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Albuminuria indicates the pressure-associated injury
of juxtamedullary nephrons and cerebral strain vessels
in spontaneously hypertensive stroke-prone rats

Tasuku Nagasawa1, Takefumi Mori1, Yusuke Ohsaki1, Yoshimi Yoneki1, Qi Guo1,2, Emiko Sato1,
Ikuko Oba1 and Sadayoshi Ito1

Albuminuria is an indicator of renal injury and is closely linked with cardiovascular disease (CVD). However, the mechanism

by which albumin is excreted in the urine remains unclear. As the juxtamedullary region of the kidney is highly susceptible to

pressure increase, juxtamedullary injury is observed from an early phase in hypertensive rat models. Anatomical similarities are

observed between the pre-glomerular vessels of the juxtamedullary nephron and the cerebral vasculature. We previously named

these ‘strain vessels’ for their high vascular tone and exposure to higher pressures. The current studies were designed to

determine whether albuminuria is the result of juxtamedullary nephron injury, indicating the presence of pressure injury to the

strain vessels in spontaneously hypertensive stroke-prone rats (SHR-SP) fed a high-salt diet. Albuminuria was associated with

juxtamedullary nephron injury, and the enhanced expression of monocyte chemotactic protein-1 (MCP-1) and tumor growth

factor-beta (TGF-b) in 12-week-old SHR-SP rats fed a 4% high-salt diet from the age of 6 weeks. The wall thickness of the

pre-glomerular vessels of the juxtamedullary nephron was also associated with that of the perforating artery of the middle

cerebral artery. Reducing the blood pressure with nifedipine reduced the degree of albuminuria and juxtamedullary nephron

injury as well as MCP-1 and TGF-b expression in the SHR-SP rats fed an 8% high-salt diet from the age of 9 weeks. Nifedipine

inhibited stroke events in these animals until they were 14 weeks old. These results indicate that albuminuria is a result of

juxtamedullary nephron injury and a marker of pressure-induced injury of the strain vessels.
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INTRODUCTION

Albuminuria has been increasingly recognized as a well-known
predictor for cardiovascular disease (CVD) over the last 10 years.1,2

In 1984, Mogensen first reported that microalbuminuria predicted the
eventual onset of clinical proteinuria and early mortality in type 2
diabetes.3 The presence of albuminuria independently increases the
risk for CVD, even in the presence of the known risk factors of
hypertension, dyslipidemia and diabetes.4,5 Clinical trials have shown
that a reduction in albuminuria significantly improved the CVD
outcomes in albuminuric subjects (RENAAL, LIFE PREVENT).6–8

Surprisingly, albuminuria is recognized as a risk factor not only
in diabetic or hypertensive patients but also for the general
population.9,10 Results from these studies suggest that albuminuria
is a sensitive surrogate marker for assessing the risk for CVD.
Although extensive investigations have been carried out to
determine the mechanism of albuminuria, the conclusions that
were drawn from these studies have remained controversial.11

In addition, recent clinical studies such as ONTAREGET, TRANSCEND
and ACCOMPLISH have failed to demonstrate an association
between albuminuria and CVD.12–14

It was previously demonstrated that juxtamedullary nephron injury
is common in early hypertensive renal injury in rats, as well as in
humans.15–17 Mori et al.16 demonstrated in angiotensin II (Ang II)-
infused rats that glomerular injury of the juxtamedullary nephron is
blood pressure-dependent, while the glomerular integrity of the
outer-cortical nephron depends more on Ang II. These results
indicate that there is heterogeneity in hypertensive renal injury
and that the juxtamedullary nephron may be a source of
microalbuminuria in hypertensive subjects. This hypothesis was
supported by studies by Ihara et al.,18 who demonstrated the role
of Ang II receptor blockers (ARB) in the reduction of proteinuria in
elderly diabetic and hypertensive Otsuka Long-Evans Tokushima Fatty
rats. In contrast to hydralazine, olmesartan, an ARB, nearly entirely
reduced the levels of proteinuria to a normal baseline level, even for
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blood pressures at which hydralazine had no similar effect. Outer
cortical glomerular injury was significantly reduced in the olmesartan
group compared with the hydralazine group. However, juxtamedu-
llary glomerular injury was seen in both groups.18 Taken together,
these results suggest that the juxtamedullary glomeruli were already
injured from sustained hypertension, prior to the administration of
the ARB, which could be a source of albuminuria.

