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Tacrolimus-induced hypertension and nephrotoxicity
in Fawn-Hooded rats are attenuated by dual
inhibition of renin–angiotensin system

Lenka Hošková1, Ivan Málek1, Josef Kautzner1, Eva Honsová2, Richard P E van Dokkum3, Zuzana Husková4,
Alžbeta Vojtı́šková4, Šárka Varcabová4, Luděk Červenka4 and Libor Kopkan4

Chronic immunosuppressive therapy is often complicated by the development of both arterial hypertension and renal

dysfunction. The principal aim of this study was to assess the effects of dual inhibition of renin–angiotensin system (RAS) and

other antihypertensive treatment on blood pressure and renal function in normotensive and hypertensive Fawn-Hooded (FH)

strains during chronic calcineurin inhibitor (CNI) administration. Combinations of perindopril (5 mg kg�1 per day) and losartan

(50 mg kg�1 per day) or amlodipine (6 mg kg�1 per day) and metoprolol (80 mg kg�1 per day) were administered to

normotensive (FHL) and hypertensive (FHH) rats, fed with diet containing tacrolimus (Tac; 12 mg kg�1 per day). Tac-induced

arterial hypertension in both animal strains (FHL: 151±4; FHH: 198±6 mm Hg) was prevented by dual RAS inhibition

(FHL: 132±3 mm Hg, Po0.05; FHH: 153±3 mm Hg, Po0.05) as well as by a combination of amlodipine and metoprolol

(FHL: 136±3 mm Hg, Po0.05; FHH: 166±4 mm Hg, Po0.05). However, significant nephroprotection was observed only in

animals on dual RAS inhibition where albuminuria was reduced in both FHL (51.1±3.9 vs. 68.3±4.5 lg per day; Po0.05)

and FHH rats (13.1±0.3 vs. 18.8±0.7 mg per day; Po0.05). We also found Tac-induced enhancement in renal angiotensin II

activity that was significantly reduced by dual RAS inhibition in both FHL (63.5±3.2 vs. 23.1±3.0 fmol g�1) and FHH

(79.8±8.5 vs. 32.2±5.8 fmol g�1). In addition, histological analysis revealed that RAS inhibition noticeably diminished

glomerulosclerosis and tubulo-interstitial injury. This study indicates that dual blockade of RAS significantly attenuates

Tac-induced arterial hypertension and nephrotoxicity in FH rats and further supports the notion that RAS inhibitors display

efficient renoprotective properties during CNI treatment.
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INTRODUCTION

The use of calcineurin inhibitors (CNIs) in transplantation of solid
organs is commonly associated with development of arterial hyper-
tension and nephrotoxicity.1–4 The incidence of hypertension after
transplantation remains high, despite considerable progress in
immunosuppressive therapy. Several pathophysiological mech-
anisms, including direct vasoconstriction, impaired vasodilatation
and sodium-retaining effects, have been proposed to underlie CNI-
associated hypertension.3,4 CNI-induced direct renal vasoconstrictive
effects reduce glomerular filtration and renal blood flow, and the
resulting hypoperfusion may subsequently activate the renin–
angiotensin system (RAS), particularly in the kidney.2,5–7 Moreover,
recent studies have shown that CNIs increase the activity of sodium
transport along the nephrons.4,8,9 As a result, chronic administration
of CNIs could compromise normal renal function that contributes to

increased incidence of arterial hypertension10 and activation of several
systems involved in the progression of renal damage.2–4 However, the
exact mechanisms underlying the development of CNI-induced
hypertension and nephrotoxicity are not fully understood.

It is generally accepted that combination of antihypertensive drugs
results in better blood pressure control and organoprotection, both
in patients with various cardiovascular and renal diseases and
in transplant recipients.11–14 In addition, several studies have
demonstrated that dual RAS combination therapy—angiotensin-
converting enzyme inhibitors (ACEI) and angiotensin II (ANG II)
receptor blocker (ARB)—shows further benefits both in hypertensive
patients with chronic renal disease15 or with congestive heart failure.16

However, there is no evidence for the efficacy of dual RAS inhibition
on Tac-induced hypertension and nephrotoxicity. Furthermore, there
is also lacking comparison of renoprotective activity against CNIs
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with other combined antihypertensive regimen such as calcium
channel blocker (CCB) together with beta blocker (BB).

