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A B S T R A C T

Background: Erythrocyte mass contributes to maintaining systemic oxygen delivery and blood viscosity, with
the latter being one of the determinants of blood pressure. However, the physiological response to blood
pressure changes under anaemic conditions remain unknown.
Methods and Findings: We show that anaemia decreases blood pressure in human patients and mouse mod-
els. Analyses of pathways related to blood pressure regulation demonstrate that anaemia enhances the
expression of the gene encoding the vasopressor substance renin in kidneys. Although kidney juxtaglomeru-
lar cells are known to continuously produce renin, renal interstitial fibroblasts are identified in the present
study as a novel site of renin induction under anaemic hypotensive conditions in mice and rats. Notably,
some renal interstitial fibroblasts are found to simultaneously express renin and the erythroid growth factor
erythropoietin in the anaemic mouse kidney. Antihypertensive agents but not hypoxic stimuli induced inter-
stitial renin expression, suggesting that blood pressure reduction triggers interstitial renin induction in anae-
mic mice. The interstitial renin expression was also detected in injured fibrotic kidneys of the mouse and
human, and the renin-expressing interstitial cells in murine fibrotic kidneys were identified as myofibro-
blasts originating from renal interstitial fibroblasts. Since the elevated expression levels of renin in fibrotic
kidneys along with progression of renal fibrosis were well correlated to the systemic blood pressure increase,
the renal interstitial renin production seemed to affect systemic blood pressure.
Interpretation: Renal interstitial fibroblasts function as central controllers of systemic oxygen delivery by pro-
ducing both renin and erythropoietin.
Funding: Grants-in-Aid from Japan Society for the Promotion of Science (JSPS) KAKENHI (17K19680,
15H04691, and 26111002) and the Takeda Science Foundation.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Red blood cells (erythrocytes) are essential for the delivery of oxy-
gen to every organ, and a decrease in circulating erythrocytes (anae-
mia) causes a whole-body oxygen shortage (systemic hypoxia).
Additionally, since erythrocytes occupy almost half of the blood vol-
ume in healthy humans, anaemia reduces blood viscosity, resulting
in a decrease in systemic blood pressure [1,2]. Moreover, anaemic
hypoxia causes peripheral vasodilation and cardiac exhaustion, both
of which also contribute to the blood pressure decrease [3]. There-
fore, anaemia is believed to delay the circulation of the decreased
numbers of erythrocytes, and the combined effect of erythrocyte loss
and anaemic hypotension potentially aggravates systemic hypoxia.
However, the impact of anaemia on blood pressure is poorly studied,
even though anaemia, such as iron-deficiency anaemia, is a common
disease in women of childbearing age.

Erythrocyte production (erythropoiesis) in the bone marrow is
activated by the erythroid growth factor erythropoietin (Epo), which
is produced by interstitial fibroblasts in the kidneys referred to as
renal Epo-producing (REP) cells [4]. Because Epo is essential for
erythropoiesis, deletion of the Epo gene from the mouse genome
results in embryonic death due to severe anaemia [5,6]. REP cells lose
the ability to produce Epo in kidney disease, which affects more than
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Research in context

Evidence before this study: Red blood cells (erythrocytes) are
essential for oxygen delivery to organs and occupy almost half
of the blood volume in healthy humans. A decrease in circulat-
ing erythrocytes (anaemia) causes not only a systemic oxygen
shortage (hypoxia), but also a reduction in blood viscosity,
which is a critical factor for blood pressure maintenance. How-
ever, the impact of anaemia on blood pressure has been poorly
studied. Renin is indispensable for blood pressure maintenance,
and erythropoiesis requires erythropoietin (Epo). Renin and
Epo are produced in the kidneys by juxtaglomerular (JG) cells
and interstitial fibroblasts, respectively.

Added value of this study: By analysing data from anaemic
patients and a variety of animal models, we demonstrate herein
that anaemia causes hypotension. Additionally, we show that
anaemic hypotension induces renin production at the tran-
scriptional level in a large number of renal interstitial fibro-
blasts and a small number of JG cells. In the anaemic mouse
kidney, we find renal interstitial fibroblasts simultaneously
expressing renin and Epo. Furthermore, we find that the renal
interstitial production of renin is activated by hypotension
alone and not by hypoxic stimuli. Thus, this study identifies
renal interstitial fibroblasts as a novel major site of renin induc-
tion in response to the blood pressure decrease.

Implications of all the available evidence: Renal interstitial
fibroblasts are proposed to function as central controllers of
erythrocyte circulation by regulating the expression of the
genes encoding renin and Epo. Against the high demand of
renin under hypotension conditions, renal interstitial fibro-
blasts initiate renin production to support JG cells, which have
been considered the major site of renin production. The renin
induction in renal interstitium is suggested to be involved in
any types of anaemia, amongst which iron-deficiency anaemia
is a common disease in women of childbearing age. Addition-
ally, renal interstitial renin likely contributes to blood pressure
disorders associated with kidney disease, from which more
than 10% of the population worldwide suffers.
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10% of the worldwide population and results in a significant eco-
nomic burden associated with kidney replacement therapies, such as
haemodialysis and kidney transplantation. Therefore, chronic kidney
disease (CKD) results in the loss of Epo production in the majority of
REP cells, and renal anaemia due to relative Epo deficiency or Epo
hyporesponsiveness is a frequent complication of CKD [7]. For more
than 30 years, recombinant human Epo and its derivatives have
exhibited excellent efficacy in the treatment of renal anaemia as
erythropoiesis-stimulating agents (ESAs) [8]. To maintain oxygen
homoeostasis, REP cells produce and secrete Epo in a hypoxia-induc-
ible manner. Epo gene transcription is the rate-limiting step for Epo
secretion by REP cells [4] and is governed by the transcription factor
HIF2a, a member of the hypoxia-inducible transcription factors
(HIFs) [7,9]. Under normal air conditions, HIFs are inactivated by
prolyl hydroxylase domain proteins (PHDs), which require oxygen
for their catalytic activity [7]. When hypoxia inhibits PHD function,
PHD-mediated inactivation of HIFs is inhibited, and HIFs induce the
expression of various target genes, including the Epo gene [7]. Very
recently, PHD inhibitory compounds (PHDIs) were launched as new
treatments for renal anaemia in Japan and China [7,10].

