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Abstract

Background: The age-related increase in blood pressure in
spontaneously hypertensive rats (SHRs) is associated to car-
diac hypertrophy, heart failure, and renal injury. Here, we in-
vestigated for the first time the urinary enzymatic activities
of glutamil aminopeptidase (GluAp), alanyl aminopeptidase
(AlaAp), dipeptidyl peptidase-4 (DPP4), and Klotho urinary
levels, proteins that are strongly expressed in the kidney, as
early biomarkers of renal injury in SHRs. Methods: Male SHR
and Wistar Kyoto (WKY) rats were studied from 2 to 8 months
old. Systolic blood pressure (SBP), the heart rate (HR), meta-
bolic variables, and urinary markers were measured month-
ly. At the end of the study, a histopathological evaluation of
the kidney was performed. Results: Kidneys of SHR did not

develop signs of relevant histopathological changes, but
showed increased glomerular area and cellularity. Plasma
creatinine was decreased, and creatinine clearance was aug-
mented in SHR at the end of the study. Urinary excretion of
Klotho was higher in SHR at 5 and 8 months old, whereas
plasma Klotho levels were similar to WKY. GluAp, AlaAp, and
DPP4 urinary activities were increased in SHR throughout
the time-course study. A positive correlation between glo-
merular area and cellularity with creatinine clearance was
observed. Urinary GluAp, AlaAp, DPP4, and Klotho showed
positive correlations with SBP. Conclusions: GluAp, AlaAp,
DPP4, and Klotho in the urine are useful tools for the evalu-
ation of renal damage at early stages, before the whole his-
topathological and biochemical manifestations of renal dis-
ease are established. Moreover, these observations may rep-
resent a novel and noninvasive diagnostic approach to
assess the evolution of kidney function in hypertension and

other chronic diseases. ©2021 The Author(s)
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Introduction

The spontaneously hypertensive rat (SHR) is an ex-
perimental model of genetic hypertension [1, 2] that
mimics human essential hypertension [2]. In this model
of hypertension, blood pressure increases with age associ-
ated to renal injury, cardiac hypertrophy and heart failure
[2]. Clinical nephrology claims for highly sensitive and
specific diagnostic and prognostic biomarkers for acute
and chronic kidney damage. The early detection of renal
disease and the analysis of its progression are important
objectives to improve the time course of renal injury.

Injured tubular cells excrete enzymes and other pro-
teins to the urine that are potential biomarkers for an ear-
ly detection of renal disease [3]. These cells contain ami-
nopeptidases, mainly alanyl aminopeptidase (AlaAp) and
glutamil aminopeptidase (GluAp), that have been de-
scribed as early and predictive urinary biomarkers of re-
nal injury severity [4, 5] and as an index of renal damage
in hypertensive hyperthyroid rats [6]. Moreover, we also
have reported that urinary Klotho levels are increased in
Zucker obese rats and that they correlate with morpho-
logic signs of renal injury and fibrosis in this experimen-
tal model [7].

Klotho is a transmembrane protein mainly expressed
in tubular epithelial cells of several parts of the kidney [8].
There is a soluble extracellular domain, a-Klotho, that is,
cleaved from renal cells and released into the plasma [9].
Thus, Klotho can be found in 2 forms: tisular Klotho and
released a-Klotho. Soluble a-Klotho is the functional
form in the circulation, and it can cross from the blood
renal tubules through transcytosis to the urine [10]. It has
been reported that renal Klotho protein expression [11-
13] and plasma levels of Klotho are decreased in SHRs
compared with Wistar Kyoto (WKY) rats [11]. Klotho
gene activation in SHRs improved the course of hyper-
tension and renal damage, abolished the upregulation of
endothelin-1 levels, and increased the Mn-SOD expres-
sion in the kidney [14]. Moreover, the protective effects
of angiotensin-I blockers in SHR seem to be mediated by
upregulation of renal Klotho [12, 13]. For these reasons,
Klotho has been proposed as a biomarker for renal and
cardiovascular diseases [15, 16].

Dipeptidyl peptidase-4 (DPP4; EC no. 3.4.14.5) also
called CD26, is a serine protease membrane glycoprotein
with exopeptidase activity [17] DPP4 is expressed on the
surface of several cell types, including epithelial, endothe-
lial cells, and lymphocytes [17, 18]. This peptidase also
exists as a soluble circulating form (sDPP4) in the plasma
and other body fluids [19]. A strong expression of DPP4
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has been observed in the kidney [18], predominantly in
the glomeruli and S1-S3 segments of the nephron [20], as
well as in vascular endothelial cells suggesting that this
protein may play a role in renal and cardiovascular func-
tion [21]. DPP4 seems to play an important role in diabe-
tes, hypertension, and chronic kidney disease progression
[20]. Variations in the concentration and activity of
sDPP4 in the plasma have been widely used as a biomark-
er of many diseases. But, despite the evident linking of
DPP4 with renal function, only a few studies have inves-
tigated sDPP4 activity in the context of hypertension.
The aim of this work was to investigate the plasma, uri-
nary, and renal enzymatic activities of AlaAp, GluAp, and
DPP4; and plasma and urinary Klotho levels as potential
biomarkers of the renal injury and cardiovascular func-
tion in SHR for the first time. These proteins are strongly
expressed in the kidney and have been revealed as better
tools for early diagnostic, than the classic and other more
recent biomarkers of renal disease [4]. To accomplish it,
we performed a time-course study of these variables in the
urine from 2 to 8 months of life. Finally, these variables
were analyzed at the end of the experimental period in the
plasma and renal tissue, and we also characterized the his-
topathological manifestations of renal injury in SHR.