The Fawn-Hooded (FH) rat strains were inbred and selected for
high blood pressure and denoted accordingly as FH hypertensive
(FHH) or FH low blood pressure (FHL) rats. In contrast to FHL,
FHH rats develop early hypertension and exhibit the increased
susceptibility to renal disease due to impaired autoregulatory effi-
ciency of the kidney17–19 that leads to glomerular hypertension,
hyperfiltration and proteinuria.18,20,21 Hypertension and proteinuria
increase further with age,21,22 and the progression of renal damage
results in premature death from end-stage renal failure in these
animals.20 This rat strain therefore represents a unique model of
intrinsic human chronic kidney disease (CKD) more closely.23

Therefore, it is of clinical importance to evaluate the effect of long-
term CNI treatment in CKD condition and assess the optimum
antihypertensive therapy that exhibits sufficient renoprotection
against CNI nephrotoxicity.

Thus, in the present study, we hypothesized that efficient anti-
hypertensive treatment may prevent blood pressure increase and renal
injury induced by chronic CNI treatment in a model of CKD and
genetic hypertension. The specific aim of this study was to determine
whether dual RAS blockade (ACEI and ARB combination) attenuates
CNI-induced hypertension and nephrotoxicity in FH strains that were
under chronic Tac medication. In addition, other antihypertensive
treatment, a combination of CCB with BB, was also used to determine
the possible attenuation of CNI effects in FH strains without
affecting RAS.

METHODS
The study was performed in male rats of two FH strains (normotensive FHL

and hypertensive FHH animals) in accordance with the guidelines and

practices established by the Institute for Clinical and Experimental Medicine

Animal Care and Use Committee and in accordance with the law in the Czech

Republic. Both FH strains were originally provided by RPE van Dokkum

(The University of Groningen) to establish our colony. The animals used in the

present study were housed in the institutional facility accredited by the Czech

Association for Accreditation of Laboratory Animal Care.

The 5-month-old FHL and FHH males (320–350 g of body weight, n¼ 78)

were randomly divided into the experimental groups based on diet (standard

22% protein, 0.4% NaCl, with or without Tac 12 mg kg�1 per day; Astellas

Pharma, Killorglin, Kerry, Ireland) and antihypertensive treatment: the dual

long-term RAS blockade by ACEI (perindopril 5 mg kg�1 per day; Servier

Laboratories, Suresnes Cedex, France) and ARB (losartan 50 mg kg�1 per day;

Zentiva, Hlohovec, Slovakia) or a combination of CCB (amlodipine 6 mg kg�1

per day; Krka, d.d., Novo Mesto, Slovenia) with BB (metoprolol 80 mg kg�1

per day; Zentiva) were used for 4-month period in drinking water. Doses

of antihypertensives were based on our previous studies24–26 and

pilot studies where a maximal blood pressure reduction was achieved in

hypertensive animals. Owing to a slight polydipsia in FHH rats, the

concentration of the antihypertensives in the drinking water was adjusted to

ensure equivalent doses in both FHH and FHL rats. Daily intake of Tac diet

was not significantly different to standard diet intake in control animals, and

body weight in Tac-treated animals was not significantly altered compared with

nontreated groups. In addition, Tac concentrations in whole-blood samples

were measured by chemiluminescent microparticle immunoassay (Abbot

Laboratories, Abbott Park, IL, USA) and its daily intake resulted in

4.6–7.2 ng ml�1 concentrations in whole-blood samples. Antihypertensive

treatment did not alter Tac blood concentration. There was no mortality

during 4-month period in any experimental groups.

The experiments were performed in following six groups of FHL rats on

standard or Tac diet:

(1) FHL-untreated control (n¼ 6),

(2) FHL ACEI/ARB (n¼ 6),

(3) FHL CCB/BB (n¼ 6),

(4) FHL Tac (n¼ 8),

(5) FHL TacþACEI/ARB (n¼ 6),

(6) FHL TacþCCB/BB (n¼ 6);

and six groups of FHH animals on standard or Tac diet:

(1) FHH-untreated control (n¼ 6),

(2) FHH ACEI/ARB (n¼ 6),

(3) FHH CCB/BB (n¼ 6);

(4) FHH Tac (n¼ 8),

(5) FHH TacþACEI/ARB (n¼ 8),

(6) FHH TacþCCB/BB (n¼ 6).

Systolic blood pressure (SBP) was monitored by tail-cuff plethysmography

(MC 4000; Hatteras Instruments, Cary, NC, USA) regularly during the

4-month experimental period. In accordance with recommendations for blood

pressure measurements in experimental animals,27 which is adequate for

detecting intergroup differences in SBP over time, and therefore is optimal for

long-term studies. This method is regularly used in our laboratory24–26 where a

correlation between measurements by noninvasive plethysmography technique

and direct blood pressure measurements was previously validated. Although

the radiotelemetry system is preferred to obtain all blood pressure parameters

in experimental animals, this approach is not suitable for such long-term

studies.