Blood pressure is mainly regulated by the renin-angiotensin sys-
tem (RAS), in which angiotensinogen (AGT) is converted to the effec-
tive vasopressor factor angiotensin II (AngII) by renin and
angiotensin-I converting enzyme (ACE) [11]. AGT processing princi-
pally occurs in the blood because the genes for AGT, renin, and ACE
are primarily expressed in the liver, kidneys, and lungs, respectively.
In addition to systemic RAS, tissue-specific RAS (local RAS) with local
high concentrations of RAS components has been identified in many
organs, including the kidney, heart, brain, and liver [12,13]. AngII
binds to its specific receptors and induces vasoconstriction. In addi-
tion, AngII signalling causes the adrenal cortex to secrete the mineral-
ocorticoid aldosterone, which is an inducer of Na+ reabsorption in the
distal tubules of the kidneys, thereby increasing the body fluid vol-
ume. The abnormal activation of RAS, such as the overproduction of
renin due to kidney disease, is one of the causes of hypertension
(renal hypertension), and AngII receptor blockers (ARBs) are widely
used for the treatment of hypertension [14]. Renin secretion from the
kidneys is controlled by a strict multistep system and strongly
impacts elevations in blood pressure. Renin is mainly secreted by a
limited cell population, i.e., juxtaglomerular (JG) cells, which are
localized around afferent arterioles in the kidneys [15]. Although the
mechanisms controlling renin secretion from JG cells are unclear, it is
known that a decrease in blood pressure induces renin release from
abundant granules of JG cells. Noradrenalin released from the sympa-
thetic nerves via the b1 receptor in JG cells also stimulates renin
release from renin granules [15].

To elucidate the influence of anaemia on blood pressure and the
mechanism underlying the response to anaemic hypotension, here
we investigate the impact of anaemia on RAS. Particularly, the roles
of the renal interstitial fibroblasts, which produce Epo to activate
erythropoiesis, during adaptation to anaemic hypotension are
explored using samples derived from humans and rodents. Addition-
ally, the contribution of renal interstitial fibroblasts, which are trans-
formed into proliferative myofibroblasts in injured kidneys, to blood
pressure regulation under pathologic conditions is investigated.

2. Materials and methods

2.1. Cohort study

The Gonryo study involved CKD outpatients treated in 11 hospi-
tals offering specialized nephrology services between May 2006 and
November 2008 in Miyagi, Japan. The Gonryo study, in which 4015
patients provided informed consent for participation, was approved
by the Institutional Review Boards of the Tohoku University School of
Medicine (approval number 2006�10/UMIN000011211) [16]. To
examine the correlation between haemoglobin levels and blood pres-
sure, data from female patients and the cases administered ESA or
antihypertensive agents were excluded from the cohort. Then, data
from 137 male patients in CKD stages G3a, G3b, and G4 (as estimated
from the glomerular filtration rate [eGFR], which was between 15
and 59 mL/min/1.73 m2 as calculated by the Japanese formula) were
selected [17]. The baseline data for the 137 patients are shown in
Fig. 1a.

2.2. Animals

All animal experiments were approved by the Animal Care Com-
mittee of Tohoku University (approval number 2017-MdA-090).
Lines of inherited super anaemic mutant (ISAM) mice (EpoGFP/GFP:
TgEpo3’ genotype) and ISAM-REC mice (EpoGFP/GFP:TgEpo3’:Rosa26LSL-tdTo-
mato/wt: TgEpoCre) on a C57BL/6 background were established and
maintained in-house [18]. Littermate EpoGFP/wt mice were used as
normal control mice for the ISAM mice. Wild-type male mice (C57BL/
6 and DBA/2) and male rats (Slc:SD, weighing approximately 300 g)
were purchased from Japan SLC. The inbred male spontaneously
hypertensive rats (SHR/Izm) and their control rats (Wistar-Kyoto rat,
WKY/Izm) were also purchased from Japan SLC and analysed at 12
weeks of age [19]. Female transgenic mice overexpressing the human
REN gene were crossed with male transgenic mice overexpressing
the human AGT gene, and pregnancy-associated hypertension (PAH)



Fig. 1. Chronic anaemia lowers blood pressure in humans and mice. (a) The baseline data of patients in the Gonryo cohort, which were analysed in this study. To investigate the relationship
between haemoglobin and blood pressure values, this study analysed data for 137male CKD patients in CKD stage G3a, G3b, or G4without administration of antihypertensive agents or eryth-
ropoiesis-stimulating agents (ESA). BMI, body mass index; CVD, cardiovascular disease. (b) Correlation of haemoglobin concentrations with mean (red) and diastolic (green) blood pressures
(MBP andDBP) in 137 CKDpatients. Systolic blood pressure (SBP, blue)was not statistically correlatedwith haemoglobin concentrations. A linear regression analysiswas performed to estimate
the correlation using the non-parametric Spearman rank test. (c) Erythrocyte count, SBP,MBP, and DBP in ISAM and control mice at 11weeks of age. Red bars indicatemean values. Green lines
indicate P<0.01 in theWilcoxon-Mann-Whitney test. n = 5 and 6, for erythrocyte count and blood pressure, respectively.
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developed 16.5 days after fertilization (embryonic day 16.5 [E16.5])
in the pregnant female mice due to the overproduction of human
AngII, which is produced by maternal renin and embryonic AGT
[20,21]. Human REN transgenic female mice crossed with male REN
transgenic mice were used as normal pregnant controls. All mouse
experiments except the PAH model used male mice at 12�14 weeks
of age, and all animals were housed under a 12:12-hour day-night
cycle with constant access to water and food (Oriental Yeast, contain-
ing 1.9 g/kg of sodium, 2.4 g/kg of magnesium, and 9.0 g/kg of potas-
sium).
2.3. Blood pressure measurement

The systolic, mean, and diastolic blood pressures were recorded
using a tail-cuff apparatus (BP-98a, Softron), by which blood pressure
less than 60 mmHg is undetectable. We performed the blood pres-
sure measurement once a day starting 2 days before the evaluation
day to allow the mice to become accustomed to the measurement
protocols [20].
2.4. Blood analyses

Approximately 300 mL of peripheral blood was collected from the
heart or submandibular vein into a 1.5-mL tube containing 5.0 mL of
0.5 M EDTA. The blood indices were measured using an automatic
blood analyser (Nihon Koden). Blood concentrations of aldosterone
were measured using an aldosterone ELISA kit (ENZO Life Sciences).
2.5. Reverse transcription-quantitative PCR (RT-qPCR)

Using ISOGEN (Nippon Gene), 3 mg of total RNA was extracted
from the tissue specimens. Subsequently, cDNA was synthesized
using SuperScript III and random primers (Invitrogen). Quantitative
PCR was performed using a LightCycler 96 System (Roche
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Diagnostics) with gene-specific primers (Table S1). The mRNA
expression levels of the housekeeping Hprt gene were used as the
internal standard.

