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Evidence in rodents suggests that tacrolimus-induced posttransplant
hypertension is due to upregulation of the thiazide-sensitive Na�-Cl�

cotransporter NCC. Here, we analyzed whether a similar mechanism
is involved in posttransplant hypertension in humans. From January
2013 to June 2014, all adult kidney transplant recipients receiving a
kidney allograft were enrolled in a prospective cohort study. All
patients received tacrolimus as part of the immunosuppressive ther-
apy. Six months after surgery, we assessed general clinical and
laboratory variables, tacrolimus trough blood levels, and ambulatory
24-h blood pressure monitoring. Urinary exosomes were extracted to
perform Western blot analysis using total and phospho-NCC antibod-
ies. A total of 52 patients, including 17 women and 35 men, were
followed. At 6 mo after transplantation, of the 35 men, 17 developed
hypertension and 18 remained normotensive, while high blood pres-
sure was observed in only 3 of 17 women. The hypertensive patients
were significantly older than the normotensive group; however, there
were no significant differences in body weight, history of acute
rejection, renal function, and tacrolimus trough levels. In urinary
exosomes, hypertensive patients showed higher NCC expression (1.7
� 0.19) than normotensive (1 � 0.13) (P � 0.0096). Also, NCC
phosphorylation levels were significantly higher in the hypertensive
patients (1.57 � 0.16 vs. 1 � 0.07; P � 0.0049). Our data show that
there is a positive correlation between NCC expression/phosphoryla-
tion in urinary exosomes and the development of hypertension in
posttransplant male patients treated with tacrolimus. Our results are
consistent with the hypothesis that NCC activation plays a major role
in tacrolimus-induced hypertension.

salt transport; renal transplantation; diuretics; calcineurin inhibitors;
tacrolimus

OF THE DIFFERENT MODALITIES for managing end-stage renal
disease (ESRD), renal transplantation is the best treatment for
the majority of patients (25, 32). However, there are various
acute and chronic complications. Cardiovascular mortality risk
in kidney transplant recipients (KTR) is higher than in the
general population (7, 18), which could in part be due to

arterial hypertension, a prevalent comorbidity in KTR (30) and
a well-known risk factor for cardiovascular disease (13, 14).

The development of hypertension in KTR is multifactorial
(27). Since the introduction of calcineurin inhibitors (CNIs),
the acute rejection rate has decreased and the prevalence of
posttransplant hypertension has significantly increased (22, 27,
29). The pathophysiological mechanism of CNI-induced hy-
pertension was thought to be related to hemodynamic vascular
effects (8); however, recent evidence in vitro and in vivo has
suggested that it is associated with increased expression, phos-
phorylation, and therefore, NCC activity (9, 17).

NCC is the major salt reabsorption pathway in the distal
convoluted tubule (DCT), particularly in the early DCT. Its
role in blood pressure regulation has been clearly established
by mutations in human disease affecting blood pressure regu-
lation. Inactivating mutations of NCC result in Gitelman syn-
drome, which is characterized by arterial hypotension, hypo-
kalemia, metabolic alkalosis, and hypocalciuria (24) (OMIM
263800), while NCC activation by mutant with- no-lysine
kinases 1 and 4 (WNK1 and WNK4) (31) and ubiquitin-ligase
complex-forming proteins Kelch3 and Cul3 (1, 11) causes
pseudohypoaldosteronism type II (PHAII, OMIM 145260)
featuring hypertension with hyperkalemia, metabolic acidosis,
and hypercalciuria (16). It has been recognized that tacrolimus-
induced hypertension may in some cases recapitulate a PHAII
phenotype (9), suggesting that tacrolimus-induced NCC acti-
vation could be involved in posttransplant hypertension.