Urine and blood collections were performed every 4 weeks of the treatment

to determine albuminuria and plasma creatinine (PCr) concentration by

commercially available kits (Assaypro LLC, St Charles, MO, USA; Cayman

Chemical Company, Ann Arbor, MI, USA, respectively), as described

previously.26,28 In addition, changes in urinary angiotensinogen (AGT) and

aldosterone were also assessed by specific sandwich enzyme-linked

immunosorbent assay and radioimmunoassay kits, respectively, (IBL

International GmbH, Hamburg, Germany; Immunotech, Marseille, France).

At least twice before starting measurements, rats were accustomed to the

procedure of tail-cuff SBP measurements and metabolic cages. At the end of

experiments, animals were decapitated to collect whole blood and harvest the

tissues for RAS peptide measurements and histological analysis. The full

blood was collected into two separate pre-chilled test tubes with specific

inhibitors. For ANG II assays, the blood samples were immediately mixed with

the recommended reagents: 5 mM EDTA, 10mM pepstatin A, 1.25 mM

1,10-phenanthroline, 20mM enalapril malenate and cooled down in ice bath.

Other blood samples were mixed only with cooled EDTA for plasma renin

activity (PRA) assay. The kidneys were immediately removed and

homogenized in cooled methanol. All samples had to be kept on ice and

centrifuged (3000 g 10 min�1 4 1C�1). Kidney homogenates were purified by

solid-phase extraction. All dried samples were stored at �20 1C until assay.

Indirect PRA and ANG II levels were measured by radioimmunoassay kits

(Cisbio Bioassays, Codolet, France; Euro-Diagnostica, Malmö, Sweden) as

described previously.29

Histological evaluation was assessed by high-power field technique in the

PAS-stained kidney slices. A total number of glomeruli in each kidney slice

were examined on a semiquantitative scale, as described previously,24–26,30 and

the glomerulosclerosis index was calculated using the following formula:

GSI ¼ ½ð1 � n1Þþ ð2 � n2Þþ ð3 � n3Þþ ð4 � n4Þ�=ðn0þ n1þ n2þ n3þ n4Þ;

where nx is the number of glomeruli in each grade of glomerulosclerosis (grade

0: non-sclerotic glomeruli; grade 1: sclerotic area of glomeruli up to 25%

(minimal); grade 2: sclerotic area 25–50% (moderate); grade 3: sclerotic area

50–75% (severe); grade 4: sclerotic area 75–100% (total). Renal cortical tubulo-

interstitial injury was evaluated as an inflammatory cell infiltration, tubular

dilatation and/or atrophy, or interstitial fibrosis and was graded semiquantita-

tively using the following scale of lesions: grade 0, no abnormal findings; grade

1, mild (o25%); grade 2, moderate (25–50%); and grade 3, severe (450%).

The lesions were evaluated in at least 30 random and nonoverlapping fields in

the renal cortex.25,26
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In another series of experiments (n¼ 28), effects of Tac on AGT and renin

gene expressions were evaluated. Total RNA was extracted from kidney and

liver tissue using Trizol (Invitrogen, Prague, Czech Republic) according to the

manufacturer’s directions. DNase I-treated total RNA (Fermentas, Thermo-

scientific, Waltham, MA, USA) was reverse transcribed and amplified using

One Step SYBR PrimeScript RT-PCR Kit II (TAKARA BIO, Shiga, Japan)

following the manufacturer’s recommendations with total volume 20ml. All

samples were analyzed in triplicates. The primers were designed by Primer3

software (NCBI, Bethesda, MD, USA). Primer sequences for AGT were:

forward: 50-TGTGACAGGGTGGAAGATGA-30, reverse: 50-ACTCCAGTGCTG

GAAGTTGC-30; for rat renin forward: 50-GGCTGTTGATGGAGTCATCC-30,
reverse: 50-AGCCGGCCTTGCTGAT-30; for rat ACE forward: 50-TCCTATT

CCCGCTCATCTGC-30, reverse: 50-CCAGCCCTTCTGTACCATT-30; for rat

ACE 2 forward: 50-GAATGCGACCATCAAGCGTC-30, reverse: 50-CAAGCCC

AGAGCCTACGAT-30; and for b-actin: forward: 50-TGACTGACTACCTCATG

AAGA-30 and reverse: 50-CACGTCACACTTCATGATG-30; PCR amplifications

were performed using the CFX96 Touch Real-Time PCR Detection System

(Bio-Rad Laboratories, Prague, Czech Republic). The relative gene expression

was calculated by the DDCt method31 and results were expressed as the n-fold

difference in gene expression relative to b-actin mRNA and control FHL group.

