rac1, which plays a crucial role in protecting
endothelial cells and maintaining the integrity of the endothelial barrier [13]. In CIAKI,
damage to PTCs can impair renal tubular function [24]. Consequently, it is hypothesized
that PTC damage significantly contributes to renal impairment in CIAKI, and that IMD may
exert renoprotective effects by preserving PTC integrity through the cAMP/Rac1 signaling
pathway. Notably, IMD exhibits varying effects on the endothelial barrier in different
vascular beds. For instance, in isolated rat lungs and human lung endothelial cells, IMD
has been shown to stabilize the endothelial barrier via the cAMP/protein kinase A (PKA)
pathway [25,26]. Conversely, in the rat coronary microvascular system, IMD mediates
cAMP activation while inactivating both RhoA/Rock and Rac1 signaling pathways in
coronary microvascular endothelial cells. Disruption of the actin cytoskeleton leads to
the loss of microvascular endothelial barrier in the coronary artery [27]. However, the
pathological and physiological effects of IMD on the vascular barrier of PTCs in CIAKI
remain largely unknown. It is still unclear whether IMD can mitigate the endothelial barrier
disruption induced by CM in the CIAKI model and what specific mechanisms are involved
in this process.

This study aimed to elucidate the potential of IMD as a therapeutic agent in CIAKI
by investigating its role in preserving PTC integrity through the cAMP/Rac1 signaling
pathway. Specifically, we aimed to determine whether IMD could mitigate endothelial
barrier disruption induced by CM and to explore the underlying mechanisms involved.
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2. Results
2.1. IMD Mitigated Iohexol-Induced Damage to HUVEC Viability and Apoptosis

CCK8 assays demonstrated that iohexol reduced HUVEC activity in a dose-dependent
manner. However, IMD significantly alleviated this reduction, thereby preserving HUVEC
viability (Figure 1A). Flow cytometry analysis revealed that iohexol substantially increased
HUVEC apoptosis, which IMD effectively inhibited. The percentages of apoptotic cells
(Q2 + Q3) in the control, iohexol, iohexol + IMD, IMD, and iohexol + IMD + NSC23766
groups were 6.22%, 13.16%, 9.29%, 5.42%, and 11.04%, respectively (Figure 1B, p < 0.05).
The quantification of apoptosis results is presented in Figure 1C.
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Figure 1. IMD can antagonize damage to HUVEC viability and apoptosis induced by iohexol.
(A) HUVECs were preincubated with IMD (0, 1, 10, 100 nmol/L) for 30 min and then treated with
iohexol (10, 20, 40, 80 mgI/mL) for 12 h. A CCK-8 kit was used to test cell viability. (B) HUVECs
were preincubated with IMD (10 nmol/L) for 30 min, then were treated with iohexol (40 mgI/mL)
or iohexol (40 mgI/mL) +NSC23766(50 µM) for 12 h. Apoptosis was detected using flow cytometry.
(C) The apoptosis rate in each group was quantified (n = 6). The results were analyzed using ANOVA,
followed by Tukey’s multiple comparisons test for subgroup analysis. All data are expressed as
mean ± SD, * p < 0.05 compared to the control group, # p < 0.05. For comparison between groups,
ns: not significant.

2.2. IMD Protected the Adherent Junctions in HUVECs by Activating the cAMP/Rac1 Pathway

ELISA assays measuring cAMP levels indicated that, compared to basal levels in the
control group, the cAMP concentration rapidly and significantly increased within 5 min of
exposure to IMD (10 nmol/L) (Figure 2A). Western blot analysis was employed to detect
the expression levels of Rac1 and VE-cadherin in groups treated with IMD, iohexol + IMD,
and iohexol + IMD + NSC23766 (a specific Rac1 inhibitor [28]) (Figure 2B). Compared with
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the iohexol group, the expression of Rac1 and VE-cadherin were elevated in the iohexol
+ IMD treatment group, but the improvement effect of IMD disappeared after Rac1 was
inhibited (Figure 2C). These findings suggest that IMD activates the cAMP/Rac1 pathway
and protects the adherens junctions between HUVECs, while the application of the Rac1
inhibitor significantly diminishes this protective effect.
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Figure 2. IMD can protect the adherens junction of HUVECs by activating the cAMP/Rac1 pathway.
(A) Intermedin induces cAMP production in HUVECs. The concentration of cAMP was measured
using ELISA, n = 4. (B,C) HUVECs were treated with 10 nmol of IMD and/or 40 mgI/mL iohexol or
50 µM NSC23766 for 12 h. Whole-cell lysates of HUVECs were collected for immunoblotting analysis
of Rac1, VE-cadherin, and GAPDH. The results were analyzed using ANOVA, with Tukey’s multiple
comparisons test applied for subgroup analysis. All data are expressed as mean ± SD, * p < 0.05
compared to the control group, # p < 0.05. For comparison between groups, ns: not significant.
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2.3. IMD Attenuated Renal Injury in Rat CIAKI Models and Inhibition of Rac1 Negated This
Protective Effect