The isolation of urinary exosomes together with the avail-
ability of antibodies for studying the expression and activity of
NCC (19, 21) have raised the possibility of studying NCC
status in human urine. Exosomes are vesicles destined to fuse
with the apical plasma membrane of the epithelial cells lining
the lumen of the tubule (5, 20, 33) and are secreted towards the
lumen. Exosomes can be obtained from the urine for perform-
ing Western blot analysis of apical tubular proteins. It has been
shown that NCC expression is increased in exosomes from
patients with primary aldosteronism and PHAII (15, 28) and
decreased in Gitelman syndrome (4). Additionally, a higher
expression of NCC documented in female compared with male
rodents has been observed in urinary exosomes between
healthy women and men (23).

Hoorn et al. (9) observed in mice that tacrolimus adminis-
tration is associated with increased blood pressure (BP), ac-
companied by reduced urinary salt excretion and increased
activity of NCC. It is not known whether in humans after renal
transplantation in which several different factors may affect
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BP, this mechanism could be of relevance. However, if NCC
expression and activity are increased in hypertensive patients
treated with tacrolimus, the use of thiazides might offer an
additional benefit for managing this condition. Thus we con-
ducted a prospective cohort study to define the prevalence and
risk factors for the development of posttransplant hypertension
in patients treated with tacrolimus and the status of NCC
expression/phosphorylation in hypertensive vs. normotensive
patients in this cohort.

MATERIALS AND METHODS

Study population. Between January 2013 and June 2014, 62 renal
transplant patients were enrolled to participate in this study. Our
Institutional Review Board approved this study. All patients provided
their signed informed consent to be included in the study. The clinical
and research activities being reported are consistent with the Princi-
ples of the Declaration of Istanbul on Organ Trafficking and Trans-
plant Tourism. In our institution, all the KTR received tacrolimus,
mycophenolate mofetil, and steroids as immunosuppressive therapy.
At the time of study admission, the general clinical variables recorded
were age, sex, time, and cause of ESRD, arterial hypertension before
transplantation, and type of donor.

The patients were evaluated 1, 3, and 6 mo after kidney transplan-
tation. General clinical and laboratory data were collected, including
BP measurements, antihypertensive therapy use, acute rejection his-
tory, and immunosuppressive therapy changes. At 6 mo, a urine
sample was collected between 1200 and 1400 for urinary exosome
extraction.

BP measurements. Before transplantation, BP was measured three
times at the clinic. The patients were considered to be hypertensive if
BP measurements exceeded 140/90 mmHg or if they had received
antihypertensive medication. Twenty-four-hour ambulatory BP mon-
itoring (ABPM) was recorded (adapt cuff monitor, ABPM 6100,
Welch Allyn, Skaneateles Falls, NY) at 6 mo after transplantation. BP
measurement was performed at 15-min intervals during the day and at
30-min intervals during the night; the maximum insufflation was 20
mmHg above the basal systolic BP. Additionally, office BP was
recorded following European guidelines (12).

Blood and urine analyses. Serum sodium, potassium, urea, creati-
nine, tacrolimus trough levels, lipid profile (total cholesterol, triglyc-
erides, HDL cholesterol, and LDL cholesterol), and glucose levels
were determined using standard analytic methods. Sodium and protein
levels were measured in a 24-h urine sample.

Isolation of urinary exosomes. A sample of 30 ml of urine was
collected for each patient and stored immediately at �80°C with 1�
protease inhibitors (protease inhibitor cocktail set V, EDTA-Free,
Calbiochem, San Diego, CA).

Urinary exosomes were isolated as previously reported (20). The
urine samples were thawed and centrifuged at 17,000 g for 15 min at
4°C to remove entire cell membranes and other high-density particles.
Supernatant 1 was held aside, and pellet 1 was incubated with
dithiothreitol for 5 min at 37°C to disrupt the Tamm-Horsfall poly-
meric network; the pellet was manually resuspended and centrifuged
for 10 min at 17,000 g. Supernatant 2 was mixed with supernatant 1,
and together they were subjected to ultracentrifugation at 200,000 g
for 2 h at 4°C.