2.6. Immunoblotting

The proteins in the mouse plasma (4 mL) were transferred to
nitrocellulose membranes (Bio-Rad) after electrophoresis on 10%
polyacrylamide gels, and the membranes were incubated with a goat
anti-mouse renin antibody (R&D Systems, AF4277) diluted (1:1000)
with Signal Enhancer HIKARI (Nacalai Tesque) at 4 °C overnight.
Horseradish peroxidase (HRP)-conjugated anti-goat IgG (Abcam) was
used with chemiluminescent detection reagents (GE Healthcare) to
detect the signals using a C-DiGit blot scanner system (Li-COR).

2.7. Formalin-fixed paraffin-embedded organ sections

Kidneys fixed in formalin (Nacalai Tesque) overnight at 4 °C were
embedded in paraffin and sliced into thin sections (3-mm or 8-mm
thickness). A 2100-Retriever (Aptum Biologics) was used to retrieve
the sections.

2.8. in situ hybridization (ISH)

Retrieved paraffin sections were subjected to ISH using an RNA-
scope Kit (Advanced Cell Diagnostics) in accordance with the manual.
RNAscope 2.5 HD Detection Reagents-BROWN and RNAscope 2.5 HD
Duplex Detection Reagents (Advanced Cell Diagnostics) were used
for the single and double staining, respectively. The probes used in
this study are listed in Table S1. Counterstaining was performed using
Mayer's haematoxylin stain solution (Merck) and Carracci haematox-
ylin stain solution (Muto) for single and double staining, respectively.

2.9. Immunohistochemistry

The retrieved paraffin sections were incubated with a goat anti-
mouse renin antibody (R&D Systems, AF4277) diluted (1:1000) or
rabbit anti-human platelet-derived growth factor receptor b
(PDGFRb; Abcam, ab32570) diluted (1:1000) with Signal Enhancer
HIKARI Solution B (Nacalai Tesque) at 4 °C overnight after incubation
with a blocking reagent (Vector laboratories). After the sections were
washed with PBS-T, they were incubated with an ImmPRESS Excel
Amplified HRP Polymer-conjugated secondary antibody (anti-goat
IgG for renin or anti-rabbit IgG for PDGFRb, Vector laboratories) at
room temperature for 2 h followed by colour development with a
peroxidase colour development solution (Vector laboratories). May-
er's haematoxylin (Merck) was used for counterstaining.

2.10. C.E.R.A. administration

C.E.R.A. (continuous Epo receptor activator also known as epoetin
beta pegol or methoxy polyethylene glycol-epoetin beta, Chugai
Pharmaceuticals, 3 mg/kg) was subcutaneously injected into the
ISAMmice [22]. The mice were analysed 6 h after injection in the sin-
gle-injection group or one week after the final injection in the 4-
times-weekly injection group (Groups 6H and 28D, respectively).
Mice injected with PBS-T were used as vehicle-injected controls.

2.11. Analyses of sorted cells

For preparation of the single-cell suspensions from kidneys, the
kidneys were dissected and digested with collagenase II (Worthing-
ton). Cells positive for GFP and/or tdTomato were isolated from the
cell suspension of 8 mice using a FACS Jazz cell sorter with FACS Diva
software (Becton Dickinson). The total RNA from the isolated cells
(1 £ 105 cells for each fraction) was purified with an RNeasy Micro
Kit (Qiagen) and reverse-transcribed with SenscriptRT (Qiagen). Trip-
licate quantitative PCR was performed as described above.

2.12. Haemorrhagic anaemia model

The mice were bled (approximately 300 mL) from the submandib-
ular vein daily for 4 days (Day 0 to Day 4) and analysed a day after
the final phlebotomy (Day 5).

2.13. Haemolytic anaemia model

The mice and rats were peritoneally injected with phenylhydra-
zine (Wako, 60 mg/kg) daily for 3 days (Day 0 to Day 2) and analysed
2 days after the final phlebotomy (Day 5). Mice injected with PBS-T
were used as vehicle-injected controls.

2.14. Hypoxic exposure

The control EpoGFP/wt mice were exposed to 6% oxygen air, which
was regulated by a ProOx oxygen controller (BioSpherix) and a Nilox
nitrogen generator (Sanyo Electronic Industries), for 48 h after being
preconditioned with 10% oxygen air for 2 h.

2.15. PHDI treatment

PHDI GSK360A (Toronto Research Chemicals) was dissolved in 5%
glucose with 32.5 mmol/L sodium hydroxide and injected into wild-
type C57BL/6 mice at a dose of 50 mg/kg. Buffer-injected mice were
used as control mice, and both the PHDI-injected and vehicle-
injected mice were analysed 6 h after the injection [23,24].

2.16. Administration of antihypertensive agents

The ARB losartan (60 mg/kg, Wako) was intraperitoneally injected
into wild-type DBA/2 mice (Japan SLC) daily for 4 days (Day 0 to Day 3),
and the treatedmice and vehicle (PBS)-injectedmice were analysed 24 h
after the final injection (Day 4). For administration with the vasodilator
hydralazine (Sigma), wild-type C57BL/6 mice (Japan SLC) freely drank
hydralazine-containingwater (5mg/L) for 4 days until the analyses.

2.17. Kidney injury

To induce renal fibrosis, wild-type C57BL/6 male mice (Japan SLC)
were subjected to unilateral ureteral obstruction (UUO), in which the
left ureter was cut between 2 ligatures made by 4�0 Polysorb (Syne-
ture) at the level of the lower pole of the kidney [25]. Injured (left)
and contralateral (right) kidneys were analysed at 3, 14, and 21 days
after UUO surgery. Myofibroblasts were detected in tissue sections
from injured kidneys by means of immunofluorescence with Cy3-
conjugated anti-human a-smooth muscle actin (aSMA) antibody
(mouse IgG2a, Sigma, C6198) [25].

2.19. Human kidney sections

Formalin-fixed paraffin-embedded kidney sections from patients
suffering from chronic tubulointerstitial nephritis were purchased
from OriGene (CS700464 and CS705284 for Patient 1 and Patient 2,
respectively). The detailed information on the patients is provided in
Table S2.

2.19. Statistical analysis

Statistical significance was defined when the P-value was <0.05.
The correlations were calculated by the non-parametric Spearman
rank test using Stata software version 13.1 (Stata Corp LP). Mann-
Whitney U tests and one-way analysis of variance (ANOVA) followed
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by Tukey-Kramer honestly significant difference tests were used to
compare 2 groups and multiple groups, respectively.