Wada et al.19 performed brain magnetic resonance imaging on 651
elderly subjects and found that the level of albuminuria correlated
with the degree of cerebral small vessel disease, independent of the
presence of other cerebrovascular risk factors such as diabetes,
hypertension and dyslipidemia. We paid particular attention to the
anatomical characteristics of the pre-glomerular vessels and the
cerebrovascular small vessels, especially the perforating arteries.
These vessels are strained under the exposure to high blood
pressures, because these vessels branch off directly from the larger,
high-velocity arteries. In addition, because the perforating arteries are
short and small, and exposed to high pressures, they sustain a large
pressure gradient over a short distance. We named this type of vessel a
‘strain vessel’ and hypothesized that microalbuminuria is a marker of
cerebrovascular–renal injury for the strain vessels of these systems.20

To test our hypothesis, we determined the association between
albuminuria and injury to the strain vessels of spontaneously
hypertensive stroke-prone rats (SHR-SP).

MATERIALS AND METHODS

Protocol 1: Association between albuminuria and cerebrovascular–
renal injury
Five-week-old male SHR-SP rats (n¼ 16, Nihon SLC, Hamamatsu, Japan)

were fed a 0.5% NaCl standard diet for 1 week at baseline and then a high-salt

diet (4% NaCl; Nihon Nosan, Yokohama, Japan) for 6 weeks. The animals

were given tap water throughout the experimental period. Systolic blood

pressures (SBPs) were measured every week in the conscious rats by the tail-

cuff method (Model MK-2000A; Muromachi, Tokyo, Japan) after reaching

9 weeks of age. Twenty-four-hour urine samples were collected under ice-

cooled conditions in a metabolic cage in the 12-week-old animals, and 24-h

urinary albumin excretion (Ualb) was measured by a standard autoanalyzer

(Synchron-CX-3; Beckman Coulter Inc., Fullerton, CA, USA). At 12 weeks of

age, the rats were euthanized with an intraperitoneal injection of pentobarbital

(100 mg kg�1), and the tissues were harvested. All experiments were approved

by the Animal Committee of Tohoku University.

Protocol 2: The role of blood pressure in albuminuria and
juxtamedullary nephron injury
To determine whether blood pressure is responsible for the strain vessel injury

and the cerebrovascular–renal connection, a number of follow-up protocols

were followed. As the timing of albuminuria onset in Protocol 1 was

heterogeneous, we decided to shorten the duration of exposure but increase

the salt content of the diet, which resulted in a uniform timing of albuminuria

onset. Beginning at 9 weeks of age, the SHR-SP rats (n¼ 16) were fed a

standard 0.5% NaCl diet for 1 week at baseline and then a high-salt diet

(8% NaCl; Nihon Nosan) for 2 weeks. The rats were given tap water throughout

the experimental period. The animals were randomly divided into two groups.

One group served as the control group (n¼ 8), and the other received

nifedipine (n¼ 8). Medication administration was started on the day the diets

were switched from normal to high salt, and the nifedipine was mixed into the

food (Sigma-Aldrich, St Louis, MO, USA, 1.1 g kg�1 diet) and administered

orally. The rats took in 80–100 mg kg�1 per day of nifedipine on average,

as calculated by their food consumption. The SBP and Ualb were measured

every week by the same method used for Protocol 1. After a 2-week observa-

tion period, the rats were euthanized with an intraperitoneal injection of

pentobarbital (100 mg kg�1), and their tissues were harvested.

