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Abstract

Vasoinhibin is a fragment of the hormone prolactin (PRL) that inhibits angiogenesis, vasopermeability, and vasodilation. Cathepsin D (CTSD) cleaves
the N-terminal of PRL to generate vasoinhibin in the retina of neonate mice as revealed by the CTSD inhibitor, pepstatin A. However, pepstatin A also
inhibits renin. Because renin is expressed in the retina and the renin-angiotensin system gives rise to peptides with positive and negative effects on
blood vessel growth and function, we investigated whether renin cleaves PRL to vasoinhibin in the newborn mouse retina and in the circulation.
Newborn mouse retinal extracts from wild-type and CTSD-null newborn mice cleaved PRL to a 14 kDa vasoinhibin and such cleavage was
prevented by heat-inactivation, pepstatin A, and the selective renin inhibitor VTP-27999 suggesting the contribution of renin. In agreement,
recombinant renin cleaved different species PRLs to the expected 14-kDa vasoinhibin, a mass consistent with a consensus renin cleavage site
located at Leu124-Leu125 in rat and mouse PRLs and at Leu126-Leu127 in human, bovine, and ovine PRLs. Dehydration followed by
rehydration (D/R) in rats increased the levels of renin and PRL in plasma. Further increase in PRL circulating levels by the dopamine D2 receptor
blocker, sulpiride, enabled detection of 14 kDa vasoinhibin in D/R rats. Moreover, the incubation of PRL with plasma from D/R rats generated a
14-kDa vasoinhibin that was prevented by VTP-27999. These findings add renin to the list of PRL-cleaving proteases and introduce vasoinhibin

as a putative renin-angiotensin system-mediated mechanism for regulating blood vessel growth and function.
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of prematurity.

The proliferation of new blood vessels or angiogenesis underlies
the progression of multiple diseases including cancer, rheuma-
toid arthritis, and vasoproliferative retinopathies, making
angiogenesis inhibitors promising therapeutics (1, 2). Many in-
hibitors of angiogenesis are proteolytic fragments of endogen-
ous proteins with no antiangiogenic activity (3, 4). One such
inhibitor is vasoinhibin, a proteolytically generated family of
fragments of the hormone prolactin (PRL) that inhibits the
growth, permeability, and dilation of blood vessels (5, 6).
Vasoinhibin isoforms range from 5 to 18 kDa that comprise
the first 48 to 159 amino acid residues of PRL, depending on
the cleavage site of proteases that include thrombin (7), cathe-
psin D (CTSD) (8), matrix metalloproteases (9), and bone mor-
phogenetic protein 1 (10). The more studied PRL-cleaving
protease in tissues is CTSD, an acidic-aspartyl protease that
generates vasoinhibin isoforms of 14 to 17 kDa in the secretory
granules of anterior pituitary lactotrophs (11), the mammary
epithelium (12), the retina (13), and the cartilage (9) of rodents,
and in the placenta (14) and pituitary tumors (8) of humans.
Vasoinhibin restricts angiogenesis in the retina and cartilage
(9, 15), and its levels are modified in peripartum cardiomyop-
athy (16), preeclampsia (14), rheumatoid arthritis (17), dia-
betic retinopathy (18), and retinopathy of prematurity (ROP)

(19, 20). ROP is a neovascular eye disease that occurs in prema-
ture infants having an underdeveloped retinal vascular system
(21). Vasoinhibin is found in the eye of patients with ROP (19)
and the progression of ROP associates with higher levels of circu-
lating PRL, suggestive of lower vasoinhibin levels (20). Also,
the proteolytic conversion of PRL to vasoinhibin decreases in
the retina of newborn mice undergoing active vascularization
and such conversion is attributed to CTSD because it is acid
pH-dependent and prevented by the CTSD competitive inhibitor,
pepstatin A (PA) (13). However, PA also blocks the activity of re-
nin (22), an aspartyl protease with a catalytic pH range of 5.5 to
7.5 (23). Renin cleaves circulating angiotensinogen to activate the
renin-angiotensin system (RAS), a major regulator of blood pres-
sure, fluid and electrolyte balance, inflammation, and angiogenesis
(5, 24). Components of RAS are found in various organs, includ-
ing the eye (25). Intra-retinal renin contributes to the local regula-
tion of the vasculature and has been implicated in the pathogenesis
of vasoproliferative disorders including ROP (25, 26).