Statistical analysis
All values are expressed as means±s.e.m. With Graph-Pad Prism software

(Graph Pad Software, San Diego, CA, USA), statistical analysis was performed

using Student’s t-test or analysis of variance followed by Bonferroni’s multiple

comparison test, when appropriate. Values exceeding the 95% probability

limits (Po0.05) were considered statistically significant.

RESULTS

Blood pressure responses to Tac diet and antihypertensive
treatment in FH strains
During 4-month period, SBP remained in FHL control rats within the
normal range (133±3–137±4 mm Hg; Figure 1a), whereas FHH rats
exhibited moderately increasing hypertension (175±3–184±5 mm
Hg; Figure 1c). Dietary administration of Tac caused progressive
increases in SBP in both FHL (133±2–151±4 mm Hg, Po0.05;
Figure 1b) and FHH strain (174±3–198±6 mm Hg, Po0.05;
Figure 1d) within 4-month period. In FHL, the dual RAS blockade
prevented Tac-induced increases in SBP (131±2–132±3 mm Hg;
Figure 1b). Moreover, it significantly lowered SBP in FHH rats
(173±3–153±2 mm Hg; Figure 1d) to similar levels as in FHH group
treated with ACEI and ARB without Tac (Figure 1c). The combina-
tion of CCB and BB also prevented Tac-induced increases in SBP
in both FHL (132±3–136±3 mm Hg; Figure 1b) and FHH
(174±3–166±4 mm Hg; Figure 1d), although the antihypertensive
effect was less pronounced in FHH compared with RAS inhibition.

Effects of Tac diet and antihypertensive treatment on albuminuria,
PCr and ANG II concentrations in FH strains
Figure 2 shows that albuminuria was significantly different between
FHL and FHH strains on standard diet. Dual RAS inhibition led to
marked decrease of albuminuria in FHH rats (Figure 2c). In
Tac-treated animals, combined RAS blockade prevented significant
increase in albuminuria in FHL (Figure 2b) and resulted in significant
reduction of albuminuria in FHH (Figure 2d). The combination of
CCB and BB failed to reduce albuminuria not only in FHH on
standard diet but also in both strains treated with Tac.

In addition, PCr concentration was slightly but significantly
increased by Tac (0.67±0.03–0.84±0.07 mg dl�1, Po0.05) in FHL.
In contrast, Tac did not cause further significant PCr increase in FHH
compared with control group (0.91±0.08 vs. 0.79±0.06 mg dl�1).
RAS inhibition normalized PCr in FHL (0.64±0.03 mg dl�1) and
significantly diminished PCr in FHH animals (0.72±0.04 mg dl�1)

during Tac feeding. CCB and BB treatment also prevented noticeable
PCr increases in FHL and FHH animals fed with Tac (0.68±0.04 and
0.74±0.05 mg dl�1, respectively).

As shown in Figure 3, there were no substantial differences in
plasma and renal ANG II levels between 9-month-old normotensive
FHL (30.7±3.2 fmol ml�1 and 47.6±2.8 fmol g�1, respectively) and
FHH control rats (21.5±2.8 fmol ml�1 and 57.2±6.4 fmol g�1,
respectively). Although circulating ANG II was not markedly elevated
at the end of 4-month period of Tac administration (Figures 3a
and c), renal ANG II was significantly enhanced in both FHL
(63.5±3.2 fmol g�1; Figure 3b) and FHH (79.8±8.5 fmol g�1,
Figure 3d) strains. These enhancements in renal ANG II level were
significantly decreased by dual RAS inhibition in both FHL
(23.1±3.0 fmol g�1) and FHH (32.2±5.8 fmol g�1) to a similar
extent as observed in control groups treated with ACEI and ARB.
On the other hand, CCB and BB treatment did not affect plasma and
renal ANG II levels significantly either in control FHL or FHH
animals, either on standard normal diet or on Tac (Figures 3a and c).

Effects of Tac diet and antihypertensive treatment on renal injury
in FH strains
At the end of experimental protocol, histological analysis of
glomerulosclerosis and tubulo-interstitial injury revealed marked
differences in renal lesions between FHL and FHH strains
(Figure 4), as expected in this model of CKD. Tac administration
significantly worsened glomerular sclerotic lesions in both FH strains.
However, only dual RAS blockade but not CCB and BB treatment
exhibited substantial renoprotective effects against Tac-induced renal
injury in FHL rats (Figures 4a and b). Similar findings were revealed
in FHH strain, although the magnitude of changes was higher
(Figures 4c and d). Again, noticeable tubulo-interstitial injury in
Tac-treated rats, such as tubular dilatation, vacuolization or atrophy,
interstitial infiltrate and fibrosis, was attenuated only by dual RAS
blockade. Characteristic glomerular and tubulo-interstitial lesions are
presented in representative histological slices of the kidney tissue from
FHL and FHH groups (Supplementary Figures).