The pellet that formed during the ultracentrifugation was resus-
pended in lysis buffer containing 50 mM Tris·HCl (pH 7.5), 1 mM
EGTA, 1 mM EDTA, 50 mM sodium fluoride, 5 mM sodium
pyro-phosphate, 1 mM sodium orthovanadate, 1% (wt/vol) Nonidet
P-40, 0.27 M sucrose, 0.1% (vol/vol) 2-mercaptoethanol, and protease
inhibitors (complete inhibitors 20 tablets, Roche, Mannheim, Ger-
many).

Immunoblot analysis. Gel loading of urinary exosome sodium
transporters was normalized by spot urinary creatinine concentration.

Thus a volume equivalent to the same creatinine concentration was
used for each patient. This normalization allows us to compare
subjects with different urinary flow rates.

The creatinine-normalized samples were subjected to SDS-PAGE
and transferred to polyvinylidene difluoride membranes. The mem-
branes were blocked for 1.5 h in 5% (wt/vol) nonfat milk dissolved in
Tris-buffered saline (TBS)-Tween 20. The antibodies were diluted in
the same blocking solution. The membranes were incubated overnight
with primary antibodies at 4°C and horseradish peroxidase (HRP)-
coupled secondary antibodies at ambient temperature for 1.5 h.
Immobilized antigens were detected using chemiluminescence (Lu-
minata Forte Western HRP substrate, Merck Millipore, Billerica,
MA).

The following polyclonal antibodies raised in sheep were used:
anti-NCC (recognizing residues 906–925 of human NCC, CHT-
KRFEDMIAPFRLNDGFKD, S965B) and anti-phosphorylated NCC
at threonine 46, 50, and 55 (S990B). These antibodies were produced
and validated at the Medical Research Council Phosphorylation and
Ubiquitylation Unit at Dundee University and were kindly donated by
Dr. Dario Alessi (3, 4, 21).

Western blots were detected and quantified using a C-DiGit Blot
Scanner (Li-COR Biosciences, Lincoln, NE) and accompanying soft-
ware. The values were normalized to the mean intensity, defined as
1.0, and measured in the normotensive patients. All of the compari-
sons were performed between samples run on the same blot/mem-
brane.

Data presentation and statistical analysis. NCC and pNCC levels
were quantified using densitometric analysis of the immunoblot bands
and ImageStudio lite (Li-COR Biosciences). We compared the levels
of NCC and phosphorylated NCC urinary exosomal excretion for each
subject. The results were expressed as arbitrary units.

Categorical variables are shown as frequencies and percentages.
The quantitative data are presented as means � SD for clinical data
and means � SE for densitometric analysis. Statistical comparisons
were performed using �2 for categorical variables and unpaired t-tests
for quantitative variables. Multigroup comparisons were performed
using one-way ANOVA followed by a post hoc test. A two-tailed
P � 0.05 was considered to be statistically significant.

RESULTS

Cohort characteristics. Of the 62 patients enrolled in the
study, 1 subject did not meet the inclusion criteria. Nine
patients did not complete the study because of the following
reasons: one died, one suspended tacrolimus treatment, four
lost the renal allograft, and three were lost after follow-up.
Thus a total of 52 patients, including 17 women and 35 men,
remained in the study and were followed at 1, 3, and 6 mo after
transplantation (Fig. 1). Table 1 shows the general data of the
62 cohort patients before transplantation. Although the mean
age was slightly higher in men than in women, the difference
was not significant. The frequency of pretransplant hyperten-
sion, sources of allograft, donor age, and gender, as well as the
systolic, diastolic, and mean BP levels, were similar between
women and men, suggesting that the cohort was homogeneous.
All of the kidney recipients were treated using tacrolimus as
part of the immunosuppressive therapy. One and three months
after transplantation, only two and six patients, respectively,
showed evidence of hypertension in the office.