Here, we reevaluated the contribution of CTSD as the only
acidic protease generating vasoinhibin in the newborn mouse
retina and unveiled renin as a PRL-cleaving protease able to
generate vasoinhibin that may contribute to the ocular and
systemic vascular properties of RAS.
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Materials and Methods

Reagents

Rat, mouse, bovine, and ovine recombinant PRLs were from
the National Hormone and Pituitary Program (AFP4835B,
National Institute of Diabetes and Digestive and Kidney
Diseases and AF Parlow). Recombinant human PRL gener-
ated in Pichia pastoris was produced as reported (7).
Antisera against rat PRL (C1), bovine PRL (CL2), and human
PRL (HC1) were obtained locally and characterized as re-
ported (19, 27). Monoclonal antibodies (INN-1) that react
against the N-terminus of rat PRL were obtained and charac-
terized as reported (15, 28). Recombinant mouse renin gener-
ated from the pro-renin activation by trypsin was purchased
from R&D Systems (Catalog # 4277-AS, Minneapolis, MN)
and PA was from Sigma-Aldrich (Catalog # P5318, Saint
Louis, MO). VTP-27999 trifluoroacetate (VIP-27999) was
from Tocris Bioscience (Catalog # 5563, Minneapolis, MN).

Animals

C57BL/6] male and female (1:1) neonate (8 days old) mice
wild-type (Ctsd+/+) or null for CTSD (Ctsd—/-) and male
Wistar rats (250-300 g) were housed under standard labora-
tory conditions and cared for in accordance with the US
National Research Council’s Guide for the Care and Use of
Laboratory Animals (Eight Edition, National Academy
Press, Washington, D.C., USA). The Bioethics Committee of
the Institute of Neurobiology from the National University
of Mexico approved all animal experiments. The generation
and characterization of Ctsd—/— mice were previously de-
scribed (29). Animals were euthanized by carbon dioxide in-
halation and decapitation.

PRL Cleavage Analysis

Pools of 5 to 6 neonate mouse retinas were homogenized in
60 pL of lysis buffer (50 mM NaF, 100 mM NayP,0-,
250 mM sucrose, 0.1 M Tris-HCI, 0.2M EGTA, 0.2 M
EDTA, 1% Igepal, 0.1 M Na3VOy, pH 7.4) supplemented
with a protease inhibitor cocktail (Catalog # 04693116001,
Roche). Recombinant rat PRL (200 ng) in 2 pL of 0.1 mol
L~" Tris (pH 7.4) was incubated with 2.5 pg of protein from
the retinal homogenate in a final volume of 20 pL of incuba-
tion buffer at pH 5 (0.1 M citrate-phosphate buffer, 0.15 M
NaCl) for 24 hours at 37 °C (13). In some cases, the extract
was heat inactivated (95 °C for 30 minutes) or preincubated
(30 minutes) with 1.4 pM PA or 10 pM VTP-27999 before
adding PRL. In other experiments, recombinant PRLs
(200 ng) from different species (mouse, rat, bovine, ovine,
and human) were combined with different protein concentra-
tions of pure recombinant mouse renin in a final volume of
20 pL incubation buffer (50 mM NaH,PO,4, 1 M NaCl) ad-
justed to pH 5.5 or 7.5 and incubated for 24 hours at 37 °C.
In some cases, the renin was heat-inactivated or preincubated
with PA before adding the PRLs. Reactions were stopped by
the addition of reducing Laemmli sample buffer and 15%
SDS-PAGE fractionation or by storing the samples at =70 °C.

Western Blot

The products of PRL cleavage resolved under reducing 15%
SDS-PAGE were transferred to nitrocellulose membranes
and probed overnight with a 1:500 dilution of antisera against
rat PRL (C-1), human PRL (HC1), bovine PRL (CL-2), or
of monoclonal antibodies (INN-1) that react with the
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N-terminus of rat PRL. Detection used anti-rabbit or anti-
mouse secondary antibodies linked to alkaline phosphatase
(Jakson ImmunoResearch) and the alkaline phosphatase con-
jugate substrate kit (Bio-Rad). The Image] sofware analysis
program (National Institutes of Health) evaluated optical
density values.

Alignment of Vertebrate PRL Sequences

The amino acid sequences of mammalian PRLs (human, sim-
ian, bovine, ovine, rat, mouse) and avian (Gallus gallus), rep-
tilian (Pelodiscus sinensis), amphibian (Xenopus laevis), and
pisces (Danio rerio) PRLs were obtained from GenBank.
The alignment of these sequences was carried out using
the MUSCLE program (Multiple Sequence Comparison
by Log-Expectation) of the European Molecular Biology
Laboratory—European Bioinformatics Institute. The align-
ment focused particularly on the region comprised by the se-
quence NKRLLEGM of the PRL molecule. The conservation
percentage of this sequence was obtained using Jalview (30)
and the sequence logo was designed using WebLogo (31).

