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Abstract
Background: Alterations of renal hemodynamics play an es-
sential role in renal homeostasis and kidney diseases. Recent 
data indicated that semaphorin 3C (SEMA3C), a secreted gly-
coprotein involved in vessel development, can modulate re-
nal vascular permeability in acute kidney injury, but whether 
and how it might impact systemic and renal hemodynamics 
is unknown. Objectives: The objective of the study was to 
explore the effect of SEMA3C on systemic and renal hemo-
dynamics. Methods: SEMA3C recombinant protein was ad-
ministered intravenously in two-month-old wild-type mice, 
and the variations of mean arterial pressure, heart rate, renal 
blood flow, and renal vascular resistance were measured and 
analyzed. Results: Acute administration of SEMA3C induced 
(i) systemic hemodynamic changes, including mean arterial 
pressure decrease and heart rate augmentation; (ii) renal he-
modynamic changes, including reduced vascular resistance 
and elevated renal blood flow. Continuous perfusion of 
SEMA3C had no significant effect on systemic or renal hemo-
dynamics. Conclusion: SEMA3C is a potent vasodilator af-
fecting both systemic and renal hemodynamics in mice.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Hemodynamics refers to the dynamics of the blood 
flow, which are essential to the body’s homeostasis. One 
of the fundamental functions of the kidney is regulating 
systemic hemodynamics via the modulation of body fluid 
load and renal vascular resistance (RVR), mainly involv-
ing renal hemodynamic alterations, tubular regulation of 
fluid and ion transport, and release of kidney-derived va-
soactive molecules [1]. In addition to the renin-angioten-
sin-aldosterone system, the kidney can also synthesize 
various vasoactive substances, including arachidonic acid 
derivatives, NO, endothelin, and kinins, to regulate blood 
pressure and vascular tone [2].

Semaphorin 3C (SEMA3C), an 85 kDa glycoprotein 
belonging to the family of semaphorins, was initially 
identified as an axon guidance molecule [3]. More recent 
studies have reported the pivotal role of SEMA3C in vas-
cular smooth muscle cell (VSMC) migration [4] and car-
diovascular system development [5], implying its possi-
ble impact on circulatory blood flow. We recently showed 
that in acute kidney injury (AKI), SEMA3C is de novo 
excreted and secreted several hours post-kidney damage 
and alters renal vascular permeability [6]. Considering 
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that instability of systemic hemodynamics is closely re-
lated to multiorgan dysfunction and adverse outcomes in 
AKI [7], it is highly warranted to investigate the acute and 
direct effect of SEMA3C on systemic and/or renal hemo-
dynamics, which hitherto remained largely unknown.

In our previous study, intravenous injection of 
SEMA3C could trigger renal endothelial hyperperme-
ability [6]. Because SEMA3C receptors neuropilin 1 
(NRP1) and neuropilin 2 (NRP2) are expressed through-
out the embryonic cardiovascular system [5] and also 
within the renal peritubular vasculature [6], we hypoth-
esize that SEMA3C could elicit both systemic and renal 
hemodynamic changes. To confirm our hypothesis, 
SEMA3C recombinant protein was injected as intrave-
nously into wild-type mice and multiple hemodynamic 
parameters were measured. Acute and not continuous 
administration of SEMA3C triggered drastic transient 
changes in arterial pressure, heart rate (HR), renal blood 
flow (RBF), and RVR. Our study provides the first evi-
dence of a direct role for SEMA3C in modulating system-
ic and renal hemodynamics.