SD rats were randomly divided into five groups (n = 6): a control group, an IMD group,
an iohexol group, an iohexol + IMD group, and an iohexol + IMD + NSC23766 group. The
treatment protocol for each group is illustrated in Figure 3A. Serum creatinine levels, a
marker of renal function, were measured. Kidney sections from the rats were stained with
HE (Figure 3B) and PAS (Figure 3C), and the extent of renal tubular injury was assessed
through pathological scoring (Figure 3D). The HE staining results indicated that the iohexol
group exhibited significant tubular vacuolar degeneration and tubular dilation compared
to the control group. Notably, the addition of IMD resulted in a marked improvement
in pathological damage. However, when Rac1 was inhibited, the protective effects of
IMD were abrogated. Serum creatinine levels in the iohexol group were significantly
elevated compared to the control group. However, in the IMD + iohexol group, serum
creatinine levels were notably reduced compared to the iohexol group, indicating that IMD
mitigates iohexol-induced renal dysfunction. Conversely, the addition of NSC23766 led to
a significant increase in serum creatinine, implying that the protective effect of IMD was
nullified by Rac1 inhibition (Figure 3E). Moreover, the pathological score for renal tubular
injury in the IMD + iohexol group was significantly lower than in the iohexol group and
the IMD + iohexol + NSC23766 group. These findings suggest that IMD attenuates renal
injury in CIAKI rats, and Rac1 inhibition negates this protective effect, indicating that IMD
may alleviate CIAKI in rats via the cAMP/Rac1 pathway.
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group were treated as shown in the scheme. (B) Renal morphology (HE, magnification ×400) showed
vacuolar degeneration of renal tubules (shown by red arrows) and dilatation of renal tubules (shown
by green arrows). (C) Magnification of renal PAS staining (×400) showed the absence of brush edges
of renal tubules, vacuolar degeneration, and dilatation of renal tubules. (D) Renal tubular injury score.
(E) Serum creatinine levels for the indicated treatments. The results were analyzed using ANOVA,
with Tukey’s multiple comparisons test applied for subgroup analysis. All data are expressed as
mean ± SD, * p < 0.05 compared to the control group, # p < 0.05. For comparison between groups, ns:
not significant.

2.4. IMD Activated the cAMP/Rac1 Pathway and Mitigated Peritubular Capillary Injury in
CIAKI Rats

Western blot analysis was conducted to examine the levels of Rac1, VEGFR2 and
VE-cadherin, focusing on the cAMP/Rac1 and adhesion pathways in IMD-mediated effects
within the CIAKI rat model. IMD enhanced the expression of Rac1 and VE-cadherin;
however, these effects were nullified by the specific inhibition of Rac1. This suggests that
IMD mitigates iohexol-induced destruction of adherens junctions through activation of
the cAMP/Rac1 pathway. Additionally, it was observed that iohexol stimulation elevated
VEGFR2 expression, a critical receptor for neovascularization, whereas IMD attenuated this
increase, and specific Rac1 inhibition also blocked the IMD-induced effects [29,30]. This
indicates that iohexol inflicts damage on renal microvessels, leading to a reactive increase
in VEGFR2 expression, which promotes neovascularization. Our findings demonstrate that
IMD protects renal microvessels from iohexol-induced damage, and this protective effect
is inhibited by Rac1 blockade (Figure 4A,B), further supporting the involvement of the
cAMP/Rac1 pathway in the action of IMD. Relative expressions of CD34 and ICAM1 were
evaluated using immunohistochemistry and immunofluorescence to assess peritubular
capillary damage. As a marker of microvascular endothelium, CD34 expression inversely
correlates with the extent of microvascular damage [31]. Results revealed that CD34
expression was significantly lower in the CIAKI group compared to the control group,
while the IMD + iohexol group exhibited significantly higher CD34 levels compared to
the CIAKI group, with NSC23766 reversing effects of IMD (Figure 4C–E). ICAM-1, also
known as CD54, is part of the immunoglobulin superfamily of adhesion molecules, and
its increased expression indicates vascular endothelial injury [32]. In CIAKI rat kidneys,
ICAM1 expression was elevated, but IMD intervention significantly reduced ICAM1 levels,
an effect that was abolished by Rac1 inhibition. These findings suggest that IMD mitigates
renal microvascular injury in CIAKI rats by activating the cAMP/Rac1 pathway.