Histological analysis
At the end of the Protocol 1 experiment, a saline wash was introduced through

the renal artery, and the left kidney was then removed and fixed for 48 h (24 h

in 10% formalin, followed by 24 h in 100% ethanol). The tissue was paraffin

embedded and sectioned at a thickness of 2mm. The renal sections were

stained using the periodic acid-Schiff method for renal injury and captured by

an optical microscope connected to a CCD video camera (BX51, DP70;

Olympus Optical Co., Tokyo, Japan). The glomerular sclerosis index for each

sample was determined by grading at least 50 glomeruli per rat, as previously

described.21

Immunohistochemical staining
For alpha-smooth muscle actin (a-SMA), TGF-b, monocyte chemotactic

protein-1 (MCP-1), ED-1 and desmin staining, the residual fixed sample of

kidney was retrieved after histological analysis by microwaving the deparaffi-

nized sections in 10 mmol l�1 of citrate buffer (pH 7.0) for 5 min. Immuno-

histochemical analysis was performed using antibodies against a-SMA (diluted

1:100; Dako Cytomation, Glostrup, Denmark), TGF-b (diluted 1 : 20, Santa

Cruz, CA, USA), MCP-1 (diluted 1 : 300, Abcam, Cambridge, UK), ED-1

(diluted 1 : 400, Serotec, Oxford, UK) and desmin (diluted 1:1000, Abcam),

and the samples were processed according to previously described methods.22

Immunopositive areas were analyzed from 20 randomly captured images

with Image J software (NIH software, Ver. 1.37, NIH, Bethesda, MD, USA).

The results were reported as the percent of positively stained areas, except

for the ED-1 results, which were expressed as the number of immunopositive

cells per slide.

At the end of the experiment in Protocol 1, the brains were removed after

being perfused, via the left ventricle, with 4% para-formaldehyde for 5 min.

The samples were fixed for 48 h before they were embedded in paraffin (24 h in

10% formalin, then 6 h in 70% ethanol, 6 h in 80% ethanol, 6 h in 90% ethanol

and finally 6 h in 100% ethanol). The tissue was embedded in paraffin and

sectioned at a thickness of 2mm. Following the same method mentioned

above, the immunohistochemical analysis was performed using antibodies

against a-SMA.

Arterioles in the juxtamedullary and/or outer cortical region of the kidney

and with an external diameter of 20–30mm were analyzed. For the brain tissue

analysis, any arterioles that were present on the sagittal plane at the level of the

optic chiasm were analyzed. Arterioles with a long-axis-to-short-axis ratio

o1.3 were chosen as suitable for cross-sectional analysis. The medial and

luminal cross-sectional areas were quantitatively analyzed and expressed

as the percentage of the a-SMA-positive arteriolar wall relative to the

entire circumferential area of the arteriole, which was determined from the

sections that were immunostained for a-SMA, using Image J software. With

the use of light microscopy and a � 400 magnification, the average wall

thickness for each rat was derived as the arithmetic mean of the results for

eight arterioles.

RNA extraction and competitive quantitative reverse transcription-
PCR
Total RNA from the renal cortex and outer medulla was extracted using

ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufacturer’s

protocol. Two micrograms of total RNA was used as a template for cDNA

synthesis. Complementary DNA was synthesized using SuperScript III First-

Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s protocol. An aliquot of synthesized cDNA was used as a

template for quantitative PCR, using an Applied Biosystems StepOnePlus

(Life Technologies Co, Carlsbad, CA, USA). The target cDNAs were amplified

by specific primers, using the SYBR Premix Ex Taq solution (Takara Bio,

Otsu, Japan) (TGF-b1: forward: 50-TGCGCCTGCAGAGATTCAAG-30, reverse:

50-AGGTAACGCCAGGAATTGTTGCTA-30; osteopontin: forward: 50-TCCT

GCGGCAAGCATTCTC-30, reverse: 50-CTGCCAAACTCAGCCACTTTCA-30;
MCP-1: forward: 50-CTATGCAGGTCTCTGTCACGCTTC-30, reverse: 50-CA

GCCGACTCATTGGGATCA-30; glyceraldehyde-3-phosphate dehydrogenase

(GAPDH): forward: 50-GGCACAGTCAAGGCTGAGAATG-30, reverse: 50-ATG

GTGGTGAAGACGCCAGTA-30). The relative levels of mRNA expression were

normalized against the level of GAPDH mRNA expression.
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Protocol 3: The role of blood pressure in cerebrovascular events
To further evaluate the effects of blood pressure on the small vessels in the

brain, we followed the survival rate of salt-loaded SHR-SP rats for up to 5

weeks. This protocol is the same as Protocol 2, except that the rats were

immediately euthanized and their organs harvested if a stroke event (seizure,

palsy) was observed. Once strokes were observed in all rats in the control

group, all rats in the nifedipine group were euthanized, and their organs were

harvested.