3. Results

3.1. Anaemia and hypotension are correlated in humans and mice

To determine whether anaemia is associated with hypotension, we
analysed haemoglobin and blood pressure values of 137 male CKD
patients (in CKD stages G3a, G3b, and G4) from the Gonryo cohort [16]
after excluding the data from patients under ESA or antihypertensive
agent administration (Fig. 1a). As expected [1,2], the haemoglobin con-
centration and mean/diastolic blood pressure (MBP and DBP) were posi-
tively correlated (Fig. 1b). Although systolic blood pressure (SBP) was not
correlated with haemoglobin values, the MBP and DBP data suggested
that anaemiamight decrease blood viscosity and pressure. Subsequently,
blood pressure in a genetically modified mouse line exhibiting adult-
onset Epo-deficiency anaemia, referred to as ISAM mice and described
previously [18], was analysed when the mice were 11 weeks of age.
Erythrocyte concentrations of the ISAM mice had decreased to approxi-
mately 30% of the normal mouse values at 4 weeks of age and remained
there throughout life (Fig. 1c) [18,22]. The blood pressure data revealed
that the systolic, mean, and diastolic blood pressures of the ISAM mice
were significantly lower than those of the normal control mice (Fig. 1c).
These data demonstrated that chronic pure red cell aplasia correlates to
hypotension, most likely due to decreased blood viscosity.

3.2. Chronic anaemia enhances Ren1mRNA expression in the kidney

The impact of anaemic hypotension on RAS was investigated by
measuring the mRNA levels of the major RAS component genes,
Fig. 2. Chronic anaemia induces renal renin expression in mice. (a) RT-qPCR analyses were p
the kidney, liver, and lung, respectively, which were obtained from ISAM and control mice a
antibody detected renin, its precursor (prorenin), and nonspecific bands (ns), which were p
expression levels in control and ISAM mice treated with C.E.R.A. or vehicle (V). Two scheme
expression levels (red bars) in the control mice were set as 1 for each gene expression ana
Tukey-Kramer HSD test (c). n = 5�7 per group (a and c).
including Ren1 in the kidneys, Agt in the liver, and Ace in the lungs.
Amongst the studied RAS components, only Ren1 exhibited an mRNA
level that was significantly increased in the ISAM mice compared
with the control mice; the mRNA levels of the remaining RAS compo-
nents were unaltered in ISAM mice relative to the controls (Fig. 2a).
Immunoblotting experiments using mouse plasma revealed high
concentrations of both the renin precursor (prorenin) and mature
renin in ISAM plasma (Fig. 2b and Fig. S1). No differences in Agt and
Ace mRNA expression in kidney were observed between the mouse
genotypes. Therefore, we propose that anaemic hypotension acti-
vates systemic RAS rather than local RAS.

Since Epo reagents reverse anaemia in ISAM mice [22], we exam-
ined whether the correction of anaemia reduced renal renin produc-
tion to normal levels in mice with identical genotypes. A single
injection of the long-acting Epo reagent C.E.R.A. restored the haemo-
globin concentration in the blood of ISAMmice to the normal concen-
tration in one week [22]. The mice were treated with C.E.R.A. 4 times
weekly (Fig. 2c). After the treatment, the mice recovered from anae-
mia for 4 weeks (5 weeks after the first C.E.R.A. injection), their blood
pressures normalized (Fig. S2), and the Ren1 mRNA levels in the kid-
neys decreased to the levels observed in the control mice (Fig. 2c).
Since Epo is clinically known to have hypertensive effects [26], we
examined the direct effects of C.E.R.A. administration by analysing
ISAM mice before the increase in haemoglobin concentrations. Both
blood pressure and renal Ren1 mRNA expression levels in ISAM mice
showed no significant differences from control levels 6 h after the
first C.E.R.A. injection (Fig. 2c), suggesting that Epo did not directly
regulate blood pressure and renal renin production. These data dem-
onstrate that chronic anaemia induces the expression of the Ren1
gene in the kidney and provokes systemic RAS to prevent severe
hypotension.
erformed to determine the relative mRNA expression of the Ren1, Agt, and Ace genes in
t 11 weeks of age. (b) Immunoblotting of control and ISAM plasma with an anti-renin
robably immunoglobulin. (c) Blood haemoglobin concentrations and renal Ren1 mRNA
s of C.E.R.A. administration, e.g., 6H and 28D, are shown in the top panel. The average
lysis (a and c). Green lines indicate P<0.01 in the Wilcoxon-Mann-Whitney test (a) or
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3.3. Renal interstitium is the renin induction site under chronic anaemia

To identify the cells responsible for renal renin production
induced by anaemic hypotension, we performed ISH of Ren1 mRNA.
As expected, Ren1 mRNA expression was consistently detected in JG
cells in both the ISAM and control mice (arrows in Fig. 3a). Unexpect-
edly, Ren1 mRNA expression was detected in many peritubular inter-
stitial cells in the ISAM kidneys (arrowheads in Fig. 3a). The anaemic
hypotension-inducible production of renin in the interstitial cells
was confirmed by immunohistochemistry with antibodies against
renin (Fig. 3b and Fig. S3a). The staining intensity of renin immuno-
histochemistry in the interstitial cells was weaker than in JG cells,
whereas the staining intensity of Ren1 ISH was comparable between
these cell types (Fig. 3a and b). These observations suggest that renin
produced in the interstitial cells is not stored but is immediately
secreted; in contrast, renin produced in JG cells is stored in renin
granules until secretion [15].

Consistent with the reduction in renal Ren1 mRNA expression in
the ISAM mice that recovered from anaemia after long-term Epo
administration (Fig. 2c), interstitial Ren1 gene expression in the ISAM
mice mostly disappeared after correction of the anaemia (Fig. 3c). No
effects of short-term (6 h) Epo treatment on interstitial Ren1 gene
expression were observed (Fig. 3c). The Ren1 mRNA expression pro-
file in the JG cells was not influenced by Epo administration (arrows
in Fig. 3c). Interstitial renin expression was also detected in a small
population of renal interstitial cells in the control mice (arrowhead in
Fig. 3a,), demonstrating that renal interstitial cells could express the
Ren1 gene and that the interstitial cell population expressing renin
expanded during anaemia.

3.4. Chronic anaemia induces Epo and Ren1 coexpression in renal
fibroblasts

Epo-producing fibroblasts, REP cells, are located in the renal inter-
stitium [4,18]. We investigated whether REP cells express the Ren1
gene in response to anaemic hypotension. In the ISAM-REC mice,
almost all REP cells are permanently labelled with tdTomato fluores-
cence, which is expressed by the reporter transgene to detect cells
undergoing Cre-mediated recombination, because EpoCre transgene
expression is highly enhanced by chronic anaemia in ISAM mice [18].
Additionally, the endogenous Epo gene is homozygously replaced
with GFP (green fluorescent protein) cDNA (the EpoGFP gene) in
ISAM-REC mice [18]. The REP cells that displayed active or inactive
Epo gene transcription were separately isolated from the ISAM-REC
mouse kidneys with a cell sorter as tdTomato+/EpoGFP+ “ON-REP”
cells and tdTomato+/EpoGFP� “OFF-REP” cells, respectively (Fig. 4a)
[18].

