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Renal inflammatory markers during the onset of
hypertension in spontaneously hypertensive rats

Bart FJ Heijnen1, Helma Van Essen1, Casper G Schalkwijk1,2, Ben JA Janssen1 and
Harry AJ Struijker-Boudier1

Early blockade of the renin–angiotensin system is successful in delaying the development of hypertension in spontaneously

hypertensive rats (SHRs) and ameliorating organ damage by inhibition of the inflammatory response. In this study, we

investigated the role of the angiotensin II type 1 receptor (AT1R) in the early renal inflammatory response in SHR. Blood

pressure development and renal inflammatory markers were measured in 4-, 8- and 12-week-old SHR and age-matched Wistar

Kyoto (WKY) rats. Separate groups of SHRs were transiently treated with the AT1R blocker losartan between 4 and 8 weeks of

age. Urinary excretion of the renal injury markers osteopontin and neutrophil gelatinase-associated lipocalin increased in young

SHR. Further, renal expression of inflammatory genes was also increased in young SHR. Losartan inhibited the increase of

these inflammatory markers. In contrast, gene expression of the renal injury marker and T-cell inducer kidney injury molecule-1

(KIM-1) was reduced in 4-week-old SHR when compared with WKY. Similarly, the T-cell marker CD3 was significantly

decreased in 4-week-old SHR. These effects were not antagonized by AT1R blockade. This study confirms the presence of an

early renal inflammatory response in SHR that can be blocked by AT1R antagonism. In addition, it demonstrates that KIM-1

does not behave as a pure kidney injury marker in young SHR, but may reflect kidney maturation.
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INTRODUCTION

High-normal blood pressure (BP), also referred to as prehypertension,
has been recognized as an increased risk for developing cardiovascular
events and hypertension.1 The initiation of anti-hypertensive treat-
ment in prehypertensives has shown promising results in delaying
and/or preventing further development of high BP.2 Furthermore,
clinical and experimental evidence demonstrates long-lasting effects
on BP and target organ damage after anti-hypertensive treatment for
a brief period.2–7 Recent studies suggest a role for immune mecha-
nisms in the development and sustainment of high BP8–10 and in
particular renal inflammation.11 The induction of adaptive immune
responses in the kidney is mainly angiotensin II type 1 receptor
(AT1R)-mediated and can be blocked by specific receptor blockers
and not via a renin–angiotensin system (RAS)-independent BP
lowering.12,13

A series of experiments in the spontaneously hypertensive rat
(SHR) has provided evidence that transient prehypertensive treatment
(TPT) with RAS blockers is effective in delaying BP increase and the
development of target organ damage.3–6 The critical period in which
TPT is most effective has been pinpointed between 4 and 8 weeks of age.

In SHR, the development of renal damage is important in the
pathogenesis of this model.14 It has been demonstrated that mainly
structural alterations in the renal microcirculation determine the
long-lasting antihypertensive effects of RAS inhibitors following
TPT.15,16 The underlying mechanisms involved in this process are
still insufficiently understood.

We hypothesize that at the stage of prehypertension, renal
inflammation is already provoked by mechanisms recently proposed
by Harrison et al.8 and hereby having a deteriorating effect on the
hypertensive phenotype. We propose that renal inflammation is a
crucial factor in the early development of hypertension in SHR. For
this purpose, we analyzed the development of high BP and renal
inflammation in young SHR and compared them with age-matched
Wistar Kyoto (WKY) rats as normotensive controls. Furthermore, we
hypothesized that the early inflammatory response is AT1R-mediated
and hence, a subgroup of SHR was given TPT with an AT1R-blocker.