Statistical analysis
The data are presented as the mean±s.e.m. Inter-group comparisons of SBP

and Ualb measurements taken over the study period were analyzed by

repeated-measures ANOVA and the Holm-Sidak post-hoc test. All other data

analyses were performed using the Bonferroni/Dunn test for multiple

comparisons, following a one-way analysis of variance. All analyses were

performed using the raw data. A P-value of o0.05 was considered statistically

significant.

RESULTS

Protocol 1: Association between albuminuria and cerebrovascular–
renal injury
Heterogeneity existed among the rats in their daily Ualb concentra-
tions. Thus, we divided up them according to their Ualb concentra-
tions (cutoff level: Ualb¼ 5 mg per day), into a high-excretion group
(HIGH: Ualb¼ 21.1±3.6 mg per day, n¼ 8) and a low-excretion
group (LOW: Ualb¼ 1.2±0.6 mg per day, n¼ 8). We compared the
physiological and histological parameters of the two groups, as shown

below. As shown in Table 1, the mean body weights and the mean
heart and kidney masses were not different between the groups. No
differences were observed in the 24-h urine volume produced or in
the amount of food and water consumed between the groups (data
are not shown).

Brain and pre-glomerular arteriolar injury
We separately analyzed the arterioles of the brain cortex and medulla.
As shown in Figures 1a and b, the wall thicknesses of the arterioles in
the brain medulla were considerably thicker in the HIGH group than
in the LOW group (82.5±4.3% vs. 62.8±4.2%, Po0.05). By
comparison, the wall thicknesseses of the arterioles in the brain
cortex were not significantly different between the two groups
(65.5±5.6% vs. 56.0±3.8%, Po0.05). We also assessed the arterioles
of the renal juxtamedullary region and found that the arteriolar
thickness was considerably greater in the HIGH group than in the
LOW group (86±0.5% vs. 82±0.5%, Po0.05, Figure 1c). These
results indicate that albuminuria is associated not only with pre-
glomerular arteriolar injury but also with cerebrovascular arteriolar
injury.

Glomerular injury
We hypothesized that albuminuria is a marker of juxtamedullary
nephron injury. We separately analyzed the glomeruli of the outer
cortical and juxtamedullary nephrons. As shown in Figure 2a, the
glomerular sclerosis index scores showed an increased level of
glomerulosclerosis in the juxtamedullary glomeruli of the HIGH
group compared with the LOW group (1.4±0.1 vs. 0.9±0.2,
Po0.05). In contrast, the degree of glomerulosclerosis in the outer
cortical glomeruli did not differ significantly between the groups
(0.9±0.2 vs. 0.6±0.2, NS). Overall, the level of glomerulosclerosis
was significantly higher in the juxtamedullary glomeruli than in the
outer cortical glomeruli of the HIGH group, while no significant
differences were observed in the LOW group. To determine whether
albuminuria is associated with juxtaglomerular injury, the tissue slides
were immunostained with desmin antibodies. As shown in Figure 2f,
desmin immunostaining was enhanced in the region of the juxtame-
dullary nephrons compared with the outer cortical nephrons,
indicating that podocyte injury is taking place in the juxtamedullary
glomeruli.

Figure 1 Wall thickness of juxtamedullary preglomerular arteriole and microvessels in brain cortex (a) and medulla (b) determined by a-SMA
immunostaining. Graphs indicated quantitative representation of positive staining. LOW, low urinary albumin level (Ualb o5 mg per day; n¼8) after the

6-weeks study; HIGH, high urinary albumin level (Ualb 45 mg per day; n¼8) after the 6-weeks study. Data are the means±s.e. *Po0.05 vs. LOW group.