2.5. IMD Can Protect the Endothelial Barrier of PTCs

The ultrastructure of the rat kidney was examined using transmission electron mi-
croscopy (Figure 5). The results showed that contrast media (CM) led to vascular endothelial
cell necrosis, disrupted cell membranes, and basement membrane rupture, whereas IMD
significantly mitigated damage to the PTC endothelial barrier. However, this protective
effect was abolished upon Rac1 inhibition. These findings further support that IMD protects
the PTC endothelial barrier in CIAKI rats through the cAMP/Rac1 pathway.
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Figure 4. IMD activates the cAMP/Rac1 pathway and alleviates renal peritubular capillary injury in
CIAKI rats. (A,B): The renal lysates of rats were collected and the expression of Rac1, VE-cadherin,
VEGFR2, and GAPDH were detected using Western blotting. (C) Kidney sections were stained with
CD34 immunohistochemical staining (magnification, ×400, scale 30 µm). (D) Kidney sections were
stained with CD34 and ICAM1 immunofluorescence staining (magnification, ×200, scale 50 µm).
(E) The average optical density of CD34 positive staining in each group was quantified (n = 6).
(E) Quantification of the average optical density of ICAM1 immunofluorescence (n = 6). The data
were analyzed using ANOVA, followed by Tukey’s multiple comparisons test for subgroup analysis.
All data are expressed as mean ± SD, * p < 0.05 compared to the control group, # p < 0.05. For
comparison between groups, ns: not significant.
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green arrows), and basement membrane fracture (shown by blue arrows) (original magnification,
×12,000; scale, 1 µm).

3. Discussion

This study demonstrates that exogenous IMD significantly protects against contrast
media-induced endothelial injury in a rat model of CIAKI. Specifically, IMD reduces PTC
damage and overall cellular injury by activating the cAMP/Rac1 signaling pathway, which
helps maintain endothelial barrier integrity.