Despite TPT, the increase in BP is just delayed and not prevented.
This suggests that some pathophysiological processes may be already
ongoing before BP starts to rise. Therefore, this study also investigated
the presence and involvement of renal injury markers, such as
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osteopontin (OPN) and kidney injury molecule-1 (KIM-1) in young
SHR. These markers are also well-known regulators of inflamma-
tion.17,18 In the kidney, KIM-1 is mainly expressed on tubules and on
several cell types of the immune system, for example, T helper 1
(Th1) and Th2 cells.17,19 Besides inflammation, this study gives a hint
that a suppression of KIM-1 may be involved in the development of
early renal aberrations, which may lead to the development of
hypertension. KIM-1, a type I transmembrane glycoprotein, is not
only a well-known biomarker for the early detection of renal injury,20

but is also involved in the regulation of inflammatory responses.19

Furthermore, KIM-1 is implicated in renal regeneration of
dedifferentiated proximal tubule cells.21 KIM-1 seems to have
different controversial roles, being involved in renal injury as well as
in healing.22

The aims of this study are to investigate (a) the expression of
markers of renal injury and inflammation during the onset of
hypertension in SHR and (b) the role of the AT1R in the expression
of these markers.

METHODS

Animals
Four-week-old male SHR (N¼ 45) and WKY (N¼ 21) rats were
obtained from Charles River (Sulzfeld, Germany). SHRs were
randomly divided over two groups: (1) control SHR without any
treatment (N¼ 29) and (2) SHR with losartan treatment (N¼ 16).
All animal experiments were approved by the animal ethics commit-
tee of Maastricht University and were performed in accordance with
institutional and international guidelines. All groups had free access
to water and food ad libitum and were housed under controlled
conditions of temperature (21 1C) and light (12-h light–dark cycle).

Experimental protocol
Animals received TPT between 4 and 8 weeks of age. To check for
potential differences in albuminuria, rats were put in metabolic cages
for 24 h to collect urine samples at 8 weeks of age, that is, upon TPT,
and 4 weeks after stopping treatment. At 4, 8 and 12 weeks of age BP
was determined intra-arterially in the conscious state via a fluid-filled
catheter, which was introduced into the right femoral artery and
shifted upward into the aorta 2 days before the measurement. Next, at
each time point, renal blood flow was measured with a flow probe
(Transonic Systems, VB series 0.5 nm, Ithaca, NY, USA) for the
determination of renal vascular resistance. Afterward, rats were killed
by exsanguination via the abdominal aorta and organs were weighed
and harvested for further analysis.

Treatment
Losartan (MSD, 20 mg kg–1 day–1 in phosphate-buffered saline (PBS);
GIBCO, Invitrogen, Carlsbad, CA, USA) was given via subcutaneously
osmotic minipumps implanted under isoflurane anesthesia (1–4%)
between 4 and 8 weeks of age. The dosage was based on earlier studies
by our group.3,12

Urinary markers of renal injury
The rat kidney injury panel 1 was purchased from mesoscale
diagnostics (MSD; K15162C-1, Meso Scale Discovery, Gaithersburg,
MD, USA). This assay detects lipocalin-2 (neutrophil gelatinase-
associated lipocalin, NGAL), OPN and KIM-1 in a sandwich
immunoassay and uses a competitive assay format to detect albumin.
All reagents were provided with the MSD kit. Each 96-well plate had
four-carbon electrodes in the bottom of each well, each pre-coated
with one of the four anti-kidney injury markers antibodies of interest.

The assay was performed according to the manufacturer’s protocol.20

Finally, albumin and the renal injury markers were corrected for
urinary creatinine, determined on the Beckman/Coulter Synchron LX
20 (Beckman Coulter, Brea, CA, USA).

Gene expression analysis
Total RNA was isolated from the right kidney of each animal as
previously described11 and 1000 ng of RNA was synthesized into
complementary DNA according to the manufacturer’s protocol
(iScript cDNA synthesis kit, Bio-Rad Laboratories, Hercules, CA,
USA). Gene expression was analyzed by quantitative PCR on the
CFX96 Real-Time PCR detection system using the iQ SYBR-green
supermix (Bio-Rad Laboratories). Renin, angiotensin-converting
enzyme and AT1R expression were analyzed to investigate the
changes in RAS-related genes in the kidney. In addition, KIM-1,
OPN, NGAL, nephrin and plasminogen activator inhibitor-1 (PAI-1)
were determined for the analysis of renal injury. As inflammation-
related genes, intercellular adhesion molecule-1, vascular cell adhesion
protein 1, monocyte chemotactic protein-1, nuclear factor kappa B
(NFkB), tumor necrosis factor a (TNFa) and interleukin 1b (IL1b)
and IL6 were investigated. Finally, the expression of several specific
markers for cells involved in the immune system were determined:
CD68 as macrophage marker, CD3 as T-cell marker, forkhead box P3
as regulatory T cell (Treg) marker, T-box expressed on T cells as Th1
cell marker and GATA-binding protein 3 as Th2 cell marker. The