Six months after transplantation, the patients were divided
into hypertensive and normotensive groups according to office
BP measurement and/or ABPM, a noninvasive 24-h ambula-
tory blood pressure monitoring system that avoids office mea-
surement variability. Interestingly, of the 17 women enrolled
and monitored for 6 mo, only 3 (	17%) developed hyperten-
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sion detected by ABPM, whereas 14 remained normotensive.
In contrast, of the 35 men, 17 (	50%) developed hyperten-
sion and 18 remained normotensive. We excluded the fe-
male population from the data analysis because the percent-
age of hypertensive women was low compared with the
male population. In addition, we have previously shown that
NCC expression/phosphorylation in urinary exosomes is
higher in women than in men (23). Thus mixing gender for
this analysis is not appropriate.

The general data and baseline characteristics of the male
cohort were divided into hypertensive and normotensive
groups (Table 2). The average age of the KTR was significantly

higher in the patients who developed hypertension (46.9 � 14.1
yr) than in the normotensive patients (30.4 � 9.7 yr). Two of the
17 patients with hypertension were diagnosed as such due to the
continuous requirement of antihypertensive medication, amlodip-
ine in one case and metoprolol in the other. None of the hyper-
tensive patients were treated with thiazides. Table 3 shows the
data for every patient in the male cohort 6 mo after renal
transplantation. The etiology of the chronic kidney disease that
led to renal transplantation for normotensive patients was
multifactorial, without the preponderance of any particular
disease. This observation was similar for patients who devel-
oped hypertension, except for a slightly higher prevalence of

62 Patients underwent kidney
trasplantation during enrollment period

61 Patients were enrolled in this study

52 Patients analyzed

17 Female Patients 35 Male Patients

1 Patient did not meet inclusion criteria

1 Patient died
1 Patient suspended CNI
4 Patients with graft disfunction
3 Patients were lost to follow up

3 Hypertensive
3 ABPM

0 Clinic BPM

17 Hypertensive
16 ABPM

1 Clinic BPM

14 Normotensive
13 ABPM

1 Clinic BPM

18 Normotensive
14 ABPM

4 Clinic BPM

At 6 month post-trasplantation:
Urine sample was collected and

Ambuladory Blood Pressure
Monitoring or Clinical Blood
Pressure Measurement was

performed

Fig. 1. Flowchart of patients enrolled in the study. CNI, calcineurin inhibitors; ABPM, ambulatory blood pressure monitoring; BPM, blood pressure measurement.

Table 1. General cohort characteristics of the 62 patients enrolled in the study

Total Men Women

P Valuen � 62 (100 %) n � 35 (56.4 %) n � 27 (43.5 %)

Recipient age, yr 36.7 � 14.1 46.9 � 1 38.7 � 15.3 0.21
CKD etiology (100%)

Diabetes mellitus 11 (14.5%) 9 (25.7%) 2 (7.4%) 0.06
Unknown 30 (48.3%) 14 (40%) 16 (59.2%) 0.07
Others 21 (33.8%) 12 (34.2%) 9 (33.3%) 0.93

Living donor 30 (48.3%) 19 (54.2%) 11 (40.7%) 0.19
Donor age 37.2 � 11.6 36 � 10 38 � 13.1 0.21
Donor male 27 (43.5%) 14 (40%) 13 (48.1%) 0.52
Pretransplant hypertension 37 (59.6%) 23 (65.7%) 14 (51.8%) 0.26
Patients with acute rejection 22 (35.4%) 10 (28.5%) 12 (44.4%) 0.19
SBP, mmHg 128.9 � 15.6 130.4 � 13.7 126.6 � 18.6 0.22
DBP, mmHg 79.5 � 11.2 80.5 � 10.5 78 � 12.5 0.72
MBP, mmHg 93.7 � 18.7 97.1 � 10.9 87.9 � 26.9 0.12

Values are means � SD. The table shows the population divided into male and female patients. CKD, chronic kidney disease; SBP, systolic blood pressure;
DBP, diastolic blood pressure; MBP, mean blood pressure.
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diabetes mellitus (P � 0.04). Notably, there were no significant
changes in the donor characteristics, such as body weight, and
presence of hypertension previous to transplant surgery, which
strongly suggests that the pathophysiological mechanism un-
derlying the development of hypertension lies in the posttrans-
plant period. Six months after transplantation, the body mass
index, history of acute allograft rejection, serum creatinine,
tacrolimus level, and electrolytes were similar between hyper-
tensive and normotensive men.