CIAKI is a serious iatrogenic complication in clinical practice, but its mechanism
has not been fully elucidated due to its complex pathophysiology. Previous studies have
focused on the toxic effect of CM on renal tubules, but some studies suggest that re-
nal vascular damage caused by CM and toxic effects on renal tubular cells are the key
factors in CIAKI [12,33]. PTCs, which are the main vessels supplying the renal tubules
and interstitium, consist of small straight vessels and cortical PTCs [34,35]. The small
straight medullary vessels are essential for regulating renal medullary blood flow, and renal
medullary hypoxia is central to the pathophysiology of CIAKI [36]. Experimental studies
have indicated that vascular injury, characterized by impaired endothelial cell function, is a
hallmark of CIAKI [12]. When CM enter the body through an artery or vein and directly
interacts with vascular endothelial cells, their cytotoxicity can lead to apoptosis or necrosis
of these cells, as demonstrated in both in vitro and in vivo studies [36,37]. CM exposure
increases mitochondrial dysfunction and oxygen consumption, resulting in the accumula-
tion of ROS. This ROS accumulation induces endothelial cell apoptosis and inflammation,
exacerbating endothelial injury and further contributing to mitochondrial renal dysfunction
and parenchymal hypoxia due to endothelial dysfunction and renal tubular transport dis-
orders [38,39]. Additionally, CM inhibit the production of vasodilators (such as nitric oxide
and prostacyclin) while promoting the production of vasoconstrictors (like endothelin)
in endothelial cells, leading to PTC vasoconstriction and renal ischemia [40]. Endothelial
dysfunction following CM administration also diminishes the anti-inflammatory and an-
tithrombotic properties of blood vessels, increasing the risk of systemic and organ-specific
complications [39]. Elevated levels of plasma endothelial cell markers (von Willebrand
Factor and tissue-type plasminogen activator) have been observed after CM injection in
rats, and CM have been shown to induce the release of circulating endothelial microparti-
cles in patients with cardiovascular disease after angiography [41]. Therefore, improving
endothelial dysfunction in PTCs may represent a viable strategy for preventing CIAKI.
Endothelial barrier function is regulated by intercellular AJs and TJs [13,42]. VE-cadherin,
the principal component of intercellular adhesion, interacts with the actin cytoskeleton via
associated proteins such as α-catenin and β-catenin. The VE-cadherin-catenin complex is
dynamic and disappears from the extracellular space in response to various stimuli, such
as thrombin, that reduce endothelial barrier function [43].
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IMD, a member of the CGRP family, shares 28% homology with adrenomedullin [18].
IMD plays a crucial role in regulating homeostasis and maintaining various physiolog-
ical and pathological functions. It exerts multiple biological effects, including vasodi-
lation, stabilization of the endothelial barrier, and inhibition of cell apoptosis. Similar
to adrenomedullin, IMD enhances the production of intracellular cAMP across various
systems, including the cardiovascular system, through the calcitonin receptor-like recep-
tor/receptor activity-modifying protein (CLR/RAMP) receptor complexes [44,45]. It is
recognized that cAMP is one of the most effective signaling molecules for stabilizing the
endothelial cell barrier. The two main signaling pathways downstream of cAMP are the
activation of PKA and the exchange protein directly activated by cAMP [46]. These path-
ways activate guanine nucleotide exchange factors (GEFs), such as Tiam1 and Vav2, thereby
stabilizing the endothelial barrier with AJs mediated by Rac1 and improving the cortical
actin cytoskeleton. In this study, we demonstrated that IMD, in vitro, directly increased
cAMP levels, elevated Rac1 levels, activated the cAMP/Rac1 pathway, and mitigated
iohexol-induced damage to adhesion and connections between HUVECs. Additionally,
IMD restored HUVEC viability, which was compromised by iohexol, and attenuated
iohexol-induced HUVEC apoptosis. We further validated our findings using a rat CIAKI
model, where IMD treatment resulted in increased Rac1 and VE-cadherin expression in
the kidneys of CIAKI rats. Compared to the CIAKI group, IMD-treated CIAKI rats ex-
hibited significantly enhanced renal CD34-positive staining and reduced renal tubular
injury scores. Transmission electron microscopy revealed that IMD significantly mitigated
the destruction of the PTC endothelial barrier compared to the CIAKI group; however,
this protective effect was abolished when Rac1 was blocked by NSC23766. These results
indicate that IMD protects intercellular junctions in PTCs, stabilizes the endothelial barrier,
and reduces CIAKI through activation of the cAMP/Rac1 pathway. IMD has promising
clinical application prospects across various pathological conditions. This includes its
role in the tumor microenvironment and its application in clinical studies of anti-tumor
drugs [47]. Additionally, IMD shows potential for use in the treatment of sepsis and renal
ischemia-reperfusion injury [48]. Studies have demonstrated that intermedin alleviates re-
nal ischemia-reperfusion injury and enhances neovascularization in Wistar rats [29]. Future
research should further explore the therapeutic potential of IMD in clinical applications.

There are some limitations to this study. We utilized HUVECs instead of RPECs,
which may not fully simulate the physiological state of RPECs. We plan to validate our
findings in future studies using RPECs or other kidney-specific endothelial cell models
to further enhance the translational relevance of our results. Additionally, IMD can bind
to and activate various G proteins, exerting a range of biological effects through different
signaling pathways. Consequently, we cannot entirely rule out the possibility that IMD
may play a protective role in the kidney through other mechanisms. In conclusion, our
findings demonstrate that IMD protects the endothelial junctions of PTCs, stabilizes the
endothelial barrier, and preserves renal function via the cAMP/Rac1 pathway in the CIAKI
model. Therefore, we propose that IMD holds potential as a novel preventive agent for
CIAKI, and its clinical significance warrants further investigation.