Methods and Materials

Renal Hemodynamics Experiments
Experiments were performed on 2-month-old wild-type males 

weighing 28 g on average and bred into the C57BL/6J genetic back-
ground. In the mouse husbandry, temperatures of 18–23°C with 
40–60% humidity are applied. Mice are subjected to a diet contain-
ing 4.5% fat with water drinking ad libitum. After analgesia (bu-
prenorphine 0.1 mg/kg), mice were anaesthetized with 2% isoflu-
rane and placed on a servo-controlled table at 37°C. The left femo-
ral artery was catheterized for arterial pressure measurement and 
a femoral venous catheter was used for infusion of volume replace-
ment. NaCl 0.9% was infused initially at the rate of 50 µL/min to 
replace surgical losses and then at 10 µL/min for maintenance. 
Mean arterial pressure (MAP) was measured via a pressure trans-
ducer catheter (Statham P23 DB); RBF was measured by a tran-
sonic flowmeter (0.5v probe TS420; Transonic Systems). RBF val-
ues were controlled for zero offset determined at the end of an 
experiment after cardiac arrest. Data were recorded, stored, and 
analyzed using DataTranslation analog-to-digital converter and 
the IOX software (EMKA Technologies). MAP, RBF, and HR were 
measured at basal state and during intravenous bolus injections of 
recombinant SEMA3C (R&D Systems) through the femoral vein 
(two different concentrations 2.5 and 4 μg diluted in 100 μL) or 
phosphate-buffered saline (PBS). Continuous perfusion was per-
formed using a high-precision electric syringe (KD Scientific) 
which delivered SEMA3C given concentration at the speed of 50 
µL/min through the venous catheter. The maximum changes of 
the transient variations in MAP, RBF, and RVR produced upon 
SEMA3C injection were recorded and compared with the baseline 
value state of each mouse. Animal experiments were conducted 
under animal license C75-20-01 (INSERM UMRS-1155).

Statistical Analyses
Data are expressed as mean ± SD. Statistical analyses were cal-

culated with the Prism software (GraphPad). Comparisons be-
tween different interventions, i.e., 2.5 µg SEMA3C versus baseline 
(Fig. 1) and 4 µg SEMA3C versus PBS, were performed with a two-
tailed t test. A p value <0.05 was considered statistically significant. 
The number of animals used (n) is given in each experiment.

Results

SEMA3C Acute Injection Induced a Significant 
Decrease in MAP
In a previous study, we proved that SEMA3C was de 

novo expressed and secreted to the blood by acutely dam-
aged renal tubular cells [6]. In order to investigate the 
hemodynamic effects of this secreted glycoprotein, we in-
jected SEMA3C intravenously and analyzed the transient 
systemic and renal hemodynamic changes. To this aim, 
we used a well-characterized SEMA3C recombinant pro-
tein, which was able to successfully induce in vitro endo-
thelial-to-mesenchymal transition [5] and in vivo renal 
vascular hyperpermeability [6]. We previously observed 
100% mortality (n = 3) a few sec following the injection 
of 7 μg of recombinant SEMA3C in the mouse [6]. We 
therefore decided to lower the injected dose and assayed 
the in vivo response following 2.5 μg and 4 μg injections 
of recombinant SEMA3C. We found that the intravenous 
injection of 2.5 μg SEMA3C elicited a rapid, robust, and 
transient decrease of MAP in mice (n = 6). Compared 
with the average MAP baseline of 67.9 ± 12.7 mm Hg, a 
peak decrease of 25% of the baseline (22.3 ± 6.3 mm Hg, 
p < 0.001, n = 6) was observed (Fig. 1a–b). The decrease 
of blood pressure was rapid, almost immediately after the 
injection and reached a peak decrease in approximately 
15 s. This effect was transient and MAP returned to base-
line value after 50 s post-injection (Fig. 1a). When stimu-
lated with a higher dose, 4 μg of SEMA3C, the mice pre-
sented a similar MAP decrease of 25% of baseline (24.9 ± 
9.5 mm Hg, p < 0.05, n = 4) (Fig. 2a–b). As the peak MAP 
decrease after either 2.5 μg or 4 μg SEMA3C injection was 
25%, the maximum MAP decrease following SEMA3C 
injection should be 25% of the MAP baseline. Therefore, 
we concluded that intravenous bolus injection of SEMA3C 
recombinant protein induces a transient, rapid, and 
strong MAP reduction.