Table 1 Body weight, kidney weight/body weight, heart weight/body

weight, systolic blood pressure and urinary albumin excretion after

the 6-weeks study in the Protocol 1

BW (g)

KW/BW

(g/g)

HW/BW

(g/g)

SBP

(mmHg)

Ualb

(mg per day)

LOW (n¼8) 244±3 0.44±0.01 0.52±0.02 194±13 1.2±0.6

HIGH (n¼8) 240±4 0.44±0.01 0.52±0.02 205±23 21.1±3.6*

Abbreviations: BW, body weight; HIGH, high urinary albumin level (Ualb45 mg per day) after
the 6-week study; HW, heart weight; KW, kidney weight; LOW, low urinary albumin level
(Ualbo5 mg per day) after the 6-week study; SBP, systolic blood pressure; Ualb, urinary
albumin excretion.
Data are the means±s.e. *Po0.001 vs. LOW group.
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Interstitial and tubular injury
To determine the localization of interstitial injury, the expression of
a-SMA in the outer renal medulla and cortical region was analyzed. As
shown in Figure 2b, the expression of a-SMA was significantly higher
in the outer medullary interstitium of the HIGH group than in the
LOW group (8.3±1.5% vs. 4.5±1.5%, Po0.05). However, no
significant difference existed between the groups in their outer cortical
interstitial a-SMA expression (1.7±0.4% vs. 1.0±0.1%, NS), indicat-
ing that albuminuria is associated with juxtamedullary nephron injury.

As shown in Figure 2c, the percentage of TGF-b-positive tubules,
most prominent in the thick ascending limb and proximal straight
tubules of the juxtamedullary region, was significantly higher in the
HIGH group than in the LOW group (30.5±2.6% vs. 22.1±1.6%,
Po0.05). The percentage of MCP-1-positive tubules (Figure 2d),
most prominent in the proximal straight tubules of the juxtamedul-
lary region, was also significantly higher in the HIGH group than in
the LOW group (39.8±5.1% vs. 22.3±1.3%, Po0.05). The number
of ED-1-positive cells, infiltrating cells of the interstitium, in the
juxtamedullary region (excluding the glomerular tuft, Figure 2e), was
significantly greater in the HIGH group compared with the LOW
group (15.4±2.4 per field vs. 8.9±0.7 per field, Po0.05).

Protocol 2: The role of blood pressure in albuminuria and
juxtamedullary nephron injury
To determine whether elevated blood pressures are responsible for the
juxtamedullary nephron injury in SHR-SP rats, the blood pressures
were reduced by administering nifedipine, an L-type Ca2þ -channel
blocker. Because the timing of albuminuria onset was heterogeneous
between the rats in Protocol 1, the animals were fed a high-salt diet
over a shortened period time to achieve a uniform increase in
albuminuria among the animals. As shown in Figure 3a, the
nifedipine-treated rats maintained significantly decreased SBPs

Figure 2 Representative images, and glomerular sclerosis index of

superficial cortex and juxtamedulla (a), percentage of a-SMA positive

staining area of the cortex and juxtamedulla (b), percentage of TGF-b
(c), MCP-1 (d) positive staining area, and number of ED-1 positive cell

(e) of renal juxtamedulla. Representative images of desmin immunostaining
of glomerula in renal superficial cortex and juxtamedulla of protocol 1 (f).

LOW, low urinary albumin level (Ualbo5mg per day; n¼8) after the

6-weeks study; HIGH, high urinary albumin level (Ualb 45 mg per day;

n¼8) after the 6-weeks study. Data are the means±s.e. *Po0.05 vs.

LOW group.

Figure 3 Sequential SBP values (a) and 24 h Ualb (b) during the 2-week

experimental period in Protocol 2. Control, 8% high-salt-fed SHR-SP;

Nifedipine, high-salt-fed SHR-SP treated with nifedipine (80–100mg kg�1

per day). Data are the means±s.e. *Po0.05 vs. Control group.