4. Materials and Methods
4.1. Reagents and Antibodies

The following primary antibodies were used for immunoblotting or immunofluores-
cence: VE-cadherin (361900; ThermoFisher Scientific, Waltham, MA, USA); CD34 (BM4082,
Boster, Wuhan, China); ICAM1 VEGFR2 (A00901-3, Boster, Wuhan, China); Rac1/Cdc42
(4651, Cell Signaling Technology, Danvers, MA, USA); Phospho-Rac1/cdc42 (#2461, Cell
Signaling Technology, Danvers, MA, USA); PKA alpha + beta (GB11598; ServiceBio, Wuhan,
China); and GAPDH (BM3874, Boster, Wuhan, China). Secondary antibodies were HRP
conjugated AffiniPure goat anti-rabbit IgG (H + L) (BA1054; Boster, Wuhan, China); IMD1-
53(010-60; Phoenix Pharmaceuticals, Burlingame, CA, USA); NSC23766 (HY-15723A Med-
ChemExpress, Monmouth Junction, NJ, USA); iohexol (Omnipaque, 350 mg I/mL, GE
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Healthcare Company, Shanghai, China), osmotic minipumps (ALZET model 1003; DURECT
Corporation, Cupertino, CA, USA); Creatinine (Cr) Assay Kit (C011-2-1; NJJC BioInstitute,
Nanjing, China); cAMP kit (RXJ99870; Ruixin Biotech; Quanzhou, China); Cell Counting
Kit-8 (HY-K0301, MedChem Express, Monmouth Junction, NJ, USA); FITC Annexin V
Apoptosis Detection Kit I (#556547, BD Biosciences, Franklin Lakes, NJ, USA); and DMEM
(Gibco Co., Carlsbad, CA, USA). All other chemicals and reagents were of analytical grade
and were obtained from commercial sources.

4.2. Cell Culture

HUVECs (Cat No.FH1122) were provided by Shanghai Fuheng Biotechnology Co.,
Ltd. (Shanghai, China). The cells were maintained at 37 ◦C in a humidified atmosphere
with 5% CO2. Once the cells reached 80–90% confluence, they were detached using
0.25% trypsin-EDTA and subcultured at a dilution of 1:3 or 1:4 into new 100 mm cul-
ture dishes. To ensure the cellular vitality and stability of the phenotype, all experiments
utilized HUVECs at passage numbers between 3 and 5. They were serum-deprived with
0.5% fetal bovine serum (FBS)-ECM for 6 h before further treatment.

4.3. Cell Viability Assay

HUVECs were preincubated with IMD (0, 1, 10, or 100 nmol/L) for 30 min and
subsequently treated with iohexol (10, 20, 40 or 80 mg I/mL) for 12 h. Cell viability was
evaluated using the Cell Counting Kit-8 (CCK-8). All experiments were repeated three or
four times.

4.4. Apoptosis Assay

Apoptosis was assayed using flow cytometry analysis. HUVECs were pretreated with
or without IMD (10 nmol/L) for 30 min and then incubated with iohexol (40 mg I/mL) or
iohexol + NSC23766 (50µM) for 12 h. Cell apoptosis was tested using an Annexin V-FITC
apoptosis detection kit. Briefly, HUVECs were washed with PBS, resuspended in Annexin
V binding buffer, and incubated with Annexin V-FITC and propidium iodide for 15 min at
room temperature in the dark. The cells were then analyzed by flow cytometry (Beckman
Coulter, Brea, CA, USA) within 1 h. All experiments were repeated three to four times.

4.5. ELISA

All cAMP levels were determined by ELISA, according to the manufacturer’s instruc-
tions using the cAMP kit (RXJ99870; Ruixin Biotech; Quanzhou, China).

4.6. Immunoblotting

Homogenized renal tissue and cell lysate were separated onto 8% or 10% SDS-PAGE
gels, transferred to polyvinylidene difluoride membranes, and then probed with the follow-
ing antibodies: GAPDH, Rac1, Phospho-Rac1, VE-Cadherin, and VEGFR2. All antibodies
were diluted in 3% BSA.

4.7. Animals, CIAKI Model, and Treatments

Male Sprague–Dawley (SD) rats, 6–8 weeks old and weighing 180–210 g, were pur-
chased from the Shanxi Medical University Experimental Animal Center (Taiyuan, China)
and maintained in a specific pathogen-free environment at our facility. All animals were
fed standard food and had free access to water. All animal experiments were conducted
humanely and according to the Institutional Animal Care Instructions. The animal study
was approved by the Ethics Committee of the Second Hospital of Shanxi Medical University
(IACUC Agreement No: DW2022012).