Real Time RT-PCR

Total RNA was isolated from neonate mouse retinas and from
rat’s kidneys using Qiagen RNeasy Mini Kit (Qiagen,
Germantown, MD) and reverse transcribed with the
High-Capacity ¢cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Maxima SYBR Green/ROX
qPCR Master Mix (Thermo Scientific, Waltham, MA) quanti-
fied PCR products in a 10-pL final reaction volume containing
template (25ng) and 0.5 pmol/L™' of each primer pair
for mouse Ctsd: 5'-AAGCTGGTGGACAAGAACAT-3’
and 5-TTTCGAGTGACGTTCAGGTA-3’; mouse Renin:
5'-GTTCATCCTTTATCTCGGCT-3’ and 5'-AATCCAATG
CGATTGTTATG -3/;

rat Renin: 5'-ATGGGCGGGAGGAGGATGCC-3' and
5'-TTAGCGGGCCAAGGCGAACCC-3’; and hypoxanthine
guanine phosphoribosyl transferase (Hprt): 5'-TTGCTG
ACCTGCTGGATTAC-3' and 5'-GTTGAGAGATCATCTC
CACC-3'. Amplification was for 10 seconds at 95 °C, 30 sec-
onds at each primer pair-specific annealing temperature, and
30 seconds at 72 °C for 40 cycles. The mRNA expression lev-
els were calculated using the 27**“T method and normalized
to the housekeeping gene Hprt.

Dehydration Following Rehydration in Rats

Wistar rats were subjected or not (control) to a previously re-
ported dehydration following rehydration (D/R) protocol (32)
in which rats were deprived of water for 48 hours, returned to
water for 3 hours, and euthanized immediately after. Kidneys
and plasmas were collected and stored at =70 °C to evaluate
the renal expression of renin and the circulating levels of renin
and PRL. To favor detection of circulating vasoinhibin, the
systemic levels of PRL were further elevated in control or
D/R rats by the IP injection of sulpiride (20 mg/kg,
Dogmatil, Sanofi) (33) 6 hours before sacrifice (ie, 3 hours be-
fore regaining access to water).

ELISAs

The Rat Renin 1 ELISA Kit (Catalog # ELR-Renin1, RRID:
AB_3668653, RayBiotech, Norcross, GA) and the previously
reported ELISA method (34) measured renin and PRL levels in
plasma, respectively.
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Immunoprecipitation—Western Blot

The immunoprecipitation-Western blot method analyzed the
circulating levels of vasoinhibin and was carried out as reported
(7). Briefly, pools of plasma samples (500 pL) from 3 rats per
each group were incubated overnight at 4 °C with 2 pL of
C-1 anti-rat PRL antiserum, followed by a 2-hour incubation
with protein-A Sepharose beads (40 pL, Sigma-Aldrich). The
samples were centrifuged and washed 3 times with PBS
(pH 7.4). The final pellet was resuspended in reducing
Laemmli buffer, heated at 97 °C for 15 minutes under agita-
tion, centrifuged for 5 minutes, and the supernatant subjected
to 15% SDS/PAGE-Western blot probed with the C-1 anti-rat
PRL antiserum.

PRL Cleavage With Plasma

Human PRL was added to a final concentration of 4 pM in
120 pL of plasma from D/R rats with or without 10 pM
VTP-27999 and incubated for 24 hours at 37 °C. A total of
100 pL of the reaction mixture was incubated overnight
with 2 pL of HC1 anti-human PRL antiserum followed by a
2-hour incubation with 40 pL protein-A Sepharose beads.
Samples were then centrifuged and the immunoprecipitates
subjected to 15% SDS-PAGE-Western blots probed with the
HC1 anti-human PRL antiserum. The incubation of human
PRL with plasma from D/R rats allowed assaying the cleaving
activity of circulating renin without the confounding

intervention of endogenous rat hormones (rat PRL and vaso-
inhibin do not react with anti-human PRL antibodies).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 8.01 for Windows, GraphPad Sofware (Boston, MA,
www.graphpad.com). The values are expressed as mean +
SEM. The unpaired 2-tailed Student #-test evaluated differen-
ces between 2 groups. The threshold for significance was set at
P<.05.