Table 1 Gene-specific primer sequences used for quantitative real-

time PCR

Gene Forward primer 5 0–3 0 Reversed primer 5 0–3 0

ACE TTGTCTGTCACTGGAGCCTGAT CCACACCCAAAGCAATTCTTC

AT1R CCATCGTCCACCCAATGAAG TTGGTGTTCTCGATGAAGTA

TACATTT

CD3 GCAACACCAGCATCAGGCAT CCCAAAGCCAGGAGCAGAGT

CD68 ATCAACCTACCAGCCCCTCT TGCATGCTGAAGAAATGAGG

Cyclophilin A TTCCTCCTTTCACAGA

ATTATTCCA

CCACCAGTGCCATTATGG

FoxP3 CCCAGGAAAGACAGCAACCTT CTGCTTGGCAGTGCTTGAGAA

GATA3 TTCCTGTGCGAACTGTCAGACCA CCTTTTTGCACTTTTTCGA

TTTGCTA

ICAM1 GGTATCCATCCATCCCACAG CTCGCTCTGGGAACGAATAC

IL1b CACCTTCTTTTCCTTCATCTTTG GTCGTTGCTTGTCTCTCCTTGTA

IL6 GATACCACCCACAACAGACC CATTTCCAAGATCTCCCTGA

KIM-1 CGGTGCCTGTGAGTAAATAGAT CTGGCCATGACACAAATAAGAC

MCP-1 GATCTCTCTTCCTCCACCACTATG GAATGAGTAGCAGCAGGTGAGT

Nephrin CGTGCTAAAGGCGAGTTCCA GGAGAGGATTACTTTAGGAG

ACACAAG

NFkB GGGCTGACCTGAGTCTTCTG GATAAGGAGTGCTGCCTTGC

NGAL GACTCAACTCAGAA

CTTGATCCCT

AGCTCTGTATCTGAGGGTAGCTGT

OPN TGAGACTGGCAGTGGTTTGC CCACTTTCACCGGGAGACA

PAI1 GAGCCAGATTCATCATCAACG CTGCAATGAACATGCTGAGG

Renin GCTACATGGAGAATGGGACTGAA ACCACATCTTGGCTGAGGAAAC

T-bet TCCACCCAGACTCCCCCAACA GGCTCACCGTCATTCACCTCCA

TNFa GCTGTCGCTACATCACTGAACCT TGACCCGTAGGGCAATTACA

VCAM-1 CGGTCATGGTCAAGTGTTTG GACGGTCACCCTTGAACAGT

Abbreviations: ACE, angiotensin-converting enzyme; AT1R, angiotensin II type 1 receptor;
FoxP3, forkhead box P3; GATA3, GATA-binding protein 3; ICAM-1, intercellular adhesion
molecule-1; IL, interleukin; KIM-1, kidney injury molecule-1; MCP-1, monocyte chemotactic
protein-1; NFkB, nuclear factor kappa B; NGAL, neutrophil gelatinase-associated lipocalin;
OPN, osteopontin; PAI-1, plasminogen activator inhibitor-1; T-bet, T-box expressed on T cells;
TNFa, tumor necrosis factor a; VCAM-1, vascular cell adhesion protein-1.
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primers applied are presented in Table 1. Results were normalized to
the housekeeping gene cyclophilin A and relative changes in expres-
sion levels were subsequently calculated using BIO-RAD CFX-
manager software. Gene expression in the 4-week-old SHRs was
normalized to 1 to compare relative changes among all groups.