Effects of Tac diet on PRA, renin, AGT, ACE and ACE 2 mRNA
expression and urinary excretion of AGT and aldosterone in
FH strains
At the end of 4-month period, Tac administration did not affect
significantly PRA in either animal strain (Figure 5a). In contrast,
Tac induced upregulations of renin (Figure 5b) and AGT mRNA
expression in the kidney (Figure 5d). AGT mRNA expression in the
liver was unaltered in both strains (Figure 5c). In addition, there was
slightly but significantly increased urinary AGT excretion in both
Tac-treated FHL (68±3 vs. 43±2 ng per day; Po0.05) and FHH rats
(1580±98 vs. 1204±42 ng per day; Po0.05) when compared with
untreated control animals. On the other hand, urinary aldosterone
levels were not markedly altered by Tac treatment either in FHL
(83±11 vs. 67±8 ng per day; NS) or FHH rats (102±13 vs. 86±10 ng
per day; no significance) in comparison with untreated control FH
strains.

ACE mRNA expression in the kidney remained unaltered at
the end of experiment; however, compared with control group,
Tac-induced decreases of ACE 2 mRNA expression in the kidney
(by 50%) were completely ameliorated by dual RAS inhibition.

DISCUSSION

The present investigation focused on studies of pathophysiology and
treatment of arterial hypertension and renal dysfunction during
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Figure 1 Time course of systolic blood pressure (SBP) in normotensive Fawn-Hooded (FHL; a and b) and hypertensive rats (FHH; c and d) and SBP

response to combined antihypertensive treatment (angiotensin-converting enzyme inhibitors (ACEI) and angiotensin II receptor blocker (ARB), ACEI/ARB; or

calcium channel blocker (CCB) and beta blocker (BB), CCB/BB) during standard diet or dietary administration of tacrolimus (Tac). Note the scale

differences of y axis between a, b and c, d. *Po0.05 vs. basal, #Po0.05 vs. Tac group, &Po0.05 vs. control group.

Figure 2 Time course of albuminuria in normotensive Fawn-Hooded (FHL; a and b) and hypertensive rats (FHH; c and d) and effects of combined

antihypertensive treatment (angiotensin-converting enzyme inhibitor (ACEI)/angiotensin II receptor blocker (ARB) or calcium channel blocker (CCB)/beta

blocker (BB)) during standard diet or dietary administration of tacrolimus (Tac) in these rats. Note the scale differences of y axis between a, b and c, d.

*Po0.05 vs. basal, #Po0.05 vs. Tac group, &Po0.05 vs. control group.
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chronic CNI medication. Our major findings can be summarized as
follows: (1) long-term treatment with Tac resulted in development of
hypertension and renal injury in normotensive FHL rats, and
worsened hypertension and progression of CKD in FHH strain,
particularly because of enhanced renal RAS activity; (2) dual blockade
of RAS by ACEI and ARB during 4-month period of Tac treatment
displayed efficient antihypertensive and renoprotective properties not
only in FHL rats but especially in FHH strain; and (3) potent
antihypertensive combination of CCB and BB failed to prevent
Tac-induced renal injury in both FH strains.

Our observations may indicate that renoprotection in this animal
model cannot be simply attributed to blood pressure reduction
by antihypertensive treatment as shown also in different animal
models.32,33 It can be argued that dual RAS blockade exhibited a more
profound antihypertensive effect in comparison with CCB/BB
combination; however, a substantial blood pressure decrease during
treatment with CCB/BB was not accompanied by appreciable
renoprotection in the present study. Therefore, besides barotrauma
other factors also have a significant role in nephrotoxicity of CNIs.1–4

One of the possible explanations could be Tac-induced enhancement
in renal ANG II levels. This hypothesis is supported by documented
activation of RAS by CNIs, administered either acutely or
chronically.2 This observation has been described especially during
cyclosporine treatment1,4,6 while less evidence is available for Tac
administration.34 The recent study by Kidokoro et al.7 clearly showed