Increased HR after SEMA3C Acute Injection
Another change following SEMA3C injection was an 

increase in HR, which started 2.5 s after the drop of MAP 
(Fig. 1c). The average peak increase was 15% of baseline 
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(42.5 ± 16.8 bpm, p < 0.001, n = 9) and occurred 2.5 s after 
the maximum decrease of MAP (Fig. 1c). A similar effect 
was observed with the higher dose of SEMA3C (data not 
shown). Considering that HR elevation followed the de-
crease of MAP and the % change was lower compared to 
MAP, the transient and acute HR increase is likely due to 
a compensatory reaction caused by the abrupt decrease of 
MAP and aiming to maintain organ perfusion.

Dynamic Changes in RBF and RVR Post-SEMA3C 
Acute Injection
We next evaluated renal hemodynamic parameters af-

ter intravenous injection of SEMA3C. Several sec after 
100 μL injection of PBS, RBF presented a mild elevation, 
probably due to increased circulatory volume (Fig. 2c). 
Intravenous SEMA3C injection showed a biphasic re-
sponse regarding RBF: first, RBF was reduced from about 
0.7 mL/min to 0.05 mL/min in 8 s (Fig. 2c). Subsequently, 
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Fig. 1. Intravenous SEMA3C injection induced mean arterial pressure (MAP) decrease and heart rate (HR) eleva-
tion. a, c MAP and HR changes in wild-type mice post-intravenous injection of 2.5 µg SEMA3C recombinant 
protein. Black solid line indicates the time of SEMA3C injection. Both solid and dashed line indicate that chang-
es in MAP precede the ones observed for HR. b, d Mouse MAP and HR before (basal) and after SEMA3C injec-
tion (n = 6). **p ≤ 0.01.
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Fig. 2. Acute intravenous injection of SEMA3C induced MAP decrease, RBF elevation, and RVR reduction. MAP 
(a), RBF (c), and RVR (e) changes in wild-type mice post-intravenous injection of 100 µL PBS, then 4 µg/100 µL 
SEMA3C recombinant protein and percentage of maximum MAP reduction (b), RBF increase (d), and RVR de-
crease (f) after the injection of PBS and SEMA3C (n = 4). *p < 0.05.
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in parallel with the restoration of MAP, RBF rapidly re-
covered within 10 s while reaching a peak value approxi-
mately twice as high as the baseline value, about 1.5 mL/
min, and then fell back to baseline in about 50 s (Fig. 2c). 
The average augmentation of RBF after SEMA3C injec-
tion was 40% of baseline (50.2 ± 19.4%), while that of PBS 
injection was 10% of the baseline (7.9 ± 2.8%), and the 
difference was significant (42.2 ± 19.6%, p < 0.05, n = 6) 
(Fig. 2d). The elevation of RBF was caused by the altera-
tion of RVR (Fig. 2e). It decreased mildly at a few sec post-
PBS injection and then reached its peak value at about 8 
s post-SEMA3C injection, followed by a reduction to 
about half the baseline value at around 18 s post-SEMA3C 
injection, and then slowly recovered to a stable value low-
er than baseline (105 mm Hg/mL/min, respectively, 
Fig. 2e). The overall average RVR decrease triggered by 
SEMA3C injection was of 30% of baseline (30.4 ± 7.1%), 
while that of PBS injection was 10% of the baseline (9.7 ± 

1.5%), and the difference was also significant (20.6 ± 
7.3%, p < 0.05, n = 6) (Fig. 2f). We propose that the initial 
increase of RVR and decrease of RBF were due to the 
strong and abrupt decrease of MAP, which resulted in a 
peripheral vascular constriction to maintain MAP, while 
the decrease of RVR (and the corresponding increase of 
RBF) that followed was due to a renal vasodilator effect of 
SEMA3C when reaching the kidney.