Results

Renin Contributes to the Generation of Vasoinhibin
in the Retina of Newborn Mice

To reevaluate CTSD as the only responsible acidic protease
cleaving PRL to vasoinhibin in the retina of newborn mice,
rat PRL was incubated with an acidic (pH 5.0) retinal extract
from Ctsd+/+ or Ctsd—/— mice at postpartum day 8 using the
same proportions shown to be effective for PRL cleavage in
the wild-type condition (13). The cleaved PRL products
were evaluated by Western blot. A representative Western
blot probed with an anti-rat PRL antiserum (C1) showed
that rat PRL incubated in the absence of retinal extract,
migrates as a major 23-kDa band (the molecular mass of
intact PRL) and a minor ~13 kDa band (Fig. 1A, lane 1).

A B N-Term Cc 50+
| Ctsd+/+ = Ctsd-/- | Ctsd +/+ Ctsd -/- = P<0.0001
kDa " A PA' A PA kDa A A & 409,
374 374 , ¥ 9
254 25 - : £ 37
15 — b L—~14kDa - ~ ; 204 ..
= = IR0 15 10 ¢ 3
10 o 10 o = 104
¥
0+ rete ween ooes seee
| ! APA APA
RE (2.5 pg) RE (2.5 pg) Ctsd +/+ Ctsd -/-
4_
D Ctsd +/+ Ctsd -/- E_ .
A o
kDa VTP VTP 04 .
371 _g
254 | 5 .
20 | == = m= - PRL S 24
157 - W ~1akDaVvi o< | o
Z 17
10 - £ @ ﬁ
o X
———— \x \ \x .
RE (2.5 ug) Sl AP N 3
F® S
Renin  Ctsd

Figure 1. Cathepsin D (CTSD) is not the only acidic protease-cleaving PRL to vasoinhibin in the retina of newborn mice. (A) Representative Western blot
probed with an anti-rat PRL antiserum showing the cleaved products derived from the incubation of rat PRL without or with 2.5 ug of protein from
newborn mouse retinal extracts (RE) of Ctsd +/+ or Ctsd —/— mice carried out in the absence or presence of heat-inactivated RE (A) or pepstatin A (PA).
PRL and PRL fragments of ~14 and ~13 kDa are indicated. The numbers on left indicate the weight (kDa) of molecular markers. (B) Representative
Western blot, like in (A), but probed with monoclonal antibodies that react with the N-terminus of rat PRL (N-Term). PRL and vasoinhibins (Vi) of ~14 and
~13 kDa are indicated. The numbers on left indicate the weight (kDa) of molecular markers. (C) Densitometric values of the ~14 kDa Vi band plotted
relative to the values of the PRL band incubated without retinal extract. Values are means + SEM from 3 independent experiments. (D) Representative
Western blot probed with an anti-rat PRL antiserum showing the cleaved products derived from the incubation of rat PRL without or with 2.5 pg of
protein from RE of newborn Ctsd+/+ or Ctsd—/— mice in the absence or presence of VTP-27999 (VTP). PRL and ~14 kDa vasoinhibin (Vi) are indicated.
The numbers on left indicate the weight (kDa) of molecular markers. (E) Expression of mRNA by RT-PCR of Reninand Ctsdin retina of newborn Ctsd+/+
or Ctsd—/— mice calculated relative to the control gene Hprt. Values are means + SEM (n=9).
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The 13-kDa PRL isoform was present in the recombinant rat
PRL standard before incubation and only in the batch used for
the experiments in Fig. 1A and 1B. The cleavage likely oc-
curred during the generation and/or purification of the recom-
binant hormone and, thereby, the 13-kDa isoform was
considered irrelevant for the present study.

As previously reported (13), incubation with retinal ex-
tracts from wild-type newborn mice, resulted in the partial
conversion of PRL to a main ~14 kDa vasoinhibin-like pro-
tein (Fig. 1A, lane 2) and such conversion was abolished by
the heat inactivation of the extract or the addition of PA
(Fig. 1A, lanes 3 and 4). The incubation of PRL with retinal
extracts from Ctsd—/— mice did not eliminate the generation
of the ~14 kDa vasoinhibin-like protein (Fig. 1A, lane 5),
whereas heat-inactivation or PA did (lanes 6 and 7). Because
the functional determinant defining vasoinhibin is located
within the first 48 amino acid residues of PRL (35), Western
blots probed with monoclonal antibodies directed against
the N-terminus of PRL verified the vasoinhibin nature of
the ~14 kDa vasoinhibin-like protein (Fig. 1B). Optical dens-
ity values from independent experiments, evaluated with
N-terminal anti-PRL antibodies and expressed relative to
those of the PRL incubated in the absence of retinal extract,
revealed that ~50% of the ~14 kDa vasoinhibin was gener-
ated in the absence of CTSD (Fig. 1C). These findings indicate
that CTSD is not the only acidic protease generating vasoinhi-
bin in the newborn mouse retina.