Albuminuria and injury of strain vessels in SHR-SP rats
T Nagasawa et al

1027

Hypertension Research



throughout the experimental period (235±4 vs. 191±2, 221±10
vs. 166±6 and 240±9 vs. 190±3 mmHg on days 6, 15 and 20,
respectively, all Po0.05). The mean Ualb for the nifedipine-treated
rats was significantly reduced compared with the control rats
(0.4±0.01 vs. 10.4±3.8, 0.4±0.03 vs. 46.5±6.1 mg per day at 1
and 2 weeks, Po0.05 and Po0.01, respectively, Figure 3b). We
measured the mRNA levels of inflammatory markers related in the
outer renal medulla by the quantitative reverse transcription-PCR
method. The nifedipine-treated rats demonstrated significantly
decreased mRNA levels of inflammatory markers, cytokines and
markers of tubular injury, such as osteopontin, MCP-1 and TGF-b,
respectively. As shown in Figure 4, the nifedipine group showed
reduced levels of mRNA expression for osteopontin, MCP-1, and
TGF-b, all of which co-localized to the tubules in the outer medulla,
indicating the involvement of not only the glomeruli but also the
tubules of the juxtamedullary nephrons. This occurred because a large
portion of the tubules in the outer medulla are from the juxtame-
dullary nephrons, which was demonstrated in Protocol 1. No major
vascular injuries in the brain were observed in either group (data are
not shown).

As shown in Figure 5, desmin immunostaining is enhanced in the
juxtamedullary nephrons compared with the outer cortical nephrons.
This enhancement of desmin immunostaining is attenuated in
response to nifedipine treatment, indicating that the reduction of
blood pressure is effective in preventing podocyte injury in the
juxtamedullary glomeruli.

Pre-glomerular arteriolar injury
To better delineate the role of the pre-glomerular arterioles, the wall
thickness of the juxtamedullary and outer cortical arterioles was
determined. As shown in Figure 6, the mean wall thickness of the pre-
glomerular juxtamedullary arterioles was greater than that of the
outer cortical arterioles. However, nifedipine reduced the mean
juxtamedullary arteriolar wall thickness, indicating that the wall
thickness is dependent on blood pressure.

Protocol 3: The role of blood pressure in cerebrovascular events
To determine whether blood pressure is responsible for cerebrovas-
cular events, the incidence of stroke events was determined. Figure 7
shows the 35-day, event-free survival curves. The survival analysis
showed that the nifedipine group had 35 days of event-free survival,
while all of those in the control group suffered an event within the
same 35 days (log-rank test, 15.1; Po0.01).

DISCUSSION

The results of this study indicate that albuminuria is associated with
glomerular injury, pre-glomerular vascular injury and inflammation
of the juxtamedullary nephrons in SHR-SP rats. Lowering the blood
pressure in susceptible animals with the L-type Ca2þ antagonist
nifedipine inhibited albuminuria and the other indications of

glomerular and arteriolar injury. Juxtamedullary nephron injury
and albuminuria were associated with injury to the perforating
arteries in the cerebral medulla and the incidence of stroke events.
To our knowledge, this is the first evidence demonstrating the
relationship between albuminuria and juxtamedullary nephron and
cerebrovascular injury. We have also demonstrated that the incidence
and extent of these injuries was attenuated by using nifedipine to
lower the blood pressure, indicating the potential role of blood
pressure in explaining the cerebrovascular-renal connection.

Albuminuria is associated with cerebrovascular-renal injury
The juxtamedullary nephrons extend deep into the renal medulla and
branch off either directly from an arcuate artery or from the basal
portion of an interlobular artery. Because of the anatomical config-
uration of the urinary system, the afferent arteriole of a juxtamedul-
lary nephron is exposed to high blood pressures. Glomerular capillary
pressure is normally maintained at a constant of approximately
50 mmHg in both the outer-cortical and juxtamedullary glomeruli.20

The pre-glomerular vessels, and especially the afferent arterioles, are
responsible for regulating the glomerular capillary pressure. The
outer-cortical glomeruli can reduce the effective blood pressure
from approximately 90 mmHg in the arcuate artery to 50 mmHg,
over a relatively long distance. By comparison, the juxtamedullary
nephron must accomplish this reduction in blood pressure over a
much shorter distance. Consequently, the afferent arteriole of the
juxtamedullary artery is susceptible to chronic strain from exposure
to high pressures and is sensitive to early elevations in blood pressure.