A CIAKI model was reproduced as previously described in detail with minor
modifications [49]. Rats were dehydrated for 48 h and were administered an intramuscular
injection of furosemide (10 mL/kg; Harvest Pharmaceutical, Shanghai, China) 30 min
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before the intravenous injection of iohexol (15 mL/kg; Omnipaque, 350 mg I/mL, GE
Healthcare Company, Shanghai, China) through the great saphenous vein.

The rats were randomly divided into the following five groups: Sham, IMD + Saline,
CIAKI, and CIAKI + IMD. IMD was infused at a dose of 300 ng/kg/h using a subcu-
taneously implanted Alzet osmotic minipump 24 h before administration of iohexol;
CIAKI + IMD + NSC23766: NSC23766 (8 mg/kg) was injected intraperitoneally 30 min
before iohexol administration. Rats were euthanized with an overdose of sodium pento-
barbital (150 mg/kg body weight) administered by intraperitoneal injection and sacrificed
after 24 h. Blood and kidneys were harvested for further analysis.

4.8. Biochemical Evaluation of Renal Function

Serum creatinine levels were determined using enzyme methods with a Creatinine
(Cr) Assay Kit (C011-2-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

4.9. Histopathological Examination

Kidney tissue was fixed in 10% formalin for 24 h at 4 ◦C and embedded in paraffin
blocks. Sections were cut at 2.5–3 µm and stained with hematoxylin and eosin (HE) and
periodic acid Schiff (PAS) reagent, according to the standard routing protocols.

Renal tubular damage was classified on six levels based on the loss of the brush
border, tubular dilation, cast formation, tubular necrosis, and neutrophil infiltration.
Ten high-power fields (original magnification ×400) were chosen randomly, and each
field was scored from 0 to 5 (0: normal; 1: mild injury, involvement of 0–10%; 2: moderate
injury, involvement of 11–25%; 3: severe injury, involvement of 26–49%; 4: high severe
injury, involvement of 50%–75%; 5: extensive injury, involvement of >75%). All evaluations
were performed by two investigators blinded to experimental conditions.

4.10. Immunohistochemistry and Immunofluorescence

Immunohistochemistry and immunofluorescence staining were performed on paraffin-
embedded slices as previously described. The antibodies used in this study were cd34
(BM4082, Boster, Wuhan, China) and ICAM1 (A00171, Boster, Wuhan, China).

4.11. Transmission Electron Microscope Analysis

Tissue samples were prefixed with 3% glutaraldehyde, then the tissue was postfixed in
1% osmium tetroxide, dehydrated in series acetone, extensively infiltrated, and embedded
in Epox 812. The semi-thin sections were stained with methylene blue, and ultra-thin
sections were cut with a diamond knife, stained with uranyl acetate and lead citrate.
Sections were examined with a transmission electron microscope (JEM-1400-FLASH, JEOL
Ltd., Tokyo, Japan).

4.12. Statistical Analyses

Continuous data were reported as the mean ± standard deviation (SD). Student’s
T-test or ANOVA were performed to detect significance between groups if the data were
normally distributed, while the Mann–Whitney U test or Kruskal–Wallis test was used
if the data were non-normally distributed. To assess subgroup analysis, the Tukey test
or Dunn’s multiple comparisons test was used. All statistical analyses and graphs were
obtained using SPSS v22.0 (IBM, New York, NY, USA) and GraphPad Prism 9.3.1 (La Jolla,
CA, USA) software. A two-tailed p–value of <0.05 was considered to indicate a statistically
significant difference.
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Contrast Nephropathy in Cancer Patients Receiving Anti-VEGF Therapy: A Prospective Study. Int. J. Clin. Oncol. 2020, 25,
1757–1762. [CrossRef]

31. Hassanpour, M.; Salybekov, A.A.; Kobayashi, S.; Asahara, T. CD34 Positive Cells as Endothelial Progenitor Cells in Biology and
Medicine. Front. Cell Dev. Biol. 2023, 11, 1128134. [CrossRef] [PubMed]

32. Singh, V.; Kaur, R.; Kumari, P.; Pasricha, C.; Singh, R. ICAM-1 and VCAM-1: Gatekeepers in Various Inflammatory and
Cardiovascular Disorders. Clin. Chim. Acta 2023, 548, 117487. [CrossRef] [PubMed]