Because PA blocks the activity of renin (22) and renin is ac-
tive at acid pH (23), we next investigated whether renin
cleaves PRL to vasoinhibin in the retina by testing the effect
of VTP-27999, a highly selective and direct renin inhibitor
(36) (Fig. 1D). VTP-27999 nearly abolished the cleavage of
PRL to the ~14 kDa vasoinhibin by the retinal extracts
from both Ctsd+/+ and Ctsd—/— newborn mice (Fig. 1D).
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Such inhibition argues in favor of renin playing a role in the
generation of vasoinhibin in the neonate mouse retina.
Furthermore, we evaluated the mRNA expression of Renin
in retinas from Cisd+/+ and Cisd—/— mice at postpartum
day 8. Renin and Ctsd were expressed in the newborn mouse
retinas under the wild-type condition and, as expected, only
Renin was expressed in mice null for CTSD (Fig. 1E).

Purified Renin Cleaves PRL into an

~14 kDa Vasoinhibin

Western blots probed with the anti-rat PRL antiserum showed
that recombinant mouse renin cleaves rat PRL in a dose-
dependent manner to an ~14 kDa fragment both at pH 5.5
and pH 7.5 (Fig. 2A), the catalytic range of renin activity
(23). Optical density values of the ~14 kDa fragment, relative
to those of PRL in the absence of renin, indicated that the
cleavage of PRL was equally effective at acid and neutral
pHs (Fig. 2B). Specificity was verified by the lack of PRL cleav-
age after the heat inactivation of renin or the addition of PA
(Fig. 2C). The vasoinhibin identity of the ~14 kDa PRL frag-
ment was verified by its reaction with the N-terminal anti-PRL
monoclonal antibodies (Fig. 2D). These findings showed that
renin cleaves PRL into an ~14 kDa vasoinhibin and, thereby,
supports its contributing role as a PRL-cleaving protease gen-
erating vasoinhibin in the newborn mouse retina.

PRL Cleavage by Renin is Evolutionarily Conserved
The relevance of renin as a PRL protease is supported by its
ability to cleave PRLs from different mammalian species.
Renin cleaved rat, mouse, ovine, bovine, and human PRL
into the ~14 kDa vasoinhibin (Fig. 3A), implying a renin cleav-
age site within a conserved region of PRL. Except for the renin
cleavage site in human angiotensinogen (Leul0—Val11), renin
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Figure 2. Renin cleaves PRL to generate a ~14 kDa vasoinhibin at acid and neutral pH. (A) Representative Western blots probed with an anti-rat PRL
antiserum showing the PRL-cleaved products generated after incubation of rat PRL in the absence (0) or presence of increasing amounts of
recombinant mouse renin at pH 5.5 or pH 7.5. PRL and a PRL fragment of ~14 kDa are indicated. (B) Densitometric values of the ~14 kDa PRL band
relative to the values of the PRL band incubated without renin at pH 5.5 and pH 7.5. Values are means + SEM. (C) Representative Western blot probed
with an anti-rat PRL antiserum of the cleaved products derived from the incubation of rat PRL with renin heat-inactivated (A) or not, or with renin and
pepstatin A (PA) at pH 5.5 or pH 7.5. PRL and a PRL fragment of ~14 kDa are indicated. (D) Representative Western blot, like (C), but probed with
monoclonal antibodies that react with the N-terminus of rat PRL (N-Term). PRL and the ~14 kDa vasoinhibin (Vi) are indicated. The numbers on left

indicate the weight (kDa) of molecular markers.
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Figure 3. Renin cleaves PRL to generate an ~14 kDa vasoinhibin at a consensus cleavage site conserved throughout evolution. (A) Representative
Western blots probed with antisera against rat, mouse, ovine, and human PRLs showing the cleaved products generated after the incubation of the
different mammalian PRLs with recombinant mouse renin at pH 7.5. PRL and the ~14 kDa vasoinhibin (Vi) are indicated. The numbers on left indicate
the weight (kDa) of molecular markers. (B) Alignment of the renin natural substrate, angiotensinogen, at the renin consensus cleavage site (L10-L11 in
nonhuman vertebrates and L10-V11 in humans) that generates angiotensin | (Ang I). Alignment of the N-terminal region from mammalian and
nonmammalian PRLs at the nearly absolute conserved NKRLLEGM sequence that contains consensus cleavage sites (L124-L125 in rodents and
L126-L127 in most other vertebrates) for renin that on cleavage generate vasoinhibins (Vi) with a calculated mass of ~14 kDa. Amino acid residues in
substrates are numbered outward from the cleavage site occurring between P1 and P1’ (arrow). (C) Representations of the amino acid frequencies and
level of conservation in the P4-P4’ cleavage sequence of renin in mammalian and nonmammalian PRLs.