the favorable diminishing effect of ARB on Tac-induced oxidative
stress and subsequent inflammatory changes in the kidney. Although
the authors suggested that Tac leads to overexpression of AT1
receptors in the glomerulus that might be responsible for CNI-
nephrotoxic action, there is no compelling evidence on the RAS
activity as a primary cause of chronic CNI nephrotoxicity. To
elucidate the above hypotheses, our study focused on the activity of
the RAS during Tac treatment. We also attempted to distinguish Tac
effect on circulating and intrarenal RAS. In this respect, it is
important to emphasize that we did not find any significant
changes in PRA and plasma ANG II levels at the end of
experimental period. On the other hand, observed increases in renal
ANG II levels both in FHL and FHH rats treated with Tac diet
strongly suggest the role of enhanced intrarenal RAS activity in CNI-
induced nephrotoxicity. These results were further supported by
higher urinary excretion of AGT and by upregulation of renin and
AGT mRNA expression in the kidney. The most important and
original observation of the present study is that both CNI-induced
hypertension and nephrotoxicity could be prevented by dual RAS
blockade. This is true not only for normotensive controls but also
for hypertensive animals with progressive CKD. As alternative
antihypertensive regimen without the effect on RAS failed to
prevent Tac-induced nephrotoxicity and dual RAS blockade was
shown (besides its antihypertensive effects) to reduce efficiently
ANG II levels in the kidneys of FH rats, this appears to be the

Figure 3 Angiotensin II (ANG II) levels in plasma and the kidney after 4-month period of tacrolimus (Tac) dietary administration and effects of combined

antihypertensive treatment (angiotensin-converting enzyme inhibitor (ACEI)/angiotensin II receptor blocker (ARB) or calcium channel blocker (CCB)/beta

blocker (BB)) in Fawn-Hooded control (FHL; a and b, respectively) and hypertensive (FHH; c and d, respectively) rats. ANG II levels were not significantly

different in plasma, in contrast to increasing renal ANG II concentration owing to Tac treatment. ACEI/ARB combination markedly reduced ANG II in the
kidney as it was expected. *Po0.05 vs. corresponding control groups, #Po0.05 vs. corresponding Tac group.
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main underlying mechanism responsible for the renoprotective action
of RAS inhibition. We are aware of the limitation of this present study
to describe the exact mechanism by which Tac increases renal RAS
activity. However, the previous studies2,7,9,34 showed how Tac alters
renal physiological function causing renin release, endothelial
dysfunction and sodium retention, and what mechanisms such
oxidative stress and inflammatory process are involved in renal
injury. On the basis of above observation, it seems that enhanced
activity of renal RAS has a crucial role in the pathophysiology of CNI-
induced hypertension and nephrotoxicity at least in our model,
although the role of aldosterone remains still unresolved because
ANG II-induced stimulation of its production could be
contemporaneously attenuated by Tac in our present study.35

The nephrotoxic effects of CNIs are likely complex and vary
between the different nephron segments.2,36 In our study, we also
confirmed that chronic Tac administration led to the progression of
glomerular and tubulo-interstitial morphological changes. The
signaling mechanisms underlying these alterations still remain
unclear. However, the activation of the RAS has been demonstrated
as common and important integrated mechanism contributing to
acute and chronic CNI nephrotoxicity described both in animal or
human studies.2,7,36 The previous investigations strongly suggested a
local renal activation of RAS by CNI-induced renal ischemia.5,34

Such direct enhancement of renal RAS alters even more renal
vascular resistance and tubular sodium transport, and interacts with
other important vasoactive systems.2–5 Our supportive findings
also indicate that enhanced RAS activity contributes significantly to

Tac-induced renal damage in FH strains, as the dual RAS blockade
completely prevented any progression of renal morphological changes
during Tac dietary administration. ANG II, a well-known renal
growth factor that modulates cell growth and extracellular matrix
synthesis and degradation, has been involved in the progression of
glomerulosclerosis and interstitial fibrosis.1,37 The kidney is a unique
organ in terms of the tissue concentrations of ANG II, which are
much greater than the concentrations in the circulation.38 The major
fraction of ANG II is generated locally from AGT delivered to the
kidney as well as from AGT produced by tubular cells.38 This local
RAS generation is significantly augmented by CNI6 and therefore only
RAS inhibition effectively blocks this phenomenon. The explanation
for the intrarenal RAS enhancement by CNI including Tac could be
also mediated by local accumulation of CNI in the kidney.39 Thus, the
changes in circulating RAS during chronic CNI administration may
not be crucial for the nephrotoxicity as the changes in renal RAS.
Therefore, ANG II not only contributes to alteration of renal
hemodynamics, but has pleiotropic and proinflammatory effects
that are mainly mediated by AT1 receptors and induction of
transforming growth factor-b.40,41 For all above reasons, it appears
that inappropriate activation of the RAS in the kidney is not
only important for its hemodynamic contribution to acute
CNI nephrotoxicity1,2,5 but also promotes directly chronic CNI
nephrotoxicity.2

The rationale for combined therapy with ACEI and ARB is based
on the different mechanism of action of these two drugs within the
RAS. Although ACEI cannot completely inhibit formation of ANG II