Histochemistry and immunostaining
The right kidney of each animal was excised, rinsed in PBS
(Invitrogen) and fixed in 4% formalin for 24 h before embedding in
paraffin. Central cross-sections of 4mm of the whole kidney including
medulla and cortex were deparaffinized and stained for CD3 to
determine T-cell infiltration or CD68 to determine macrophage
influx.

CD68
First, slides were incubated for 30 min in 0.3% peroxide in PBS to
block endogenous peroxidase activity. Primary antibody (mouse-a-rat
ED-1,23 1:50 in PBS with 0.1% bovine serum albumin) was added and
incubated overnight at 4 1C. Hereafter, slides were incubated for
30 min with secondary antibody (rabbit-a-mouse-biotine, 1:400 in
PBS, Sigma, St Louis, MO, USA). Subsequently, AB complex and
diaminobenzidine (Dako Denmark A/S, Glostrup, Denmark) was
added to the slides to obtain staining of the macrophages. Finally, the
tissues were counterstained with hematoxylin and rehydrated in
increasing concentrations of ethanol. Between the different steps,
slides were washed in PBS.

CD3
First, slides were incubated for 30 min in 0.3% peroxide in PBS to
block endogenous peroxidase activity. Next, antigen retrieval was
performed by boiling the slides in a Tris EDTA buffer (1.2 g l–1 Tris

and 0.37 g l–1 EDTA, pH 9) for 10 min. Primary antibody (mouse-a-
human CD3 (DAKO), 1:200 in PBS with 1% bovine serum albumin)
was incubated overnight at 4 1C. Hereafter, slides were incubated for
30 min with secondary antibody (rabbit-a-mouse peroxydase con-
jugated, 1:1000 in PBS, DAKO). Subsequently, Envision anti-rabbit
incubation for 30 min and diaminobenzidine (Dako Denmark A/S)
was used to obtain staining of the T cells. Finally, the tissues were
counterstained with hematoxylin and dehydrated in increasing
concentrations of ethanol.

Analysis of CD68 and CD3 was done by light microscopy at a
magnification of � 200 by means of 10 images per subject through-
out the entire cortex. Positive cells were manually counted and
averaged per subject.

Statistical analysis
Data are expressed as mean±s.e.m. and were analyzed by unpaired
Student’s t-test, one-way or two-way analysis of variance with post hoc
Bonferroni correction where appropriate. Outliers were detected and
removed from the data set with the Grubbs outliers test. Differences
were considered statistically significant if valueso0.05 were reached
(*Po0.05, **Po0.01 and ***Po0.001).

RESULTS

Data on body weight, organ weight and number of animals used, are
summarized in Table 2 per group, at 4, 8 and 12 weeks of age.

Hemodynamics and renal function
SHR start to develop hypertension from 4 weeks on when mean
arterial pressure (MAP) is still at the same level as the normotensive
WKY. MAP was significantly increased at 8 weeks of age when

Table 2 General characteristics

WKY SHR SHRþLosartan

N

4 wks 6 6 —

8 wks 7 15 8

12 wks 8 8 8

Body weight (g)

4 wks 86±7 74±5 —

8 wks 212±5 172±4*** 160±5

12 wks 310±5 258±7*** 223±7**

Tibia length (cm)

4 wks 2.71±0.06 2.51±0.06* —

8 wks 3.58±0.02 3.27±0.02*** 3.16±0.03**

12 wks 3.99±0.02 3.71±0.02*** 3.55±0.03***

Heart weight (g, 100gBW�1)

4 wks 0.45±0.01 0.50±0.01 —

8 wks 0.33±0.01 0.40±0.00*** 0.31±0.00***

12 wks 0.30±0.00 0.39±0.01*** 0.36±0.01**

Kidney weight (g, 100gBW�1)