Effect of tacrolimus on the BP of posttransplant patients.
The systolic, diastolic, and mean arterial pressures (MAPs)
using 24-h total BP, nighttime total BP, and daytime total BP
measure by ABPM in hypertensive and normotensive male
patients 6 mo after transplantation surgery are shown in
Table 1. Except for the daytime diastolic BP, all the BP
measurements were significantly different between normoten-
sive and hypertensive men. Five patients were classified as
hypertensive because of their medication use.

Table 2. General male cohort characteristics

Total Male Patients, n � 35 (100%) Hypertensive, n � 17 (48.5%) Normotensive, n � 18 (51.3%) P Value

Recipient age, yr 37.7 � 14.3 46.9 � 14.0 30.4 � 9.7 0.001
CKD etiology (100%)

Diabetes mellitus 8 (22.8%) 7 (41%) 2 (11%) 0.04
Unknown 14 (40%) 5 (29.4%) 9 (50%) 0.21
Others 12 (34.2%) 5 (29.4%) 7 (39%) 0.55

Living donor 19 (54.2%) 7 (43.7%) 12 (60%) 0.412
Donor age, yr 36.6 � 12.5 38.7 � 11 34.7 � 14 0.385
BMI, kg/m2 23.13 � 3.1 24 � 3 22.4 � 3.1 0.698
Pretransplant HTA 21 (60%) 12 (75%) 9 (45%) 0.169
Patients with acute rejection 10 (28.5%) 6 (37.5%) 4 (20%) 0.444
Tacrolimus trough levels, ng/ml 9.5 � 3.3 9.5 � 4.3 9.4 � 1.3 0.914
Serum creatinine, mg/dl 1.4 � 0.3 1.39 � 0.33 1.4 � 0.3 0.937
Serum Na�, meq/l 140.5 � 0.5 141 � 3 139.4 � 1.6 0.078
Serum K�, meq/l 4.4 � 0.08 4.4 � 0.5 4.5 � 0.3 0.474
Urinary Na�, meq/l 75.6 � 11.5 71.8 � 54.1 81.5 � 60 0.810
Fractional Na� excretion 1.2 � 0.9 1.3 � 1 1 � 0.6 0.624
Arterial blood pressure

24-h SBP (mmHg) 121.7 � 12.08 128.4 � 12.6 114.4 � 5 0.0005
24-h DBP (mmHg) 72.3 � 6 74.7 � 6.6 69.57 � 3.8 0.013
24-h MBP (mmHg) 88.2 � 7.2 91.5 � 8.1 84.4 � 3.6 0.004
Daytime SBP, mmHg 122.7 � 12.6 129 � 13.8 115.4 � 5.7 0.001
Daytime DBP, mmHg 73.2 � 6.9 75.3 � 8.3 70.9 � 3.8 0.073
Daytime MBP, mmHg 89.1 � 7.7 92 � 9 85.7 � 3.8 0.026
Nighttime SBP, mmHg 118.4 � 15 127.5 � 13.5 107.9 � 8.5 0.0001
Nighttime, DBP mmHg 67.5 � 7.8 71.3 � 6.7 63.07 � 6.6 0.002
Nighttime MBP, mmHg 83.9 � 9.1 89.1 � 7.6 78 � 7 0.0003

Values are means � SD. The table shows the male population divided into hypertensive and normotensive patient data. BMI, body mass index; HTA,
hypertension; Na, K, and creatinine are serum levels.