Figure 4 Glomerulosclerosis index (GSI) and tubulo-interstitial injury (TII) after 4-month period of tacrolimus (Tac) dietary administration and effects of

combined antihypertensive treatment (angiotensin-converting enzyme inhibitor (ACEI)/angiotensin II receptor blocker (ARB) or calcium channel blocker

(CCB)/beta blocker (BB)) in normotensive (FHL; a and b, respectively) and hypertensive (FHH; c and d, respectively) rats. Note the scale differences of y

axis in figures. *Po0.05 vs. corresponding control groups, #Po0.05 vs. corresponding Tac groups, &Po0.05 vs. corresponding groups without Tac.
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owing to alternative production via other non-ACE-dependent
pathway, it displays several other beneficial effects and remains widely
used antihypertensive agent.11,12 In contrast, ARB completely
abolishes the action of ANG II through blockade of the AT1
receptor but increases circulating ANG II level. Many other
studies10–16,24,42 showed that the additive effect of combination of
ACEI and ARBs on slowing the progression of many cardiovascular
and renal diseases. Therefore, our aim was to achieve the maximal
RAS inhibition with substantial antihypertensive effect to delineate
RAS-dependent pathway in Tac-induced hypertension and
nephrotoxicity in our experimental model. This study indicates that
the major pathophysiological mechanisms of CNI would be an
inappropriate activation of renal RAS. There is continuous
discussion regarding efficiency of monotherapy inhibiting the RAS
at different levels in comparison with complete RAS inhibition in
multiorgan protection. It can be assumed that the efficiency of ACEI
or ARBs alone would fully depend on inhibition of renal RAS to the
same level as the dual RAS therapy. However, we are aware that
during dual RAS blockade, the serious adverse effects such as acute
renal failure, hyperkalemia and symptomatic hypotension can occur
more frequently. In ONTARGET study,43 the combination RAS
therapy reduced proteinuria more than monotherapy; however,
declining renal function occurred especially in diabetic patients.
This observation was further evaluated and confirmed by the recent
ONTARGET revision and the trial VA NEPHRON-D.44,45 Overall, the
recommendation of the dual RAS blockade remains controversial for
their uncertainty concerning adverse effects and outcomes that may
limit applicability to clinical practice.46 This potential risk during
combined RAS inhibition could also exist in patients chronically
treated with CNI. However, our study suggests that the dual RAS

blockade could still provide beneficial effects, in particular proteinuric
renal disease including CNI-induced nephrotoxicity. During this
therapeutic approach, the close examination of patients is required
to achieve the optimization of treatment that should provide an
adequate reduction of proteinuria and blood pressure without any
decline in renal function. This should lead to the efficient
renoprotection during chronic CNI treatment but further clinical
evaluation is needed to address this specific issue more conclusively.

It is important to emphasize that dual ACEI and ARB therapy in
doses used in our study exhibited maximum antihypertensive effect in
FHH rats. This potentiated effect seemed to be very suitable approach
in CKD model with maximal inhibition of intrarenal RAS activity.
It has been shown18,21 and we also confirmed in our preliminary
study that RAS monotherapy is not efficiently renoprotective in older
FHH rats with previously established kidney damage, despite lowering
blood pressure. Moreover, the previous studies12,13,42 already
demonstrated the effectiveness of RAS inhibition monotherapy
compared with dual RAS blockade in renoprotection. Our data
confirm high efficiency of dual RAS blockade in prevention of
Tac-induced hypertension and renal damage in FH strains as
compared with RAS-independent antihypertensive treatment. These
findings are in good agreement with other studies showing the
absence of renoprotective effects of amlodipine or other CCB despite
their substantial antihypertensive effect and/or an improvement in
renal function.47–50 One explanation might be that amlodipine
treatment fails to reduce glomerular pressure in hypertensive rats.48

Although the combination of CCB and BB is commonly
recommended for hypertension control in clinical practice,
especially in patients with coronary heart disease,11 the present
study has shown that nephroprotection of amlodipine with

Figure 5 Plasma renin activity (PRA; a), expression of renin mRNA in the kidney (b), angiotensinogen (AGT) mRNA in the liver (c) and in the kidney (d) in

untreated and tacrolimus-treated (Tac) normotensive (FHL) and hypertensive (FHH) rats after 4-month experimental period. Tac increased PRA and

upregulated renin and AGT expression in the kidney in both strains. #Po0.05 vs. FHL groups, *Po0.05 vs. corresponding untreated control groups.
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metoprolol remain very inconclusive. Moreover, it is likely that
renoprotection of the combined CCB and RAS inhibitor therapy
would be attributed mostly to the RAS inhibition rather than CCB
action that could even oppose the ANG II-decreasing effect in the
kidney.49 In agreement, combination of CCB and BB reveal a lack of
renoprotection particularly because of the inability to diminish renal
RAS activity in the present study.