In the pathophysiological state such as AKI, SEMA3C is 
continuously expressed, even 48 h post-injury [6], raising 
the possibility that systemic diffusion of the protein aggra-
vates hemodynamic instability caused by disrupted kidney 
function. However, when we systemically delivered 
SEMA3C over a period of 21 min, we did not observe any 
hemodynamic changes at the given dose of 4 μg (online 
suppl. Fig. 1A, B; for all online suppl. material, see www.
karger.com/doi/10.1159/000528259). Furthermore, while 
we found that acute injection of 7 μg SEMA3C was lethal 
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Fig. 3. SEMA3C receptors neuropilin 1 (NRP1) and neuropilin 2 (NRP2) are differentially expressed in adult 
mouse aorta and renal artery. Wild-type aorta (a) and renal artery (b) were immunolabeled for neuropilin 1 
(NRP1) or neuropilin 2 (NRP2) and endothelial marker CD31. While both NRP1 and NRP2 are expressed in 
CD31-positive endothelial cells of the aorta, the endothelium of the renal artery is only positive for NRP1 (ar-
rows). Conversely, NRP2 marks specific structures resembling nerve fibers (arrowheads).
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for the mice (n = 3), no hemodynamic changes could be 
detected when 8 μg SEMA3C was delivered over the course 
of 21 min (online suppl. Fig. 1C). We conclude that con-
tinuous diffusion of SEMA3C at the given concentrations 
had no effect on systemic and renal hemodynamics.

SEMA3C Receptors Neuropilin 1 and Neuropilin 2 
Are Expressed in the Endothelial Wall Surrounding 
the Aorta and the Renal Artery
With the aim of understanding which vessels could re-

spond to SEMA3C systemic bolus injection, we examined 
SEMA3C receptor expression within the arterial wall of 
the aorta and of the afferent renal artery. We performed 
double immunostaining of NRP1, NRP2, and the endo-
thelial-specific marker CD31 on sections of the aorta and 
of the kidney artery obtained from wild-type adult mice. 
We found that both NRP1 and NRP2 are expressed in 
CD31-positive endothelial cells of the aorta (Fig. 3a). In 
the kidney, solely NRP1 is expressed in the endothelium 
of the renal artery (Fig. 3b).

Discussion

In this study, a comprehensive analysis of multiple he-
modynamic parameters was performed to explore the va-
soactive role of SEMA3C. Our previous work demon-
strated that SEMA3C acted as a vascular permeability fac-
tor that was de novo produced by renal tubular cells and 
secreted to the blood in AKI [6]. Here, we expanded the 
analysis and investigated the effects of SEMA3C on both 
systemic and renal hemodynamics. We found that acute 
injection of SEMA3C decreases MAP, a major vascular 
effect that could be associated with the clinical features of 
AKI, i.e., hypotension and organ hypoperfusion. This 
systemic effect was followed by an increased HR, proba-
bly due to a compensatory response to maintain organ 
perfusion. However, we cannot exclude the possibility 
that SEMA3C regulates HR directly. Indeed, another 
molecule in the class 3 semaphorin family, SEMA3A, par-
ticipates in heart rhythm regulation [8, 9]. Furthermore, 
blocking of class 3 semaphorin receptor NRP1 signal 
could lead to sinus bradycardia in adult mice [10]. There-
fore, SEMA3C could modulate HR activity through its 
receptor NRP1 on the sympathetic nervous system [10].

Another key finding is that SEMA3C can reduce RVR 
and elevate RBF to strengthen renal reperfusion. As a re-
sult, hemodynamic alterations caused by SEMA3C could 
deteriorate ischemia-reperfusion injury of the kidney, 
suggesting a potential pathogenic mechanism of aggra-

vated kidney structural and functional impairment in 
AKI [7, 11]. However, this effect is observed solely when 
SEMA3C administration is delivered acutely, suggesting 
that a threshold in the signaling cascade should be reached 
to trigger the hemodynamic changes. As is known, the 
contraction/dilation of VSMCs, whether calcium-depen-
dent or -independent, requires upstream signals of ap-
propriate strength [12]. And the chronic injection of 
SEMA3C might keep its blood concentration under the 
threshold, thus unable to elicit hemodynamic changes. 
One limitation of our study might therefore be the given 
dose of SEMA3C during the continuous perfusion.