Table 3. Individual male cohort data

Hypertensive Patients, n � 17 Normotensive Patients, n � 18

ID Age, yr CKD Origin
BMI,
kg/m2

Na,
meq/l

K,
meq/l

Creatinine,
mg/dl

Tacrolimus levels,
ng/ml ID Age, yr CKD Origin

BMI,
kg/m2

Na,
meq/l

K,
meq/l

Creatinine,
mg/dl

Tacrolimus, levels,
ng/ml

4 64 DM 27.9 139 4.29 0.96 10.1 2 24 Unknown 18.8 141 4.9 1.17 6
7 45 Polycystic kidney

disease
23.1 141 4.43 1.15 6.5 13 21 Unknown 17.5 138 4.65 1.37 9.3

10 26 DM 19.6 140 4.6 1.1 11.5 14 18 Unknown 17.2 142 4.89 1.41 9
11 59 Unknown 24.2 145 4.86 2 8.4 23 23 Fabry 21.1 137 4.86 1.56 10
15 43 Glomerulonephritis 24.7 147 4.86 1.44 8.3 27 34 Fabry 19.8 137 4.5 1.13 9.8
19 19 DM 21.4 138 4.5 1.37 12.6 32 25 Unknown 22.8 139 3.8 1.34 9.8
20 54 Unknown 22.4 139 4.31 1.28 21 36 22 Urological 24.8 141 4.1 1.6 11
21 39 DM 24.2 143 3.4 1.33 9.6 44 31 Kidney Qx 27 139 4.6 1.74 9.4
25 53 DM 26.1 142 4.1 1 15.5 51 20 Unknown 22 139 5 2.21 11
28 56 IgA nephropathy 30.7 140 4.3 2 4.8 54 29 Unknown 20.4 141 4.6 1.16 8.6
31 50 DM 19.5 139 5 1.5 8.6 58 36 Unknown 21.3 140 4.6 0.79 10.1
35 50 Unknown 24 145 3.7 1.6 7.6 34 28 DM 19.6 144 5.3 1 3.6
38 28 Unknown 22.9 142 4.8 1.8 9.7 48 53 DM 23.8 138 4.53 1.4 9.3
47 69 Amyloidosis 23.7 136 4 1.41 6 45 45 Polycystic

kidney disease
25.8 146 4.5 1.4 8.3

81 65 Systemic lupus
erythematosus

23.6 137 4.4 1.34 4.9 78 21 Unknown 26.1 140 4.4 1.35 7.4

55 49 DM 26.1 139 4.5 1.33 10.7 71 40 Unknown 27.6 142 4.62 1.61 11.5
72 31 Unknown 23 142 4.31 1.36 13.6 70 44 Systemic lupus

erythematosus
22.2 141 4.55 0.91 7

74 33 Renal
hypoplasia

25.2 142 4.4 1.13 9.6

Data are divided into hypertensive and normotensive, and patients are identified by an assigned ID number. DM, diabetes mellitus.
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NCC expression and pNCC levels. The total expression and
phosphorylation of NCC were assessed using Western blot
analysis of urinary exosomes from normotensive vs. hyperten-
sive male patients. Figure 2A shows a representative blot with
intercalated samples from hypertensive and normotensive pa-
tients. The exosomes of each patient were studied in three
different blots. The values observed in the normotensive pa-
tients were obtained as 100% and were normalized accordingly
in the hypertensive patients. Figure 2B shows the densitometric
analysis results. The hypertensive male patients showed higher
NCC expression (1.7 � 0.19) than the normotensive patients
(1 � 0.13) (P � 0.009). Additionally, NCC phosphorylation
levels were significantly higher in the hypertensive patients
(1.57 � 0.16 vs. 1 � 0.07; P � 0.004). Because the differences
in the total protein and the phosphorylated state of NCC were
both higher in the hypertensive group, the pNCC/NCC ratio
was not significant.

DISCUSSION

In this prospective cohort study, we found a positive corre-
lation between NCC expression and phosphorylation in urinary
exosomes with the development of hypertension in posttrans-
plant male patients treated with tacrolimus. Although all of the
patients in the cohort were treated with tacrolimus, expression
and phosphorylation of NCC were significantly higher in the
patients who developed hypertension 6 mo after transplanta-
tion. Thus our results are consistent with the hypothesis that
NCC activation plays a major role in tacrolimus-induced hy-
pertension (9, 17).