cleaves angiotensinogen of most mammalian and nonmamma-
lian vertebrates between 2 Leu residues (Leu10-Leul1) to gen-
erate the decapeptide, angiotensin I (37) (Fig. 3B). Rat and
mouse PRLs have the renin consensus cleavage site at Leu124
to Leul25, whereas bovine/ovine and human PRLs at
Leul26 to Leul27. Sequences comprising residues 1 through
124 and 1 through 126 have a calculated mass of 14 and
14.3 kDa, respectively, the estimated molecular mass of the

vasoinhibin generated by renin from the previous mammalian
PRLs (Fig. 3A) and in the neonate mouse retina (Fig. 1). The re-
nin proposed cleavage sites are within the NKRLLEG sequence,
a highly conserved region of the PRL molecule, where even in
nonmammalian vertebrates is nearly identical (Fig. 3B).
Multiple alignment of vertebrate PRLs revealed an almost ab-
solute conservation of the sequences on the C-terminal side of
the Leu-Leu bond in mammalian PRLs and in both the
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N-terminal and C-terminal sides in nonmammalian PRLs
(Fig. 3C). These observations suggest that the generation of vas-
oinhibin by renin is conserved throughout evolution.

Endogenous Renin Generates Vasoinhibin
in the Circulation

To further analyze the physiological relevance of the PRL
cleavage by renin, we tested whether the upregulation of renin
in response to D/R (32) could result in the generation of circu-
lating vasoinhibin. First, we showed that rats dehydrated for
48 hours and returned to water for 3 hours upregulated
Renin mRNA expression in the kidney (Fig. 4A) and con-
firmed the previously observed (32) higher levels of circulating
renin using the same protocol (Fig. 4B). We also found that
D/R increases by 4-fold the levels of PRL in plasma (20.4 +
6.1 ng/mL vs 5.1+ 1.7 ng/mL) (Fig. 4C). In the absence of a
quantitative assay for vasoinhibin, its circulating levels can
only be determined semiquantitatively by immunoprecipita-
tion followed by Western blot. However, this method is not
sensitive enough to detect circulating vasoinhibin unless
higher PRL levels are present, like under sulpiride-induced
hyperprolactinemia (33), under the notion that increasing
the substrate (PRL) results in more product (vasoinhibin)
and, thereby, favors vasoinhibin detection. Sulpiride in-
creased to a similar level the circulating values of PRL deter-
mined by ELISA in both control (143.9 +12.3 ng/mL) and
D/R rats (171.2 +£22.6 ng/mL) (Fig. 4D). Figure 4E shows
the immunoprecipitation-Western blot analysis of plasma

Endocrinology, 2025, Vol. 166, No. 3

samples representative of 3 independent experiments. In the
absence of sulpiride, the plasma from control and D/R rats
contained PRL but vasoinhibin-like proteins were not de-
tected. In agreement with the ELISA, sulpiride elevated PRL
to a similarly high level in control and D/R rats; however,
only the plasma from D/R contained a 14-kDa vasoinhibin
like protein. To evaluate circulating renin as the responsible
protease generating 14 kDa vasoinhibin in the plasma of
D/R rats, human PRL was incubated without or with the plas-
ma of D/R rats in the presence and absence of VTP-27999
(Fig. 4F). Representative Western blot showing the
immunoprecipitation-Western blot analysis of human PRL
incubated without plasma (lane 1) and the plasma from
D/R rats incubated without human PRL (lane 2) or with hu-
man PRL in the absence (lane 3) or presence (lane 4) of
VTP-27999. The plasma from D/R rats generated a 14-kDa
immunoreactive human PRL (14 kDa vasoinhibin) and such
generation was prevented by the specific inhibition of renin
with VIP-27999 (Fig. 4F).

These findings suggest that renin released by changes in
blood volume due to D/R cleaved circulating PRL to 14 kDa
vasoinhibin and are proof of concept that renin generates vas-
oinhibin in association with the systemic activation of RAS.