In fact, tissue injury is most obvious in the juxtamedullary region
and the outer medulla in spontaneously hypertensive rats (SHR),
Dahl salt-sensitive hypertensive rats, renovascular hypertension and

Figure 4 The mRNA levels of osteopontin, MCP-1 and TGF-b1 in the renal cortex and outer medullary. Control, 8% high-salt-fed SHR-SP; Nifedipine, high-

salt-fed SHR-SP treated with nifedipine (80–100 mg kg�1 per day). Data are the means±s.e. n¼5–6 for each group. *Po0.05 vs. Control group.

Figure 5 Representative images of desmin immunostaining of glomerula in

renal superficial cortex and juxtamedulla of protocol 2.
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Ang II-induced hypertension.15,16,23,24 In addition, it has been shown
in SHR rats that glomerular lesions first appear predominantly in the
juxtamedullary nephrons and then later extend to involve the more
superficial nephrons.23 This is consistent with the present study’s
findings of juxtamedullary nephron injury in the absence of any
significant injury in the outer cortex. Albuminuria was associated
with juxtamedullary nephron injury but not cortical nephron injury,
indicating that albumin excretion is predominantly occurring in
injured juxtamedullary nephrons.

The wall thickness of the pre-glomerular arteriole of the juxtame-
dullary nephron is increased when albuminuria is present. In
addition, increased wall thickness of the pre-glomerular arteriole is
observed in the juxtamedullary nephron without comparable
increases in arteriolar wall thickness in the outer cortical nephron.
Reducing the blood pressure with nifedipine reduced the wall
thickness of these arterioles. Kimura et al.25 have demonstrated that
the afferent arteriole is constricted and the efferent arteriole is dilated
in SHR rats, while glomerular sclerosis is obvious in the
juxtamedullary nephron. Our study corroborates these histological
findings. Similar to nifedipine in the present study, treatment with
captopril or trichlormethiazide plus hydralazine reduced glomerular
sclerosis and resulted in the dilatation of the afferent arteriole and

constriction of the efferent arteriole. Taken together, the pre- and
post-glomerular arterioles have an important role in the development
of glomerular sclerosis.

Our previous studies involved the use of a servo-controlled renal
perfusion pressure technique in Ang II-infused hypertensive rats and
demonstrated that Ang II-dependent renal injury occurred mostly in
the outer-cortical glomeruli; by comparison, high blood pressure-
mediated injury occurred primarily in the juxtamedullary glomeruli.16

Interestingly, when this technique was applied to Dahl salt-sensitive
rats, which are known to have a lesser capacity to regulate glomerular
capillary pressure, they had higher levels of proteinuria after a trial of
salt-induced hypertension, and the incidence of glomerular injury
depended primarily on the increase in blood pressure, even in the
outer cortical glomeruli. These results indicate that the pre-
glomerular vessels are mostly responsible for regulating the
glomerular capillary pressure and limiting the damage from
continuous exposure to high blood pressures. To determine whether
the renin–angiotensin system and/or blood pressure is responsible for
the relationship between albuminuria and strain vessel injury, the
servo-control technique should be used in future studies with WKY,
SHR and SHR-SP rats, both with and without the use of an ARB.

Blood pressure-lowering therapy protects the ‘strain vessels’
Ihara et al.,18 using 55-week-old diabetic, hypertensive Otsuka Long-
Evans Tokushima Fatty rats, demonstrated that using an ARB
significantly reduced the levels of proteinuria, compared with
hydralazine, in rats who had previously been hypertensive and
proteinuric and even though similar reductions in blood pressure
were achieved with both the antihypertensive medications. The
presence and/or extent of outer cortical glomerular injury was
determined by desmin staining, as a marker of podocyte injury, and
was reduced by ARB use, while no effect was observed in those
animals taking hydralazine. However, the severity of juxtamedullary
glomerular injury was not altered with either of the treatments. Why
did these antihypertensives fail to prevent juxtamedullary glomerular
injury?