While EpoGFP mRNA was exclusively detected in the sorted ON-
REP cells, Ren1 mRNA expression was detectable in all 3 cell fractions
and tended to be high in the ON-REP fraction and low in the
tdTomato� non-REP cell fraction containing JG cells as a minor cell
population (Fig. 4b). These data demonstrated that at least some REP
cells, which are fibroblasts located mainly in the peritubular intersti-
tium of the renal cortex, express the Ren1 gene under chronic anae-
mia conditions. Additionally, the observation of Ren1 gene
expression in ON-REP cells of the ISAM-REC mice suggests that some
interstitial fibroblasts simultaneously produce Epo and renin in anae-
mic mouse kidneys. The double staining to detect tdTomato and Ren1
mRNA expression in the ISAM-REC kidneys by ISH confirmed that the
Ren1 gene was expressed by REP cells labelled with tdTomato mRNA
expression (yellow arrowheads in Fig. 4c). Thus, the renal interstitial
cells expressing the Ren1 gene in anaemic mice are fibroblasts,
including REP cells, but not endothelial and myeloid lineage cells
[27].

The ISH data on Ren1 mRNA expression in the anaemic and con-
trol mice demonstrated that anaemia turned on Ren1 expression in
many interstitial fibroblasts widely distributed in both the renal cor-
tex and medulla. In contrast, the numbers of Ren1+ JG cell clusters
were unaffected by anaemia (Fig. 4d). In the renal cortex, in which
most interstitial fibroblasts are REP cells [4,18], more than 85% of
Ren1+ interstitial cells were positive for tdTomato expression, while
approximately 30% of tdTomato+ cells expressed Ren1 mRNA (Table
S3). These data indicated that a part of REP cells, a major fraction of
renal cortical interstitial fibroblast, were responsible for renin induc-
tion in response to anaemia. However, a minor portion of Ren1+ cells
overlapped with tdTomato+ REP cells in the renal medulla, which con-
tained a few REP cells (Table S3) [4,18]. In the medulla as well as the
cortex, Ren1+ interstitial cells were PDGFRb+

fibroblasts (Fig. S3b).
We thus propose that the kidney increases renin production levels
under anaemic conditions by activating Ren1 gene expression, princi-
pally in interstitial fibroblasts.

3.5. Acute anaemia results in severe hypotension and induces
fibroblastic renin

Although anaemia is believed to reduce blood pressure through
decreasing blood viscosity [1,2], the possibility that hearts are
fatigued because of a long-term insufficient oxygen supply due to
chronic anaemia could not be excluded. In fact, the cardiac deteriora-
tion of chronic anaemia patients is due to the long-term shortage of
oxygen, and cardiomegaly has been observed in ISAM mice [18,22].
Additionally, it was unclear whether the induction of renal interstitial
renin contributed to the increasing blood pressure in ISAM mice
because these mice exhibit hypotension regardless of elevations in
renal renin production.

We investigated whether acute anaemia resulted in hypotension
and renal interstitial renin induction. Bleeding anaemia was induced
in wild-type mice by daily phlebotomy for 4 days. The erythrocyte
concentrations were significantly reduced 24 h after the final phle-
botomy (Fig. 5a). At this time, the blood pressures were below the
quantifiable level, and the Ren1 and Epo mRNA levels were upregu-
lated by acute bleeding anaemia (Fig. 5a). The ISH data demonstrated
that Ren1 mRNA expression in the renal interstitium was induced by
acute bleeding anaemia, consistent with the Ren1 mRNA expression
profile (Fig. 5a and b).

Phenylhydrazine injections resulted in acute haemolytic anaemia
and hypotension (undetectable blood pressure) in wild-type mice
(Fig. 5c). Acute haemolytic anaemia, the severity of which was com-
parable with that of the ISAM mice, increased Epo and Ren1 mRNA
expression in the renal interstitium (Fig. 5c, d, and Fig. S4a). In agree-
ment with the induction levels of Ren1 mRNA in kidneys in the hae-
molytic anaemia model, which were lower than in the chronic Epo-
deficiency anaemia model (Fig. 2a and Fig. 5c), the increase in Ren1+

interstitial cells by haemolytic anaemia was reduced compared with
than the chronic anaemia in the ISAM mice (Fig. 5d and Fig. S4a). In
the chronic anaemia model as well, the numbers of Ren1+ JG cell clus-
ters were unchanged by the acute haemolytic anaemia model (Fig. 5d
and Fig. S4a). Thus, renal interstitial fibroblasts commonly produce
renin under acute and chronic anaemia conditions. Because renin
induction was expected to increase adrenal secretion of aldosterone,
one of the end products of RAS, blood concentrations of aldosterone
were measured in the anaemic mouse models. All 3 models tended to
exhibit elevated aldosterone levels compared with the control non-
anaemic mice, and the induction levels were comparable amongst
the anaemia models (Fig. S5). These data suggested that anaemic con-
ditions commonly induced renin production in the renal interstitial
fibroblasts and activated RAS.

Since the data obtained from the acute anaemia mouse models
accurately recapitulated the data obtained from the ISAM mice with
chronic anaemia, rats were used as a second species to confirm the
renal interstitial renin induction by anaemic hypotension. Phenylhy-
drazine injection reduced the erythrocyte concentration in the