4 wks 0.57±0.02 0.54±0.01 —

8 wks 0.43±0.01 0.40±0.00 0.39±0.01

12 wks 0.39±0.01 0.35±0.01** 0.37±0.01

Abbreviations: BW, body weight; SHR, spontaneous hypertensive rat; wks, weeks;
WKY, Wistar Kyoto.
Statistically significant differences are given between SHR vs. WKY and SHR vs.
SHRþ Losartan (*P-valueo0.05, **P-valueo0.01, ***P-valueo0.001).
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compared with age-matched WKY and it increases to approximately
180 mm Hg by the age of 12 weeks. TPT between 4 and 8 weeks with
an AT1R blocker completely restored BP to control values. Four weeks
after stopping the RAS blockade MAP increased. However, it stayed
significantly lower when compared with the age-matched SHR
(Figure 1a). Despite an elevation in MAP, renal vascular resistance

demonstrated no significant differences when comparing untreated
SHR with age-matched WKY at 8 and 12 weeks of age. TPT in SHR
inflicted a significant decrease in renal vascular resistance at 8 weeks
of age, which disappeared 4 weeks later (Figure 1b). The levels of
albumin excretion in the young animals were, as expected, very low.
At 8 weeks of age, no significant difference in albuminuria was
detected between WKY and SHR. Four weeks later, at the age of 12
weeks, the albumin excretion was increased in the SHR, which
resulted in a significantly higher albuminuria when compared with
age-matched WKY. In WKY rats, the excretion of albumin decreased
from 8 to 12 weeks, whereas in SHR the levels of albumin excretion
started to increase. TPT had little to no effect on albuminuria
(Table 3).

Expression of renal RAS components
WKY rats demonstrated higher levels of renal gene expression for
renin, angiotensin-converting enzyme and AT1R when compared
with SHR almost at all ages. In SHR, losartan treatment led to a
highly significant increase in local renin expression at 8 weeks of age,
but this increase completely disappeared 4 weeks later. Finally, TPT
caused an increase in AT1R expression to a similar level as the WKY
(Figures 2a–c).

Renal injury
Gene expression of the T-cell inducer and renal injury marker KIM-1
was already increased at 4 weeks of age in WKY when compared with
SHR. In both rats, the renal expression of KIM-1 increases but
remained significantly higher in the WKY. TPT in the SHR had no
effect on the expression of this marker (Figure 3a). These changes did
not reflect in the excretion of KIM-1 protein in urine (Figure 3b).
Further, the renal gene expression of OPN and NGAL, both involved
in immunity and known markers of renal injury, were unaltered over
time (Figures 3c and e). These results are in sharp contrast with the
excretion data where OPN was significantly higher in the 12-week-old
SHR when compared with the age-matched WKY. Next, NGAL
protein excretion was already increased in the SHR at 8 weeks of age
and was still significantly higher 4 weeks later. For both OPN and
NGAL, TPT had no direct effect at 8 weeks, but seemed to affect the
excretion of these markers in 12-week-old SHR to similar levels

Table 3 Water and food intake, urine, creatinine and albumin

excretion and albuminuria

WKY SHR SHRþ Losartan

N

8 wks 6 24 15

12 wks 8 5 7

Water intake (ml 24h–1)

8 wks 27.0±1.0 28.3±0.8 30.5±0.8

12 wks 27.9±1.1 31.3±2.1 30.0±0.9

Food intake (g 24h–1)

8 wks 23.2±0.4 20.5±0.5* 17.0±0.6***

12 wks 20.4±0.6 23.2±1.0* 19.4±1.2*

Urine excretion (ml 24h–1)

8 wks 8.5±0.7 8.0±0.4 10.5±0.4***

12 wks 10.7±0.4 11.0±0.8 9.1±0.4*

Creatinine excretion (mmol 24h–1)

8 wks 64.4±2.4 40.8±1.6*** 31.9±1.5***

12 wks 107.5±2.6 73.0±4.9*** 65.1±2.1

Albumin excretion (mg 24h–1)

8 wks 84.7±19.3 28.6±4.5* 24.4±3.1

12 wks 61.5±6.5 119.5±21.6P¼0.06 79.4±9.7P¼0.09

Albuminuria (mg Alb mmol creat)