The mechanism by which SEMA3C could trigger sys-
temic and renal hemodynamic changes is likely to involve 
cellular crosstalk between endothelial cells and VSMC in 
the main conductive arteries [13]. VSMCs maintain ves-
sel tone and regulate arterial pressure and vessel resis-
tance [14]. Physiological communications between these 
two cell types are essential in the homeostasis of mature 
vessels. They consist in direct cell contact and also in in-
direct interactions via the extracellular matrix or through 
soluble secreted molecules and extracellular vesicles [14]. 
We found that the endothelial cells of the aorta and of the 
renal artery express SEMA3C receptor NRP1, with the 
aorta expressing both receptors NRP1 and NRP2 and the 
renal artery expressing mainly NRP1. Our data suggest 
that the recombinant SEMA3C protein binds to its recep-
tors on the arterial wall and can potentially elicit a VSMC 
response by cellular crosstalk. A good candidate for this 
regulation is the endothelial-specific coreceptor plexinD1 
which forms a complex with SEMA3C receptor NRP1 to 
sense shear stress imparted by blood flow variation [15].

Relaxation of VSMC could lead to reduced vascular 
tone [10, 16]. For systemic hemodynamics, this effect de-
creased MAP and caused renal hypoperfusion. For renal 
hemodynamics, this effect decreased vascular resistance 
and therefore augmented RBF after MAP change but also 
aggravated renal tissue edema in AKI [6]. Nevertheless, 
further investigations utilizing tissue-specific Nrp1 
knock-out animals should determine the endothelial ver-
sus SMC contribution to the SEMA3C response.

There are some limitations of our current study. We 
only studied the impact of SEMA3C on a group of male 
mice. Assuming that gender could influence renal hemo-
dynamics in both physiological [17] and pathological 
conditions [18], a complementary study should consider 
including both genders in the tested groups. In addition, 
systemic and renal hemodynamics could be affected by 
aging, mainly through arterial stiffness and autonomic 
dysfunction [19]. We only included 8-week-old animals 
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in this study, and an aging component should be added 
in future studies.

In summary, our data demonstrate that SEMA3C can 
reduce systemic arterial pressure and cause hemodynam-
ic changes in the kidney. Our study reveals a novel effect 
of SEMA3C on modulating systemic and renal hemody-
namics, as well as contributing to a deeper understanding 
of its role in the pathophysiological context.

Acknowledgments

We thank the staff at INSERM UMRS-1155 (Gaetan Girault, 
Jessy Castel, Claude Kitou) for help with mouse husbandry.

Statement of Ethics

Experimental procedure was approved by the French Ethics 
Committee APAFIS #11991.

Conflict of Interest Statement

The authors have declared that no conflict of interest exists.

Funding Sources

This study was supported by the INSERM and Sorbonne Uni-
versity, a National Academy of Medicine fellowships to ACai, an 
ANR grant [19-CE14-0011-01] to C.C., a Marie Curie Personal 
Fellowship [704450, Horizon2020] to A.C., and a BAYER Grant-
s4Targets [ID 2017-08-2159] to A.C.

Author Contributions

Sandrine Placier, Anxiang Cai, Liliane Louedec, Perrine Frère, 
Souhila Ouchelouche, and Amelie Calmont conducted the experi-
ments and acquired data. Amelie Calmont designed the research 
study. Christos Chatziantoniou and Amelie Calmont provided the 
funding. Anaxiang Cai, Sandrine Placier, Amelie Calmont, and 
Christos Chatziantoniou wrote the manuscript.

Data Availability Statement

All data generated or analyzed during this study are included 
in this article and its online supplementary material. Further in-
quiries can be directed to the corresponding author.

References

  1	 Tian Z, Liang M. Renal metabolism and hy-
pertension. Nat Commun. 2021; 12(1): 963.

  2	 Lamas S, Rodriguez-Puyol D. Endothelial 
control of vasomotor tone:  the kidney per-
spective. Semin Nephrol. 2012; 32(2): 156–66.

  3	 He Z, Tessier-Lavigne M. Neuropilin is a re-
ceptor for the axonal chemorepellent Sema-
phorin III. Cell. 1997; 90(4): 739–51.

  4	 Lepore JJ, Mericko PA, Cheng L, Lu MM, 
Morrisey EE, Parmacek MS. GATA-6 regu-
lates semaphorin 3C and is required in car-
diac neural crest for cardiovascular morpho-
genesis. J Clin Invest. 2006; 116(4): 929–39.