Fig. 3. Representative histological images of renal interstitial production of renin in anaemic mice. (a and b) ISH (a) and immunohistochemistry (IHC, b) were performed to detect
Ren1 mRNA and renin protein, respectively. (c) ISH of Ren1 mRNA in the kidney sections from control and ISAM mice treated with vehicle or C.E.R.A. (6H and 28D, see Fig. 2c).
Dashed circles, arrows, and arrowheads indicate glomeruli, JG cells, and interstitial cells, respectively. Scale bars represent 100mm.
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Fig. 4. Detection of cells coexpressing renin and Epo. (a) Flow cytometry of GFP and tdTomato expression in a renal cell suspension from ISAM-REC mice. (b) Relative expression of
Ren1 and EpoGFP mRNA in isolated cell fractions (tdTomato+/GFP+, ON-REP; tdTomato+/GFP�, OFF-REP; and tdTomato�GFP�, others in a). (c) Representative images of double ISH
detecting tdTomato (red) and Ren1 (blue) mRNA in sections of the renal cortex and medulla from the ISAM-REC mice. Dotted circles and red arrows indicate glomeruli and JG cells,
respectively. White, black, and yellow arrowheads indicate interstitial fibroblasts positive for Ren1 (blue), tdTomato (red), and both (purple), respectively. The scale bar represents
100 mm. (d) Quantification of ISH images. Red bars indicate mean values. Green lines indicate P<0.01 in the Wilcoxon-Mann-Whitney test. n = 7 and 8, for control and ISAM-REC
mice, respectively.
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peripheral blood of rats and induced the expression of the Epo (Epo)
and renin (Ren) genes in the rat kidney (Fig. 5e). As expected, the renal
interstitium was identified by ISH as a site of renin induction in the
anaemic rats (Fig. 5f). However, the increase in Ren1-expressing fibro-
blast counts in anaemic rats was lower than in anaemic mice (Fig.
S4a�c). This difference in the renal interstitial renin expression between
species seemed to be related to the difference in the renin expression
profile in JG cells. In mice, more than 60% of the JG cell clusters were
positive for Ren1 mRNA expression even in a normal situation, and JG
cells competent for renin induction in an anaemic situationwere limited
in numbers (Fig. S4b). Conversely, less than 20% of the JG cell clusters
expressed Ren mRNA in rats, and anaemic stimuli significantly elevated
the numbers of Ren-expressing JG cell clusters (Fig. S4b). Thus, since the
majority of JG cells were able to induce renin production in response to
anaemia in rats, renal interstitial fibroblasts of rats did not have to
activate their renin production, whereas anaemic mice required renin
production in renal interstitial fibroblasts to compensate for the short-
age of renin production in JG cells.

Because renal interstitial cells coexpressing Ren1 and Epo were
repetitively detected under anaemic conditions (Fig. 5b, d, and Fig.
S6), interstitial renin-producing cells could be considered fibroblastic
cells, which can produce both Epo and renin in an anaemia-inducible
manner. The finding of milder hypotension in the chronic anaemia
models compared with the acute anaemia models indicates that the
continuous induction of renal interstitial renin production signifi-
cantly contributed to ameliorating anaemic hypotension in the
chronic phase of severe anaemia. Thus, blood cell loss decreased
blood pressure, and renal interstitial fibroblasts, in addition to JG
cells, produced renin to maintain the erythrocyte circulation during
anaemic hypotension.



Fig. 5. Acute anaemia induces Ren1 mRNA expression in the renal interstitium. (a) Epo and Ren1 mRNA expression levels were elevated in kidneys from wild-type C57BL/6 mice by
phlebotomy-induced haemorrhagic anaemia. The experimental scheme, erythrocyte counts, and Epo and Ren1 mRNA levels are shown. (b) Representative images of ISH of Epo
(red) and Ren1 (blue) mRNA in kidney sections from control and haemorrhagic mice. (c) Epo and Ren1 mRNA expression levels were elevated in kidneys from wild-type C57BL/6
mice by phenylhydrazine (PHZ)-induced haemolytic anaemia. The experimental scheme, erythrocyte counts, and Epo and Ren1 mRNA levels are shown. (d) Representative images
of ISH of Epo (red) and Ren1 (blue) mRNA in kidney sections from control and haemolytic mice. (e) Epo and Ren1 mRNA expression levels were elevated in kidneys from wild-type
Slc:SD rats by PHZ-induced haemolytic anaemia. The experimental scheme, erythrocyte counts, and Epo and Ren1 mRNA levels are shown. (f) Representative images of ISH of Ren1
mRNA (brown) in kidney sections from control and haemolytic rats. The average expression levels (red bars) in the control mice were set as 1 for each gene expression analysis (a,
c, and e). Green and brown lines indicate P<0.01 and P<0.05, respectively, in the Wilcoxon-Mann-Whitney tests (a, c, and e). n = 4�6 per group. Dotted circles and red arrows indi-
cate glomeruli and JG cells, respectively (b, d, and f). White, black, and yellow arrowheads indicate interstitial fibroblasts positive for Ren1 (b, d, and f), Epo (b and d), and both (b
and d), respectively. Scale bars represent 100mm (b, d, and f).
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3.6. Hypoxia signalling is not involved in anaemia-inducible renin
production

Since anaemia systemically depletes the oxygen supply, the
effects of hypoxia signalling on the anaemia-inducible production of
renin in renal interstitial fibroblasts were examined. In mice under-
going hypoxia (6% oxygen) for 48 h, Epo mRNA expression was
induced in the renal interstitium, while erythropoiesis was not stim-
ulated within this short period as previously reported (Fig. S7a) [28].
The hypoxic conditions did not affect Ren1 mRNA expression in the
whole kidney or the renal interstitium (Fig. S7a), indicating that hyp-
oxia was not involved in anaemia-inducible renin production in the
kidney.

We further investigated the effects of hypoxic signalling on renal
interstitial renin regulation using the PHDI GSK360A, which pharma-
cologically activates hypoxic signalling [23,24]. Consistent with our
recent report [23], renal interstitial Epo mRNA expression was
strongly induced 6 h after GSK360A injection into mice (Fig. S7b).
However, consistent with the data from the hypoxic mice, no change
in renal Ren1 gene expression was observed following GSK360A
injection (Fig. S7b). These data indicated that hypoxic signalling in
anaemic mice was unrelated to renin induction in renal interstitial
fibroblasts.

3.7. Renin expression in renal interstitia depends on blood pressure
changes

Since hypoxic signalling was excluded as a candidate trigger of
interstitial renin induction by anaemia, the impact of hypotension on
interstitial renin production was investigated. To induce hypotension
without anaemia in mice, we first provided wild-type C57BL/6 mice
with drinking water containing the vasodilator hydralazine for
4 days (Fig. 6a). As a result, mouse blood pressure significantly
decreased, and the expression level of renal Ren1 mRNA increased
(Fig. 6a). However, the Agt and Ace mRNA levels in the liver and lung,
respectively, were unchanged after hydralazine treatment (Fig. 6a
and Fig. S8a). The ISH data indicated that Ren1 mRNA expression was
significantly induced in the interstitia of the renal cortex, while the
induction levels were very low or insignificant in the medullary inter-
stitia and JG cell clusters (Fig. 6b).