We prospectively monitored transplant patients for 1, 3, and
6 mo after they received the renal allograft. We observed that

at 6 mo the prevalence of posttransplant hypertension was
lower in women (3 of 17, 17%) than in men (17 of 35, 49%).
The low prevalence in women was likely due to the young age
of our cohort (38 � 15 yr), at which women are protected
against hypertension. Because of the low prevalence of hyper-
tension in women and our previous observation that NCC
expression in urinary exosomes is higher in women compared
with men (23), we focused on the analysis of NCC expression/
phosphorylation in the male cohort only.

Prevalence of hypertension after renal transplantation has
been reported to be as high as 80–90%. In our cohort of men,
the prevalence is 50% probably because patients were studied
at 6 mo and thus not all have yet developed hypertension. We
think that this is a strength of our study because factors such as
hemodynamics and chronic rejection that could be associated
with the development of hypertension are not present. In this
regard, in our male cohort the hypertensive group was older
than the normotensive and with a higher incidence of diabetes
mellitus, suggesting that even as early as 6 mo hypertension in
this group is multifactorial, because increased age or the
presence of diabetes in some cases can influence the develop-
ment of hypertension. Nevertheless, the expression/phosphor-
ylation of NCC in urinary exosomes was higher in the group of
patients with high blood pressure, suggesting that hypertension
in tacrolimus-treated patients is associated with activation of
the cotransporter. Notably, the tacrolimus levels and allograft
function were similar between normotensive and hypertensive
men. Additionally, body mass index and history of acute
rejection were similar. Thus other factors associated with
hypertension, such as tacrolimus intoxication, renal dysfunc-
tion, or obesity were excluded.

**P=0.0096
**P=0.0049

Normotensive (n=18) Hypertensive (n=17)

pNCC
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A
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)

Normotensives Patients and 
Repetitions Hypertensives

Patients and 
Repetitions P value

NCC 1 ± 0.13                   n=14(53)                1.7 ± 0.19 n=15(71) 0.0096

pNCC 1 ± 0.07                   n=14(47)                1.57 ± 0.16             n=15(66) 0.0049

pNCC/NCC 1 ± 0.12                   n=14(40) 1.09 ± 0.09 n=15(62)                 0.9521

C

Fig. 2. Thiazide-sensitive Na�-Cl� cotrans-
porter (NCC) expression and phosphorylation
are increased in tacrolimus-treated hypertensive
men. A: representative Western blot of total
NCC (top) and its phosphorylated state (pNCC;
bottom) in urinary exosomes from the normo-
tensive (N) and hypertensive (H) men, normal-
ized by creatinine at 6 mo after renal transplan-
tation. A phospho-antibody recognizing threo-
nine residues in the amino terminal of NCC
(T46, T50, and T55) was developed and char-
acterized by Richardson et al. (21). B: compar-
ison of the densitometric analysis of compiled
data from 14 normotensive and 15 hypertensive
patients. Samples where analyzed by Western
blotting more than twice. Total NCC protein
was arbitrarily set to 1, and pNCC was normal-
ized accordingly. Data are expressed as fold-
increase in total NCC (left), pNCC (middle),
and pNCC/NCC ratio (right). All graphs are
expressed in arbitrary units (A.U). C: statistical
analysis of the male cohort of the comparison of
total NCC, pNCC, and pNCC/NCC ratio, ex-
pressed as means � SE by an unpaired Stu-
dent’s t-test, with a significance of P � 0.05.
The total number of repetitions per group is
indicated in parenthesis.
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One limitation of our study is that being observational,
causality between tacrolimus, NCC activation, and hyperten-
sion cannot be established. Tacrolimus administration in mice
induced the activation of NCC, together with the development
of hypertension that was associated with decreased renal so-
dium and potassium excretion and high sensitivity to thiazides
(9). The authors observed that calcineurin A-
 is expressed in
DCT and that increased NCC activity was accompanied by
increased expression of WNK4 and WNK3, as well as the
downstream kinase SPAK. Similar observations were observed
by Melnikov et al. (17) in rats treated with cyclosporine.
Preliminary observation indicates that tacrolimus-induced hy-
pertension requires the specific expression of the FKBP12 in
renal epithelial cells since a kidney-specific knockout mouse
for this protein is protected against tacrolimus-induced hyper-
tension, thus suggesting that vascular effects of calcineurin
inhibitors are not enough to induce hypertension, in the ab-
sence of renal-specific effects (10). Additionally, Hoorn et al.
(9) observed that posttransplanted hypertensive patients receiv-
ing tacrolimus exhibited higher fractions of chloride excretion
than healthy controls in response to a single administration of
bendroflumethiazide, suggesting a higher sensibility to thiazide
diuretics in this population. Finally, in renal biopsies of pa-
tients with tacrolimus and hypertension, expression and phos-
phorylation of NCC by immunohistochemistry were higher
than in patients treated only with azathioprine. Thus, in animal
models causation associated between calcineurin inhibitors,
activation of NCC, and hypertension has been established. Our
data in a prospective follow-up study support that in humans
who received a renal allograft, it is likely that the mechanism
established by the previous observations of Hoorn et al. (9) and
Melnikov et al. (17) may occur.