Discussion

Proteolytic processing is a mechanism for creating functional
diversity in peptide hormones (5). PRL acquires inhibitory
properties on blood vessels after undergoing proteolytic
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Figure 4. Renin generates vasoinhibin in the circulation. Renal expression of Renin mRNA (A) and plasma levels of renin (B) and PRL (C) in control (Ctrl)
rats and in rats subjected to dehydration/rehydration (D/R). PRL levels were also determined in Ctrl and D/R rats treated with sulpiride (Sulp) (D). Values
are means + SEM. (E) Representative immunoprecipitation-Western blot evaluating PRL and vasoinhibin (Vi) levels in plasma samples from Ctrland D/R
rats treated or not with sulpiride. PRL and the 14-kDa Vi are indicated. The numbers on left indicate the weight (kDa) of molecular markers. (F)
Representative immunoprecipitation-Western blot showing the generation of 14-kDa Vi following the incubation of human PRL without or with the
plasma from D/R rats in the absence or presence of VTP-27999 (VTP). PRL and Vi are indicated. Numbers on left indicate the weight (kDa) of molecular

markers.
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cleavage to vasoinhibin, a family of PRL fragments that inhib-
its angiogenesis, vascular permeability, and vasodilation (5, 6).
The cleavage of angiotensinogen by renin initiates the proteo-
lytic cascade that generates RAS peptides controlling blood
pressure, body fluid homeostasis, inflammation, and angio-
genesis (5,24, 38). Here, we introduce renin as a PRL-cleaving
protease that can act locally and systemically to produce vaso-
inhibin able to contribute to the vascular actions of RAS.

The generation of vasoinhibin depends on the levels of PRL
and the activity of PRL cleaving proteases regulated at the
hypothalamus, the pituitary, and the target tissues, defining
the PRL/vasoinhibin axis (39). This axis helps restrict angio-
genesis in ocular and joint tissues (9, 15) and is disrupted in
vasoproliferative retinopathies (18, 20), rheumatoid arthritis
(17), peripartum cardiomyopathy (16), and preeclampsia
(14). The PRL/vasoinhibin axis was recently studied in
ROP, a potentially blinding neovascular eye disease that oc-
curs in premature babies (21). The circulating levels of PRL
were very high before and during ROP and were not followed
by a concomitant increase in vasoinhibin (20) to suggest re-
duced vasoinhibin generation. In agreement, the cleavage of
PRL to an ~14 kDa vasoinhibin-like protein was lower in
newborn mouse retinas undergoing active neovascularization
and was attributed to CTSD because it depended on acidic pH
and was blocked by PA (13).

Here, we have challenged CTSD as the only PRL-cleaving
acidic protease in the newborn mouse retina. We identified
the ~14 kDa vasoinhibin-like protein as vasoinhibin by show-
ing that it is an N-terminal fragment of PRL containing the
functional anti-angiogenic motif (35). Furthermore, retinas
from mice null for CTSD generated 50% of the ~14 kDa vaso-
inhibin produced by retinas from wild-type mice. In search of
a contributing enzyme, we unveiled renin, another aspartyl
protease active at acid pH (and neutral pH) that is inhibited
by PA (22) and expressed in the retina of rodents and humans
(26,40, 41). We showed that the highly selective renin inhibi-
tor VIP-27999 (36) nearly abolished the generation of
14 kDa vasoinhibin following PRL incubation with retinal ex-
tracts from newborn mice null or not for CTSD, that both
Ctsd+/+ and Ctsd—/— newborn mouse retinas express Renin,
and that recombinant renin cleaves PRL to the expected
14 kDa vasoinhibin.

Uncovering PRL as substrate for renin is remarkable be-
cause the only known substrate for renin is angiotensinogen.
Renin cleaves the Leu-Leu bond in position 10-11 of angioten-
sinogens, from most species of vertebrates, to generate the
decapeptide angiotensin I (37). PRL of mammalian and non-
mammalian vertebrates has a Leu-Leu bond, within the nearly
absolute conserved sequence NKRLLEGM, that when cleaved
generates a 14-kDa vasoinhibin (residues 1-124 in rodents and
1-126 in most other vertebrates) and renin cleaved different
mammalian PRLs into the 14 kDa vasoinhibin.

The PRL/vasoinhibin axis exerts a wide diversity of actions
on the development, growth, and reproduction of vertebrates
that are fueled by its effects on blood vessels (42). The evolu-
tionary conservation of the putative renin cleavage site sug-
gests that renin produces vasoinhibin in all vertebrates. The
conservation of angiotensin peptides throughout evolution
(43) prompted investigating whether the generation of vasoin-
hibin by renin could be linked to the activation of RAS.