  5	 Plein A, Calmont A, Fantin A, Denti L, An-
derson NA, Scambler PJ, et al. Neural crest-
derived SEMA3C activates endothelial NRP1 
for cardiac outflow tract septation. J Clin In-
vest. 2015; 125(7): 2661–76.

  6	 Cai A, Ye G, Placier S, Frère P, Surin B, Van-
dermeersch S, et al. Genetic inactivation of 
Semaphorin 3C protects mice from acute kid-
ney injury. Kidney Int. 2022; 101(4): 720–32.

  7	 Villa G, Husain-Syed F, Saitta T, 
Degl’Innocenti D, Barbani F, Resta M, et al. 
Hemodynamic instability during acute kid-
ney injury and acute renal replacement ther-
apy:  pathophysiology and clinical implica-
tions. Blood Purif. 2021; 50(6): 729–39.

  8	 Li Y, Tian X, Zhao H, He L, Zhang S, Huang 
X, et al. Genetic targeting of purkinje fibres by 
sema3a-CreERT2. Sci Rep. 2018; 8(1): 2382.

  9	 Yang LC, Zhang PP, Chen XM, Li CY, Sun J, 
Hou JW, et al. Semaphorin 3a transfection 
into the left stellate ganglion reduces suscep-
tibility to ventricular arrhythmias after myo-
cardial infarction in rats. Europace. 2016; 

18(12): 1886–96.
10	 Maden CH, Gomes J, Schwarz Q, Davidson K, 

Tinker A, Ruhrberg C. NRP1 and NRP2 co-
operate to regulate gangliogenesis, axon guid-
ance and target innervation in the sympathet-
ic nervous system. Dev Biol. 2012; 369(2): 

277–85.
11	 Basile DP, Anderson MD, Sutton TA. Patho-

physiology of acute kidney injury. Compr 
Physiol. 2012; 2(2): 1303–53.

12	 Touyz RM, Alves-Lopes R, Rios FJ, Camargo 
LL, Anagnostopoulou A, Arner A, et al. Vas-
cular smooth muscle contraction in hyperten-
sion. Cardiovasc Res. 2018; 114(4): 529–39.

13	 Méndez-Barbero N, Gutiérrez-Muñoz C, 
Blanco-Colio LM. Cellular crosstalk between 
endothelial and smooth muscle cells in vascu-
lar wall remodeling. Int J Mol Sci. 2021; 

22(14): 7284.

14	 Sandoo A, van Zanten JJCSV, Metsios GS, 
Carroll D, Kitas GD. The endothelium and its 
role in regulating vascular tone. Open Cardio-
vasc Med J. 2010; 4: 302–12.

15	 Mehta V, Pang KL, Rozbesky D, Nather K, 
Keen A, Lachowski D, et al. The guidance re-
ceptor plexin D1 is a mechanosensor in endo-
thelial cells. Nature. 2020; 578(7794): 290–5.

16	 Wang Y, Wang E, Zhang Y, Madamsetty VS, 
Ji B, Radisky DC, et al. Neuropilin-1 main-
tains dimethylarginine dimethylaminohy-
drolase 1 expression in endothelial cells, and 
contributes to protection from angiotensin II-
induced hypertension. FASEB J. 2019; 33(1): 

494–500.
17	 Pechère-Bertschi A, Maillard M, Stalder H, 

Brunner HR, Burnier M. Blood pressure and 
renal haemodynamic response to salt during 
the normal menstrual cycle. Clin Sci. 2000; 

98(6): 697–702.
18	 Dixon EE, Wu H, Muto Y, Wilson PC, Hum-

phreys BD. Spatially resolved transcriptomic 
analysis of acute kidney injury in a female mu-
rine model. J Am Soc Nephrol. 2022; 33(2): 

279–89.
19	 Bencivenga L, De Souto Barreto P, Rolland Y, 

Hanon O, Vidal JS, Cestac P, et al. Blood pres-
sure variability:  a potential marker of aging. 
Ageing Res Rev. 2022; 80: 101677.