8 wks 1.31±0.30 0.68±0.09 0.78±0.09

12 wks 0.57±0.05 1.64±0.28* 1.23±0.17

Abbreviations: BW, body weight; SHR, spontaneous hypertensive rat; wks, weeks; WKY, Wistar
Kyoto.
Statistically significant differences are given between SHR versus WKY and SHR versus
SHRþLosartan (*P-valueo0.05, ***P-valueo0.001).
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as observed for WKY (Figures 3d and f). Nephrin expression in
the kidney was increased in SHR when compared with WKY at 4 and
8 weeks of age. Whereas losartan treatment in SHR did not affect
nephrin gene expression at 8 weeks, 4 weeks later the expression was
higher when compared with the untreated SHR (Figure 3g). Finally,
PAI-1 expression was unaltered (Figure 3h).

Renal inflammation
Figure 4 presents the expression of several inflammation-related genes
determined in the kidney. At 4 weeks of age, when BP was still normal
almost no differences were detected between WKY and SHR. Only
tumor necrosis factor a expression was significantly lower in SHR
than WKY at that age. A different pattern was observed at 8 weeks of
age. All inflammatory genes were increased in SHR when compared
with the age-matched WKY. AT1R-blockade for 4 weeks caused
normalization of all markers to similar levels as observed in WKY.
Surprisingly, at 12 weeks of age all differences in gene expression
between SHR and WKY were normalized. Renal gene expression

of CD68, a macrophage marker, was significantly increased in WKY
at 4 weeks of age (Figure 5a). CD68 expression increased over time in
SHR and the difference with age-matched WKY disappeared from 8
weeks on. These results were confirmed on immunohistochemistry
(Figure 6). AT1R-blockade caused a minor, not significant decrease,
which was still present at 12 weeks of age.

Adaptive immune response
Similar to CD68, the general T-cell marker CD3 was significantly
increased in WKY when compared with SHR at 4 weeks of age. In
contrast, this increase remained present even until the age of 12
weeks. Strikingly, 4 weeks of losartan treatment in SHR caused an
increase in renal CD3 expression when compared with untreated
SHR, yet, this difference disappeared at 12 weeks (Figure 5b). Analysis
by immunohistochemistry confirmed the higher level of CD3-positive
cells in young WKY (Figure 7). Next, renal gene expression of
T-cell sub-populations demonstrated little differences in Th1 cells
(T-box expressed on T cells) and Th2 cells (GATA-binding protein 3;
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Figures 5d and e). Further, Tregs (forkhead box P3) were undetectable
in the kidneys of WKY at 4 weeks of age, whereas they were present in
age-matched SHR. Four weeks later, forkhead box P3 expression
became apparent in WKY but stayed significantly lower when
compared with SHR. At 12 weeks of age, no differences were present
anymore (Figure 5c). Four weeks of losartan treatment had no effect
on the expression of the different T-cell markers. Only a small
increase in T-box expressed on T cells was detected 4 weeks after
stopping the AT1R-blockade, that is, at 12 weeks of age.

DISCUSSION

This study provides novel insights in the contribution of renal
inflammation in the early development of hypertension in SHR. First
of all, a distinguished increase in inflammatory markers in the kidney
was demonstrated at 8 weeks of age in SHR. This was prevented by
administration of an AT1R blocker. Second, a suppression of renal
KIM-1 expression was found in SHR in the early phase of hyperten-
sion development. Finally, the presence of macrophages and T cells in
the kidney were surprisingly lower in SHR when compared with
WKY. Little to no differences were found in expression markers of the
various T-cell sub-populations. Yet, the presence of Treg expression

was initially absent in WKY and remained decreased until 8 weeks of
age when compared with SHR.