When the hydralazine and ARB group of rats were started on the
antihypertensive drug, their juxtamedullary glomeruli had already
been exposed to high blood pressures, and the animals had already
demonstrated significant levels of proteinuria. Concurrently, it was
expected that the outer-cortical glomeruli were protected from
glomerular hypertension. Because outer cortical glomerular injury is
dependent on Ang II, as we observed in a previous study, we
hypothesized that ARB administration would protect the outer
cortical glomeruli.16 These results from our current study support
our previous finding that juxtamedullary injury is mostly blood
pressure-dependent. Our current study achieved a reduction in the
mean SBP by approximately 30 mmHg, and this degree of reduction
succeeded in preventing stroke and renal juxtamedullary injury in the
nifedipine-treated animals. These results strengthen the evidence that
elevated blood pressure affects arterioles not only in the brain but also
in kidney. In other words, blood pressure-lowering therapy protects
‘strain vessels’.

Recent studies have demonstrated that the severity of albuminuria
is also dependent on the process of reabsorption in the proximal
tubules.26 Two basic mechanisms contribute to Ualb. First, there is an
uptake of any filtered albumin from the luminal side of the proximal
tubule and reabsorption into the surrounding network of peritubular
capillaries.11 Second, a relatively small amount of albumin is excreted
in the urine as a result of peptide metabolism.11 In the present study,
the renal tubules in the outer medulla, including the proximal straight

Figure 6 Wall thickness of juxtamedullary and outercortiacal preglomerular

arteriole determined by a-SMA immunostaining in Protocol 2. Graphs

indicated quantitative representation of positive staining. Data are the

means±s.e. *Po0.05 vs. Control (Cont) group, wPo0.05 vs. Juxtamedullary

glomeruli.

Figure 7 Kaplan–Meier curves for 8% high-salt-fed SHR-SP with/without

nifedipine in the Protocol 3. Control, 8% high-salt-fed SHR-SP; Nifedipine,

high-salt-fed SHR-SP treated with nifedipine (80–100mg kg�1 per day).

n¼8 in the start of experiment for each group.
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tubules, were injured in the rats with frank albuminuria. This is
because the medullary circulation is derived from the efferent arteriole
of the juxtamedullary nephron. The relevant mechanisms can be
identified by detecting the expression of tubular-injury markers, such
as N-acetyl-beta-D-glucosaminidase, beta-2 microglobulin or megalin,
which has a key role in the reabsorption of albumin in the proximal
tubules.11 This was not the focus of the present study, however, and
further studies are required. It has been shown that an increase in the
renal perfusion pressure increases the renal medullary blood flow,
which in turn, increases the renal medullary and cortical interstitial
hydrostatic pressures and the peritubular capillary pressure, which
together may inhibit Na reabsorption in the proximal tubules.27,28

This mechanism of pressure natriuresis may be impaired when
albuminuria is present.

The findings from the present study indicate that albuminuria is
the result of juxtamedullary injury. The number of juxtamedullary
nephrons is o10% the number of cortical nephrons, which supports
the findings that albuminuria is limited to a very small amount in the
early phase of hypertensive renal injury. However we must acknowl-
edge the possibility that the sclerotic juxtamedullary glomeruli are not
the source of albuminuria but rather intact outer cortical glomeruli
with increased filtration.

The mechanism of strain vessel injury
We sought to delineate the mechanism of strain vessel injury, which
occurs through a cytokine-mediated inflammatory process. An
increase in the renal perfusion pressure has been shown to increase
inflammation, which is indicated by the increased number of ED-1-
positive cells and greater a-SMA immunostaining on immunohisto-
chemistry.29,30 Although a large portion of its renoprotective effects
are attributed to lower blood pressures, nifedipine may function
directly as an antioxidant and anti-inflammatory agent.31,32 The
potentially pleiotropic effects of nifedipine is a limitation of the
present study and its mechanism of action in mitigating renal injury
requires further study in the future. Because bardoxolone, which is a
first-in-class drug being touted as an antioxidant inflammation
modulator, has been shown to exert a renoprotective effect, it is
possible that nifedipine reduced juxtamedullary injury not only
by reducing the blood pressure, but also by exerting an anti-
inflammatory effect.33

In conclusion, the results of this study indicate that albuminuria is
a marker for juxtamedullary nephron and pre-glomerular injury in
SHR-SP rats. Albuminuria and renal injury were also associated with
cerebrovascular injury and the risk for stroke events. The pressure-
induced injury of strain vessels may explain the cerebrovascular-renal
connection.
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