Although the typical clinical presentation of a hyperactive
NCC state involves the development of hyperkalemia and
metabolic acidosis (16) and this has been observed in some
tacrolimus-treated patients with hypertension (9), we did not
observe these characteristics in our population. A likely expla-
nation for this observation could be that tacrolimus levels are
rigorously adjusted for minimal toxicity. Therefore, the lack of
development of clinical characteristics of PHAII does not
discard the activation of NCC as a pathological player in the
tacrolimus-induced hypertension noted in this population.

Another limiting factor to be considered in our study is that
we did not have access to the control patients who did not
receive tacrolimus because all of the transplanted patients in
our institution receive this agent as part of the immunosup-
pression therapy. A recent study in humans demonstrated a
correlation between cyclosporine administration and NCC ex-
pression in urinary exosomes (6), but no correlation was
observed between NCC expression and the development of
hypertension in cyclosporine-treated patients. That analysis,
however, was based on retrospective data using samples from
patients with a mean of 10 yr after transplantation, with a range
from 2.5 to 25 yr, thus allowing multiple factors to intervene in
the development of hypertension. In our study, all of the
patients were prospectively monitored; the urinary sample was
obtained at approximately the same time of the day, was
immediately mixed with protease inhibitors, and was processed
several days after storage. Additionally, all patients were stud-
ied at 6 mo posttransplantation with similar and conserved
allograft function and were still at an early stage of transplan-

tation, before other confounding factors for the development of
hypertension could appear. In fact, hypertension in some of our
patients was at an early stage, only detected by ABPM. A
recent report demonstrated that there is a circadian rhythm in
the presence of NCC-containing exosomes in urine, with the
highest expression between noon and 1400 (2). Although this
information was not known during the recollection period of
this study, fortunately all samples were collected within this
time frame for all patients because it is exactly the period of
time during which the posttransplant outpatient clinic oper-
ates. Thus it is unlikely that the circadian rhythm of NCC
exosome excretion affected our cohort.

In conclusion, our data support an association between NCC
activation and the development of hypertension in posttrans-
plant tacrolimus-treated male patients. Because the prevalence
of hypertension in women was very low in our cohort, it is not
known whether this conclusion can be applied to women.
Given that the use of thiazides has been sidelined as the
first-line treatment of hypertension in this population and its
safety has been established in this context (26), the likely role
of NCC activity in the pathogenesis of the disease presents the
possibility for its pharmacological inhibition. The latter high-
lights that the need for a clinical, randomized, controlled trial
for the use of thiazides in the treatment of tacrolimus-induced
hypertension is warranted.
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