The development of high BP in SHR starts between 4 and 8 weeks
of age and reaches a MAP of approximately 175 mm Hg by the age of
12 weeks.3,24 Hence, the period between 4 and 8 weeks is crucial and
underlying processes, such as changes in renal microcirculation,
sodium reabsorption and innervations, have been proposed as
important contributors to the BP phenotype in SHR.14,25 Some
groups even propose that vascular structure and renal function
are already affected before the age of 4 weeks.26 With respect to the
strategy of preventing hypertension, transient anti-hypertensive
treatments have been given at various ages in the SHR model.
Studies with RAS inhibitors, administered in the period from birth
until 4 weeks have been unsuccessful and demonstrated even
detrimental effects for the littermates,27 whereas perinatal treatment
with an NFkB inhibitor had long-term anti-hypertensive effects.28 On
the other hand, TPT with RAS blockers between 4 and 8 weeks of age
delays the BP increase in SHR,3–5,16 as also demonstrated in this
study. These studies suggested that RAS blockers antagonize an early
immune response that is the starting point for a renal inflammatory
process.
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Figure 4 (a–g) Renal expression of inflammation-related genes. ICAM-1, intercellular adhesion molecule-1; IL, interleukin; MCP1, monocyte chemotactic

protein-1; NFkB, nuclear factor kappa B; TNFa, tumor necrosis factor a; VCAM-1, vascular cell adhesion protein-1. SHR, spontaneous hypertensive rat;

WKY, Wistar Kyoto rat (*P-valueo0.05, **P-valueo0.01).
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The importance of inflammation in the pathogenesis of hyper-
tension is clear, is much debated and subjected to intense research.
In SHR, inflammation has been detected in multiple organs, includ-
ing the heart, vessels and kidney. As BP rises, inflammatory processes
become more eminent. However, the presence of early inflammatory
processes may be of higher importance by introducing irreversible
processes that can lead toward target organ damage. NFkB-positive
cells have already been detected at the age of 3 weeks.29 The induction
of inflammatory processes can be due to pro-inflammatory
mediators, such as Ang II,9 but also directly or indirectly by an
increase in BP itself. Another inducer of inflammation at that age
might be advanced glycation end products. Despite the absence of
oxidative stress, an increase of advanced glycation end product was
present in the kidney of SHR when compared with age-matched
WKY.30 Whatever the inducer might be, at 8 weeks of age, a clear
pattern of increased inflammatory markers, for example, intercellular
adhesion molecule-1, vascular cell adhesion protein, monocyte
chemotactic protein-1, NFkB, tumor necrosis factor a, IL1b and
IL6, was present in the kidney. Despite a BP increase of approximately
35 mm Hg between 8 and 12 weeks, the changes in inflammatory
mediators disappeared. Hence, it seems unlikely that the
inflammatory mediators are mainly induced by the increase in BP.
In addition, at the age of 8 weeks, TPT with an ARB resulted in
normalization of all markers. These observations make it plausible
that the main induction of renal inflammation at that age happens via
AT1R activation, as seen in other models of hypertension.12

According to a recent hypothesis by Harrison et al.8, early inducers
of adaptive immunity could be the initiating cause of high BP
development. An unexpected result was observed for renal gene
expression of CD3, the general T-cell marker. CD3 was upregulated in
WKY when compared with SHR. This was confirmed by

immunohistochemistry and is in contrast with literature, which
demonstrates a higher infiltration of T cells in the kidneys of
SHR.29 The same was true for CD68, a macrophage marker.
A possible explanation for this can be found in the presence of
KIM-1, which besides its function in renal regeneration, acts as a
chemo attractant for immune cells.19 Since at young age, KIM-1 is
more highly expressed in WKY when compared with SHR, immune
cells are more prominently present in the kidneys of these animals.
Molecular analysis of markers for the different Th-cell sub-
populations, Th1 and Th2, revealed little to no differences over
time. Interestingly, Treg expression was present already in young SHR,
whereas in young WKY the expression was absent at 4 weeks and
remained lower at 8 weeks of age. Since Tregs are involved in the
suppression of inflammatory responses,31 this may provide additional
evidence for the presence of renal inflammation at early age in SHR.