Immunosuppressive effect of CNI may be applicable in patients
after transplantation to prevent the rejection. CNIs including Tac are
also often used for their anti-inflammatory effects in the treatment of
some autoimmune diseases.51 Beneficial effects of Tac in the treatment
of nephrotic syndrome have resulted in more effective reduction of
proteinuria than cyclosporine. Chronic immunosuppression has been
also shown to attenuate hypertension and renal damage in different
animal models. These effects are most likely mediated by the
suppression of cytokines release and decreases of oxidative stress in
the kidney.52–54 On the other hand, major concerns with CNIs are
related to their propensity to induce arterial hypertension and
nephrotoxicity over the long-term follow-up. This scenario typically
occurs in post-transplant patients. Therefore, organo-protective
approaches need to be evaluated to prevent CNI-induced renal
injury not only in patients with intact kidney function but mainly
in patients with incipient renal insufficiency. Taken together, our data
suggest that RAS blockade is essential for the optimum treatment of
CNI-induced hypertension and nephrotoxicity. Particularly, dual
RAS inhibition seems to provide a maximal antihypertensive and
renoprotective effects. Although the previous study55,56 indicated that
ANG II upregulates ACE through AT1 receptor and both ACEI and
ARB can block the ACE enhancement, we did not observe any
significant change in renal ACE mRNA expression at the end of
experiment. On the other hand, Tac-induced significant decreases of
ACE 2 mRNA expression in the kidney were completely ameliorated
by dual RAS inhibition. In our preliminary study, we observed that
used dual RAS blockade markedly increased ANG 1–7. Thus,
we recognize that ANG 1–7 could be partially involved in the
renoprotection of the RAS blockade in the present study. However,
it needs further study to evaluate the exact role of ANG 1–7, ACE or
ACE 2 activities and also differences in cortical and medullary RAS
activity in CNI-induced hypertension and nephrotoxicity.

In conclusion, our findings provide pathophysiological background
for new therapeutic strategies aiming at prevention of progression of
CNI-induced hypertension and nephrotoxicity in order to lower the
incidence of end-stage organ damage. The present study suggests that
inappropriate intrarenal activation of RAS by CNI is a crucial
pathophysiological mechanism underlying chronic CNI nephrotoxi-
city. It also indicates that dual blockade of the RAS efficiently
attenuates Tac-induced arterial hypertension and nephrotoxicity. This
effect can be observed not only in normotensive FHL but especially in
FHH rats with spontaneous progression of hypertension and renal
injury. Therefore, inhibition of RAS seems to be essential therapy
for alleviation of nephrotoxic effects of chronic CNI medication.
Treatment regimen should optimally involve RAS inhibition by both
ACEI and ARB, as this combination potentiates renoprotective effect
of these antihypertensive agents.
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22 Ochodnický P, Henning RH, Buikema HJ, de Zeeuw D, Provoost AP, van Dokkum RP.
Renal vascular dysfunction precedes the development of renal damage in the
hypertensive Fawn-Hooded rat. Am J Physiol Renal Physiol 2010; 298: F625–F633.

Tacrolimus effect in Fawn-Hooded rats and RAS
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52 Schweda F, Liebl R, Riegger GA, Krämer BK. Tacrolimus treatment for steroid- and
cyclosporin-resistant minimal-change nephrotic syndrome. Nephrol Dial Transplant
1997; 12: 2433–2435.

53 Muller DN, Shagdarsuren E, Park JK, Dechend R, Mervaala E, Hampich F, Fiebeler A,
Ju X, Finckenberg P, Theuer J, Viedt C, Kreuzer J, Heidecke H, Haller H, Zenke M, Luft
FC. Immunosuppressive treatment protects against angiotensin II-induced renal
damage. Am J Pathol 2002; 161: 1679–1693.

54 De Miguel C, Lund H, Mattson DL. High dietary protein exacerbates hypertension and
renal damage in Dahl SS rats by increasing infiltrating immune cells in the kidney.
Hypertension 2011; 57: 269–274.

55 Prieto MC, Gonzalez AA, Navar LG. Evolving concepts on regulation and function of
renin in distal nephron. Pflugers Arch 2013; 465: 121–132.

56 Motawi TK, El-Maraghy SA, Senousy MA. Angiotensin-converting enzyme inhibition
and angiotensin AT1 receptor blockade downregulate angiotensin-converting enzyme
expression and attenuate renal injury in streptozotocin-induced diabetic rats.
J Biochem Mol Toxicol 2013; 27: 378–387.

Supplementary Information accompanies the paper on Hypertension Research website (http://www.nature.com/hr)

Tacrolimus effect in Fawn-Hooded rats and RAS
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