Next, losartan [29], an ARB, was injected into mice to investigate
the effects of hypotension and the AngII signal on renin induction in
renal interstitial fibroblasts. In this experiment, we analysed mice of
the DBA/2 strain, which have 2 adjacent renin genes (Ren1 and Ren2)
[30], whereas the C57BL/6 strain has the Ren1 gene only, and exam-
ined the expression of both genes after ARB treatment. As expected,
ARB treatment decreased blood pressure without anaemia and
increased the mRNA expression of both Ren1 and Ren2 in the DBA/2
mouse kidneys (Fig. 6c). The mRNA expression levels of Agt and Ace
in the liver and lung, respectively, were unaffected by ARB treatment
(Fig. S8b). The ISH data indicated that ARB induced Ren1 mRNA
expression in the renal interstitium, especially in the renal cortex,
rather than in the renal medulla (Fig. 6d). JG cells consistently
expressed Ren1mRNA regardless of losartan injection. These findings
demonstrated that hypotension alone activated the expression of the
Ren1 gene in renal interstitial fibroblasts and that the Ren2 gene also
responded to hypotension in mouse strains harbouring the gene.

Furthermore, we tested whether hypertension could reduce inter-
stitial renin production. For the hypertension model, we adopted a
mouse model of PAH, in which human AngII is genetically overpro-
duced during late pregnancy [20, 21]. The Ren1mRNA levels in whole
kidney from the hypertensive mice were significantly lower than
those in whole kidney from the control mice, whereas the hepatic
Agt mRNA levels were unaffected by hypertension (Fig. S9a). ISH of
mouse Ren1 mRNA revealed that the renin-producing cell counts
tended to be reduced in JG cells and medullary interstitial cells under
hypertension, with a significant decrease observed in cortical inter-
stitial cells (Fig. S9b). Thus, renal interstitial fibroblasts regulated
renin production in response to not only a decrease in blood pressure
but also hypertension.
3.8. Renal interstitial renin is induced in injured kidneys of mice, rat,
and humans

Renal interstitial fibroblasts are transformed into myofibroblasts
and proliferate to promote renal fibrosis in injured kidneys [4,25].
We next investigated the renin expression profile in injured kidneys.
The Ren1 mRNA expression in whole kidneys gradually increased
with the progression of renal fibrosis induced by ureteral obstruction
in mice (Fig. 7a). The mRNA expression levels in injured kidneys
were well correlated to the systemic blood pressure (Fig. 7b), indicat-
ing that renin induction in fibrotic kidneys contributed to the
increase in systemic blood pressure.

Tissue section analyses demonstrated that aSMA+ myofibroblasts
that emerged in tubulointerstitia of injured kidneys were responsible
for the renin induction (Fig. 7c). In agreement with the Ren1 mRNA
expression levels in whole kidneys, the numbers of Ren1+ interstitial
cells were increased with the progression of renal fibrosis, while
Ren1 mRNA expression in JG cell clusters was unaffected by injury
(Fig. 7d and Fig. S10). These data indicated that overproduction of
renin in myofibroblasts, which originate from renal interstitial fibro-
blasts including REP cells under nephritic conditions, contributed to
systemic hypertension in fibrotic kidneys.

The spontaneously hypertensive rat (SHR) is a rat strain that is
widely used as a model for essential hypertension caused by multiple
unidentified genetic variations with elevated expression of the Ren
gene in kidneys [19]. RenmRNA expression levels were higher in kid-
neys of SHR than their normotensive Wistar-Kyoto control rats
(WKY) as previously reported (Fig. S11) [19]. ISH data demonstrated
that Ren expression was activated in interstitial cells as well as JG
cells of SHR kidneys (Fig. S11). Thus, we propose that renal interstitial
renin production contributes to the hypertensive phenotype of SHR.

Since the pathological significance of renal interstitial renin pro-
duction was observed, we finally investigated renin expression in
kidney sections of human patients suffering from chronic tubuloin-
terstitial nephritis (Table S2). ISH of REN mRNA revealed that renin
was expressed in interstitial cells as well as JG cells of both nephritis
patients examined (Fig. 8a). Taken together, kidney injury activated
renal interstitial renin production in mice and humans, and the path-
ologic overproduction of renin potentially increased systemic blood
pressure. Indeed, cases have been reported in which renal hyperten-
sion develops as a complication of kidney disease (Fig. 8b) [14].
4. Discussion

We hypothesized that anaemia lowers blood pressure because
erythrocyte loss reduces blood viscosity. A positive correlation was
experimentally demonstrated between erythrocyte concentration
and blood pressure in humans and mice. Thus, we propose that hypo-
tension and erythrocyte loss in anaemic patients synergistically
reduce the oxygen supply to peripheral organs through reducing the
circulation rates of erythrocytes, the concentrations of which are
decreased in anaemia. Additionally, we discovered that production of
the major vasopressor renin is induced mainly in renal interstitial
fibroblasts to maintain blood pressure under anaemic conditions
rather than JG cells, with the latter being well-known renin-produc-
ing cells, (Fig. 8b). Moreover, we concluded that renal interstitial
fibroblasts that inductively produce both renin and Epo play a central
role in maintaining the systemic oxygen supply through blocking the
pathological interaction between hypoxia and hypotension under
anaemic conditions.



Fig. 6. Renal interstitial renin is induced by antihypertensive agents. (a) Vasodilator (hydralazine, Hyd) administration causes hypotension and renal renin induction in wild-type C56BL/6
mice. The experimental scheme, blood pressure, Ren1mRNA levels in kidney, and AgtmRNA levels in liver are shown. (b) Representative images and quantification of ISH of Ren1mRNA in
kidney sections of mice freely drinking Hyd for 4 days. (c) Injection of an AngII receptor blocker reagent (losartan, LST) into wild-type DBA/2 mice resulted in hypotension and the induction
of the genes encoding renin (Ren1 and Ren2). The experimental scheme, blood pressure, and Ren1 and Ren2mRNA levels in the kidney are shown. (d) Representative images and quantifica-
tion of ISH of Ren1mRNA in kidney sections of mice after LST administration. The average expression levels (red bars) in the control mice were set as 1 for each gene expression analysis (a
and c). n = 4�7 per group. Dotted circles and red arrows indicate glomeruli and JG cells, respectively (b and d). White arrowheads indicate interstitial fibroblasts positive for Ren1 (blue in b
and d). Scale bars represent 100mm (b and d). Green and brown lines indicate P<0.01 and P<0.05, respectively, in theWilcoxon-Mann-Whitney test. .
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JG cells are known as the principal renin-producing cells, and
renin secretion by these cells is controlled by renin release from gran-
ules that store renin [11,12]. The renin release from these granules is
stimulated by paracrine signalling from specific renal tubular cells
(macula densa) that sense decreases in Cl� flow in the thick ascend-
ing limb of Henle’s loop [15]. The released renin activates local RAS to
constrict the efferent arteriole around the glomeruli. According to
previous reports by our group and others, this macula densa
mechanism fine-tunes the glomerular filtration rate and systemic
blood pressure homoeostasis [31]. Although a small number of
smooth muscle cells adjacent to JG cells express the Ren1 gene in a
hypotension-inducible manner (the “recruitment phenomenon”)
according to our ISH data, the release of renin from granules is
thought to be the rate-limiting step of renin secretion from JG cells
[11,15]. This study identified renal interstitial fibroblasts as the major
sites of renin induction under hypotensive conditions. Since Ren1