KIM-1 excretion data suggest that there is little to no renal injury
present in young SHR. Hypertensive kidney damage is not morpho-
logically evident before 30 weeks of age.14 This was in line with the
absence of albuminuria at 8 weeks of age. Yet, the development of
albuminuria precedes the apparent renal pathology and is already
slightly increased in SHR 4 weeks later. This was accompanied by a
relatively higher excretion of NGAL and OPN, which are both known
biomarkers for the early detection of renal disease.20 When minor
signs of renal dysfunction come to the surface at 12 weeks of age, it
becomes apparent that the increase of albuminuria as well as renal
injury markers is delayed and/or prevented by TPT. For albuminuria
in SHR, it has already been shown that losartan treatment between 4
and 8 weeks of age resulted in a life-long improvement of renal
function until 72 weeks of age, that is, 64 weeks after stopping TPT.3

Whereas no differences were observed in excretion of KIM-1
protein, gene expression data gave some interesting results. From
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Figure 5 (a–e) Renal gene expression of immune cell markers. FoxP3, forkhead box P3; GATA3, GATA-binding protein 3; ND, not detectable; T-bet, T-box

expressed on T cells; SHR, spontaneous hypertensive rat; WKY, Wistar Kyoto rat (*P-valueo0.05, **P-valueo0.01, ***P-valueo0.001).
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our data it seems that renal KIM-1 expression is highly depressed in
SHR when compared with age-matched WKY. As KIM-1 has shown
to be involved in renal regeneration after sublethal injury,32 we believe
that it might also be important in kidney maturation. In the first 4
weeks after birth, renal development is still ongoing in rats and
KIM-1 may be an important regulator during this process. Therefore,
the depressed status of KIM-1 observed in SHR might indicate a
malfunction in the early renal development causing pathological
changes, which result in the development of high BP later on. Of
course this conclusion is still speculative and needs further
experimentation to unravel underlying mediators and mechanisms.
A possible mechanism by which KIM-1 acts might be via its natural
ligand tissue inhibiting molecule-4 and hereby the regulation of
several inflammatory processes, such as T-cell proliferation.33

As seen in this and many other studies, transient anti-hypertensive
treatments can have long-term effects on BP increase and target organ
damage. As the focus of this study was on early inflammatory markers
in the kidney, the follow-up period was set to only 1-month after
TPT. However, previous studies by Baumann et al.3,4,15,16, with a
similar experimental setup as this study, provide data on long-term
TPT effectiveness in SHR. They demonstrate that 4 weeks of RAS
blockade is able to delay the BP increase in SHR. BP is significantly
lower until 36 weeks of age, that is, 28 weeks after stopping TPT, and
reaches a similar BP level as observed in untreated SHR by the age of
50 weeks.3 Despite the return in BP, effects of TPT on target organs

remains visible even until 72 weeks of age. At that advanced age, SHR
with TPT have a better cardiac function and less fibrosis and
hypertrophy when compared with untreated SHR. In addition, the
development of albuminuria is significantly blunted by TPT.3

However, the fact that BP increases although transient anti-
hypertensive treatment was given suggest that underlying processes,
such as inflammation, are already ongoing before the initiation of
treatment. This is supported by the fact that in SHR NFkB seems to
be important for the development of hypertension already at birth28

and that vascular remodeling and renal dysfunction are present far
before BP starts to increase.14 According to our data this coincides
with a depression of renal KIM-1 expression. Altogether, these
observations indicate that concerning the initiation of hypertension,
different processes are involved at different stages. Proper pinpointing
of these processes and combining different treatments at set time
points, may provide an appropriate strategy for absolute prevention
of the induction of early renal aberrations and consequently stop the
development of high BP in later life.

In conclusion, this study provides new insights in the involvement
of inflammation during the development of high BP in SHR, a
worldwide used model of hypertension. At young age, when BP starts
to rise, a peak of renal inflammatory markers is observed, which
seems mainly induced by AT1R activation. Second, interesting results
were observed regarding KIM-1, a protein involved in inflammation,
but also in renal regeneration. A depressed KIM-1 expression in the
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Figure 6 Immunohistochemical analyses of the macrophage marker CD68. Arrows indicate CD68-positive cells. SHR, spontaneous hypertensive rat; WKY,
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kidneys of young SHR may already indicate a malfunction in the
ongoing renal maturation process. This might be an important
contributor in renal structural aberrations long before the hyperten-
sive phenotype becomes apparent in SHR. Further research is needed
to strengthen this hypothesis.
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