The PRL/vasoinhibin axis and RAS can be functionally in-
terconnected by renin. A D/R protocol, which upregulates
the levels of active renin and angiotensin II in the circulation

(32), increased the systemic levels of renin, PRL, and vasoinhi-
bin. The upregulation of systemic PRL following water de-
privation was first reported nearly 5 decades ago (44) and it
can occur under apparent stress-free conditions (45). Higher
PRL levels promote the conversion to vasoinhibin by provid-
ing more substrate for cleavage. Hyperprolactinemic mice
overexpressing PRL in the liver have enhanced levels of circu-
lating vasoinhibin (46) and pharmacologically induced hyper-
prolactinemia results in higher levels of vasoinhibin in ocular
tissues and fluids of rats (33) and humans (47). However, the
increase in systemic PRL induced by D/R was not enough to
detect the systemic conversion to vasoinhibin by renin.
Therefore, we further elevated circulating PRL levels using
sulpiride, a dopamine D2 receptor blocker that hinders the
hypothalamic dopaminergic inhibition of PRL secretion by
the anterior pituitary gland (48). Plasma samples from
sulpiride-treated D/R rats, but not from sulpiride-treated con-
trols, contained a 14-kDa vasoinhibin-like protein, like the
vasoinhibin produced by pure renin. Although other known
or unknown PRL cleaving proteases cannot be ruled out, renin
is the likely protease responsible for the generation of vasoin-
hibin in the circulation of hyperprolactinemic rats subjected to
D/R. D/R upregulates systemic renin and hyperprolactinemia
did not result in higher vasoinhibin levels in the absence of
D/R. Also, there is no clear evidence that matrix metallopro-
teases and/or CTSD increase in the circulation following
D/R and CTSD is acid pH-dependent and has no activity at
the neutral pH found in the circulation. However, performing
the study in C#sd—/— mice to eliminate a putative CTSD con-
tribution is not feasible because these animals die young (at 26
days of age) because of progressive atrophy of the intestinal
mucosa and destruction of lymphoid cells (29). The contribu-
tion of circulating renin to the generation of vasoinhibin was
decisively demonstrated by showing that human PRL incu-
bated with the plasma from D/R rats was partially converted
to the 14-kDa vasoinhibin and that such conversion was pre-
vented by the specific inhibition of renin with VIP-27999.
Altogether, the present findings support that, like in RAS,
renin released by changes in blood volume activates the
PRL/vasoinhibin axis. A major question is whether the
PRL/vasoinhibin axis contributes to RAS functions. RAS
acts systemically to regulate blood pressure and water bal-
ance, and operates locally, within a tissue/organ, to control
blood flow, inflammation, and angiogenesis (38). PRL and
vasoinhibin share functional properties with RAS. The
PRL/vasoinhibin axis is upregulated in hypertensive patients
(14, 46) and elevates blood pressure (46), reduces blood
flow (49), and inhibits the relaxation of coronary vessels
and aortic segments (50). These effects are brought about by
the vasoinhibin mediated impairment of endothelial nitric ox-
ide synthase NO production (50). Because the pressure and
volume of blood are closely interrelated, it is not surprising
that the PRL/vasoinhibin axis is upregulated by water depriv-
ation and uptake (present data) (44). Also, hyperprolactine-
mia potentiates the dipsogenic effect of angiotensin II (45)
and, like angiotensin II (51), both PRL and vasoinhibin
stimulate the release of vasopressin from the hypothalamo-
neurohyphyseal system (52). With respect to local actions,
vasoinhibin acts on endothelial cells to inhibit the signaling
pathways (Ras-Raf-MAPK, Ras-Tiam1-Rac1-Pacl, PI3K-Akt,
and PLCy-IP3-endothelial nitric oxide synthase) activated by
several proangiogenic, vascular permeability, and vasodilation
factors (VEGF, bFGF, bradykinin, IL-1p, acetylcholine) (3, 6).
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Likewise, vasoinhibin activates, by itself, the NF-kB pathway in
endothelial cells (53) and fibroblasts (54) to trigger the expres-
sion of adhesion molecules and inflammatory mediators result-
ing in leukocyte infiltration and inflammation. The functional
interconnection between the PRL/vasoinhibin axis and RAS is
supported by their involvement in the pathophysiology of
vasoproliferative retinopathies, including ROP (19, 20, 25,
26). The components of both systems are found in the retina,
are disrupted under retinal vascular alterations, and angiotensin
peptides, PRL, and vasoinhibin can worsen or improve vasopro-
liferative retinopathies (5, 18, 20, 25, 26, 55).

In conclusion, the present study unveils renin as a
PRL-cleaving protease able to act locally and systemically to
produce vasoinhibin under conditions linked to the activation
of RAS. The functional similarities between the PRL/vasoinhi-
bin axis and RAS highlight the need to address the concomi-
tant generation by renin of vasoinhibin and angiotensin
peptides with the final goal of understanding their contribu-
tion to vascular diseases and the development of new
treatments.
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