Fig. 7. Renal interstitial renin is induced by renal fibrosis and related to the increase in systemic blood pressure. (a) Ren1 mRNA levels in injured (I) and contralateral (C) kidneys of
mice subjected to UUO for 3, 14, and 21 days. The average expression level (red bar) in non-treated kidneys (N) was set as 1. (b) Scatter plots of the relationship between systemic
blood pressures (DBP, green; MBP, red; SBP, blue) and Ren1 mRNA levels in injured kidneys. R2 values for the relation are shown. (c) Representative images of serial sections stained
with Ren1 ISH (upper, brown) and aSMA IHC (lower, red) demonstrate that interstitial cells positive for Ren1 mRNA expression (white arrowheads) are aSMA-positive myofibro-
blasts in injured kidneys 21 days after UUO surgery. Ren1+ JG cells (red arrows) next to glomeruli (dotted circles) and renal arterioles (A) are also positive for aSMA. The scale bar
represents 100 mm. (d) Quantification of Ren1 ISH in injured kidney sections from mice after UUO surgery. n = 3�4 per group. Green and brown lines indicate P<0.01 and P<0.05,
respectively, in the Tukey-Kramer HSD test (a and d).
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mRNA expression is detectable in a few renal interstitial fibroblasts
under normal conditions, the transcriptional ON/OFF switching of the
gene(s) for renin in response to hypotension is the rate-limiting step
of renin secretion in the renal interstitium. Thus, the regulatory
mechanisms of renin production for blood pressure homoeostasis dif-
fer between JG cells and interstitial fibroblasts in the kidney. Addi-
tionally, we propose that the widely distributed interstitial
fibroblasts may complement the shortage of renin produced by the
limited numbers of JG cells to help address the high demand for renin
in severe hypotension.
Although this is the first report to show hypotension-dependant
renin production in renal interstitial fibroblasts, renin production in
renal interstitial cells of Agt knockout mice has been previously
reported [32]. Regarding the relationship between JG cells and renal
interstitial fibroblasts, some reports have proposed that JG cells and
renal interstitial fibroblasts share a developmental origin and cellular
features [33,34]. Indeed, genetic activation of HIF2a in JG cells indu-
ces ectopic Epo gene expression [33,34]. Additionally, JG cells and
interstitial fibroblasts commonly bind capillaries between tubules in
the kidney [9,35]. Therefore, interstitial renin production may be



Fig. 8. Renal interstitial cells express renin in kidneys of CKD patients, and a schematic
diagram of Epo and renin production in kidneys. (a) Representative images of ISH of
REN (brown) in kidney sections of patients suffering from chronic tubulointerstitial
nephritis. Arrowheads and dotted circles are interstitial fibroblasts positive for REN
mRNA expression and glomeruli, respectively. Red and blue arrows indicate JG cells
that are positive and negative for REN mRNA expression, respectively. The scale bar is
100mm. (b) A schematic diagram of Epo and renin production in the kidney under nor-
mal, anaemic, and injured conditions. Renal interstitial fibroblasts (yellow) maintain
the systemic oxygen supply under anaemic conditions through inducing Epo and renin
production in response to hypoxia and hypotension, respectively. In injured kidneys,
most interstitial fibroblasts are transformed into myofibroblasts (orange), which lose
the ability to produce Epo and enhance renin production.
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stimulated by paracrine signals from collecting duct cells that corre-
spond to the macula densa cells of JG cells.

We found that some renal interstitial fibroblasts simultaneously
coproduce renin and Epo in anaemic mouse kidneys. Anaemia indu-
ces systemic hypoxia and hypotension; the former exclusively acti-
vates Epo production, while the latter stimulates renin production in
renal interstitial fibroblasts. Therefore, the triggers for Epo and renin
production are mutually independent in a renal interstitial fibroblast.
Although various studies have investigated the transcriptional regu-
latory mechanism of the Ren1 gene in JG cells [36-38], the triggers of
renin induction have been poorly elucidated. A previous report using
transgenic mouse models demonstrated that the 4.9-kb Ren1 gene
promoter is sufficient for Ren1 gene induction in the recruitment
phenomenon [36]. However, the promoter region cannot drive hypo-
tension-inducible gene expression in renal interstitial fibroblasts,
suggesting that the Ren1-gene regulatory mechanism in recruited
smooth muscle cells is different from that in interstitial fibroblasts.
Additionally, researchers have suggested that the Ren1 gene
regulatory elements for interstitial expression are not included in the
4.9-kb upstream region. In fact, Ren1 gene enhancers were shown to
be scattered in the genomic region extending 20 kb upstream from
the transcriptional start site [37].

We hypothesized that inducible renin production in renal intersti-
tial fibroblasts is important for maintaining blood pressure homoeo-
stasis, whereas overproduction of renin provokes pathologic
hypertension. CKD often causes hypertension due to renin overpro-
duction [39,40], and renal interstitial fibroblasts are the origin of
myofibroblasts, which emerge and expand in fibrotic kidneys in CKD
patients [25,41]. In fact, renal myofibroblasts were found to strongly
express renin in fibrotic kidneys of mice subjected to UUO, and the
increased levels of renin expression correlated well to systemic blood
pressure. Although further studies are required, these observations
led to the hypothesis that renin is produced by expanded myofibro-
blasts in fibrotic kidneys and causes renal hypertension (Fig. 8b).

The present study examined the renin production of renal inter-
stitial fibroblasts, which were previously believed to produce only
Epo. These two roles of renal interstitial fibroblasts seem to coopera-
tively maintain the oxygen supply to peripheral organs through con-
trolling the mass and circulation of erythrocytes. In addition, as we
previously reported that AngII activates Epo production in the kidney
[42,43], renin produced in renal interstitial fibroblasts by anaemic
hypotension stimuli may enhance the renal interstitial Epo produc-
tion induced by anaemic hypoxia through AngII signalling. In fact, the
frequent use of ACE inhibitors or ARB is considered to be related to
anaemia [44]. Thus, renal interstitial renin is likely important not
only for blood pressure maintenance but also for Epo induction under
anaemic conditions.
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