33. Lee, S.-R.; Zhuo, H.; Zhang, Y.; Dahl, N.; Dardik, A.; Ochoa Chaar, C.I. Risk Factors and Safe Contrast Volume Thresholds for
Postcontrast Acute Kidney Injury after Peripheral Vascular Interventions. J. Vasc. Surg. 2020, 72, 603–610.e1. [CrossRef] [PubMed]

34. Kida, Y. Peritubular Capillary Rarefaction: An Underappreciated Regulator of CKD Progression. Int. J. Mol. Sci. 2020, 21, 8255.
[CrossRef] [PubMed]

35. Chen, Y.; Zee, J.; Janowczyk, A.R.; Rubin, J.; Toro, P.; Lafata, K.J.; Mariani, L.H.; Holzman, L.B.; Hodgin, J.B.; Madabhushi, A.
Clinical Relevance of Computationally Derived Attributes of Peritubular Capillaries from Kidney Biopsies. Kidney360 2023, 4,
648–658. [CrossRef]

36. Li, Y.; Wang, J. Contrast-Induced Acute Kidney Injury: A Review of Definition, Pathogenesis, Risk Factors, Prevention and
Treatment. BMC Nephrol. 2024, 25, 140. [CrossRef]

37. Tochaikul, G.; Daowtak, K.; Pilapong, C.; Moonkum, N. In Vitro Investigation the Effects of Iodinated Contrast Media on
Endothelial Cell Viability, Cell Cycle, and Apoptosis. Toxicol. Mech. Methods 2024, 1–8. [CrossRef]

38. Panova, I.G.; Tatikolov, A.S. Endogenous and Exogenous Antioxidants as Agents Preventing the Negative Effects of Contrast
Media (Contrast-Induced Nephropathy). Pharmaceuticals 2023, 16, 1077. [CrossRef]

39. Kusirisin, P.; Chattipakorn, S.C.; Chattipakorn, N. Contrast-Induced Nephropathy and Oxidative Stress: Mechanistic Insights for
Better Interventional Approaches. J. Transl. Med. 2020, 18, 400. [CrossRef]

40. Zhang, F.; Lu, Z.; Wang, F. Advances in the Pathogenesis and Prevention of Contrast-Induced Nephropathy. Life Sci.
2020, 259, 118379. [CrossRef]

41. Magnusson, M.M.; Gerk, U.; Schüpbach, G.; Rieger, J.; Plendl, J.; Marin, I.; Drews, B.; Kaessmeyer, S. Microvascular Changes
Following Exposure to Iodinated Contrast Media in Vitro. A Qualitative Comparison to Serum Creatinine Concentrations in
Post-Cardiac Catheterization Patients. Microvasc. Res. 2024, 153, 104659. [CrossRef] [PubMed]

42. Citi, S. The Mechanobiology of Tight Junctions. Biophys. Rev. 2019, 11, 783–793. [CrossRef] [PubMed]

https://doi.org/10.1161/ATVBAHA.116.307825
https://doi.org/10.1038/s41419-021-03712-w
https://doi.org/10.1161/ATVBAHA.117.310317
https://www.ncbi.nlm.nih.gov/pubmed/29242270
https://doi.org/10.1016/j.atherosclerosis.2023.117342
https://www.ncbi.nlm.nih.gov/pubmed/37879153
https://doi.org/10.1007/s10753-022-01642-z
https://www.ncbi.nlm.nih.gov/pubmed/35175495
https://doi.org/10.2147/JIR.S433110
https://doi.org/10.1016/j.intimp.2020.106951
https://doi.org/10.3389/fphar.2021.817874
https://doi.org/10.1093/cvr/cvr213
https://doi.org/10.3389/fchem.2020.625437
https://doi.org/10.2147/DDDT.S253019
https://doi.org/10.1007/s10147-020-01729-3
https://doi.org/10.3389/fcell.2023.1128134
https://www.ncbi.nlm.nih.gov/pubmed/37138792
https://doi.org/10.1016/j.cca.2023.117487
https://www.ncbi.nlm.nih.gov/pubmed/37442359
https://doi.org/10.1016/j.jvs.2019.09.059
https://www.ncbi.nlm.nih.gov/pubmed/31843298
https://doi.org/10.3390/ijms21218255
https://www.ncbi.nlm.nih.gov/pubmed/33158122
https://doi.org/10.34067/KID.0000000000000116
https://doi.org/10.1186/s12882-024-03570-6
https://doi.org/10.1080/15376516.2024.2386605
https://doi.org/10.3390/ph16081077
https://doi.org/10.1186/s12967-020-02574-8
https://doi.org/10.1016/j.lfs.2020.118379
https://doi.org/10.1016/j.mvr.2024.104659
https://www.ncbi.nlm.nih.gov/pubmed/38286222
https://doi.org/10.1007/s12551-019-00582-7
https://www.ncbi.nlm.nih.gov/pubmed/31586306


Int. J. Mol. Sci. 2024, 25, 11110 14 of 14

43. Duong, C.N.; Brückner, R.; Schmitt, M.; Nottebaum, A.F.; Braun, L.J.; Meyer zu Brickwedde, M.; Ipe, U.; Vom Bruch, H.; Schöler,
H.R.; Trapani, G. Force-Induced Changes of α-Catenin Conformation Stabilize Vascular Junctions Independently of Vinculin.
J. Cell Sci. 2021, 134, jcs259012. [CrossRef] [PubMed]

44. Fischer, J.-P.; Els-Heindl, S.; Beck-Sickinger, A.G. Adrenomedullin–Current Perspective on a Peptide Hormone with Significant
Therapeutic Potential. Peptides 2020, 131, 170347. [CrossRef]

45. Babin, K.M.; Gostynska, S.E.; Karim, J.A.; Pioszak, A.A. Variable CGRP Family Peptide Signaling Durations and the Structural
Determinants Thereof. Biochem. Pharmacol. 2024, 224, 116235. [CrossRef]

46. Vielmuth, F.; Radeva, M.Y.; Yeruva, S.; Sigmund, A.M.; Waschke, J. cAMP: A Master Regulator of Cadherin-mediated Binding in
Endothelium, Epithelium and Myocardium. Acta Physiol. 2023, 238, e14006. [CrossRef]

47. Huang, L.; Wang, D.; Feng, Z.; Zhao, H.; Xiao, F.; Wei, Y.; Zhang, H.; Li, H.; Kong, L.; Li, M. Inhibition of Intermedin
(Adrenomedullin 2) Suppresses the Growth of Glioblastoma and Increases the Antitumor Activity of Temozolomide. Mol. Cancer
Ther. 2021, 20, 284–295. [CrossRef]

48. Sen, T.T.; Kale, A.; Lech, M.; Anders, H.-J.; Gaikwad, A.B. Promising Novel Therapeutic Targets for Kidney Disease: Emphasis on
Kidney-Specific Proteins. Drug Discov. Today 2023, 28, 103466. [CrossRef]

49. Cheng, W.; Zhao, F.; Tang, C.-Y.; Li, X.-W.; Luo, M.; Duan, S.-B. Comparison of Iohexol and Iodixanol Induced Nephrotoxicity,
Mitochondrial Damage and Mitophagy in a New Contrast-Induced Acute Kidney Injury Rat Model. Arch. Toxicol. 2018, 92,
2245–2257. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1242/jcs.259012
https://www.ncbi.nlm.nih.gov/pubmed/34851405
https://doi.org/10.1016/j.peptides.2020.170347
https://doi.org/10.1016/j.bcp.2024.116235
https://doi.org/10.1111/apha.14006
https://doi.org/10.1158/1535-7163.MCT-20-0619
https://doi.org/10.1016/j.drudis.2022.103466
https://doi.org/10.1007/s00204-018-2225-9

	Introduction 
	Results 
	IMD Mitigated Iohexol-Induced Damage to HUVEC Viability and Apoptosis 
	IMD Protected the Adherent Junctions in HUVECs by Activating the cAMP/Rac1 Pathway 
	IMD Attenuated Renal Injury in Rat CIAKI Models and Inhibition of Rac1 Negated This Protective Effect 
	IMD Activated the cAMP/Rac1 Pathway and Mitigated Peritubular Capillary Injury in CIAKI Rats 
	IMD Can Protect the Endothelial Barrier of PTCs 

	Discussion 
	Materials and Methods 
	Reagents and Antibodies 
	Cell Culture 
	Cell Viability Assay 
	Apoptosis Assay 
	ELISA 
	Immunoblotting 
	Animals, CIAKI Model, and Treatments 
	Biochemical Evaluation of Renal Function 
	Histopathological Examination 
	Immunohistochemistry and Immunofluorescence 
	Transmission Electron Microscope Analysis 
	Statistical Analyses 

	References