Methods

Animals

Male SHR and WKY rats (n = 10, each group) of 2 months old
were purchased from Harlan Laboratories (Barcelona, Spain) and
studied up to 8 months old. These rats were kept in a room main-
tained at 24 + 1°C and humidity of 55 + 10%, with a 12-h light/dark
cycle and had free access to rat chow (24.3% of protein and 0.3%
of sodium) and tap water.

Experimental Protocol

Tail systolic blood pressure (SBP) and heart rate (HR) were re-
corded monthly by using tail-cuff plethysmography in unanesthe-
tized rats (LE 5001-pressure meter, Letica SA, Barcelona, Spain)
from 2 to 8 months old. Each animal was placed in a heater at 37°C
for 10 min and placed in a warm electric carpet to maintain vaso-
dilation during determinations. SBP and HR were measured at
least 10 times per rat waiting for a period of 2-3 min between each
measurement. The mean value of the last 3 determinations that
achieved a difference <5 mm Hg was taken as SBP and HR for each
animal. All rats were weighed and housed monthly in metabolic
cages (Panlab, Barcelona, and Spain) with free access to food and
drinking water for a 24-h period during which food and fluid in-
takes were measured and 24-h urine samples collected. Urine sam-
ples were centrifuged for 15 min at 1,000 g and frozen at —80°C
until assay. We measured monthly urine volume, proteinuria,
AlaAp, GluAp, and DPP4 urinary activities. Urinary excretion of
Klotho was measured at 2, 5, and 8 months old. These variables
were expressed per mg of urinary creatinine.

Montoro-Molina et al.



After completion of the experimental period (8 months old),
rats were anaesthetized with ketamine (80 mg/kg)/xylazine (15
mg/kg) i.p. Blood samples were then drawn by abdominal aortic
puncture to determine plasma variables. Blood samples were cen-
trifuged for 15 min at 1,000 g and stored at —80°. Finally, the rats
were killed by cervical dislocation and kidneys and heart were
quickly removed and weighed. Plasma variables were: urea, cre-
atinine, AlaAp, GluAp, DPP4, and Klotho. The tibial length was
measured to normalize the heart and kidney weight, since body
weight cannot be used for this purpose in the present experimental
setting. One kidney was harvested without perfusion, fixed in 10%
neutral buffered formaldehyde solution for 48 h and subsequently
placed in 70% ethanol for histological studies.

Analytical Procedures

Proteinuria and urine creatinine were determined in urine
samples by an autoanalyzer Spin120. Plasma creatinine and urea
were also measured in this instrument. Reagents for proteinuria
(pyrogallol red method), urea (o-phthalaldehyde method), and
creatinine (Jaffé method) were provided by Spinreact (Barcelona,
Spain). Plasma and urinary Klotho levels were determined with an
enzyme immunoassay kit, Bioassay Technology Laboratory (Shan-
gai, China).

Aminopeptidasic Activities Measurement

GluAp, AlaAp, and DPP4 activities were determined in dupli-
cate in a fluorimetric assay using glutamyl f-naphthylamide, ala-
nyl B-naphthylamide, and glycil-prolyl 4-methoxi-B-naphthyl-
amide as substrates. In brief, 20 uL of the urine or plasma were
incubated for 30 min at 37°C with 80 uL of their corresponding
substrate solution (10 mM in HCI-Tris 50 mM pH 8.7). The amount
of B-naphthylamine or 4-methoxi-B-naphthylamine released as a
result of aminopeptidasic activities was measured fluorimetrically
each minute at an emission wavelength of 412 nm, with an excita-
tion wavelength of 345 nm, and quantified using a standard curve
for B-naphthylamine or 4-methoxi-p-naphthylamine containing
0-200 nmol/mL. Specific activities were calculated from the slope
of the linear portion of enzymatic assay, and expressed as nanomol
of substrate hydrolyzed per mL and minute.

Histopathological Study

For conventional morphology, buffered 10% formaldehyde-
fixed, paraffin-embedded longitudinal rat kidney sections in the
sagittal plane were deparaffinized in xylol (3 passes of 5 min) and
rehydrated in ethanol of decreasing gradation (absolute, 96 and
70%, 2 passes of 3 min, respectively). Tissue sections were stained
with Masson’s trichrome. The presence of glomerular lesions (glo-
merulosclerosis glomerular hyperplasia, mesangium increase, glo-
merular cyst, and capsular fibrosis) was assessed in at least 200
glomeruli. Tubulointerstitial damage (tubular vacuolation, tubu-
lar atrophy, hyaline drops, tubular casts, and chronic inflamma-
tory infiltrate) was also studied. Injury was graded according to
Shih et al. [22] on a semiquantitative scale of 0-4 (0 = normal,
0.5 = small focal areas of damage, 1 = involvement of <10% of the
cortex, 2 = involvement of 10-25% of the cortex, 3 = involvement
of 25-75% of the cortex, and 4 = extensive damage involving >75%
of the cortex) [22]. The morphological study was done in blinded
fashion on 4 pum sections with light microscopy.

Urinary Biomarkers in SHR

Morphometrical Study

Samples were fixed in buffered 10% formalin, embedded in par-
affin, and serially sectioned at 5 pm thickness. Afterwards, they
were stained with 1% picrosirius red F3BA (Gurr, BDH Chemicals
Ltd., Poole, UK) for image analysis quantification. To improve
staining, tissue sections were kept after deparaffination for 3-5 days
in 70% alcohol as mordent. Picrosirius red stains connective fibers
deep red and cell nuclei and cytoplasmatic structures light red/
bright yellow [23]. To semiautomatically quantify interstitial con-
nective tissue, 20 images of cortex and corticomedullary junction
per kidney were acquired using a digital camera 3CCD (DP70) cou-
pled to an Olympus BX-42 brightfield microscope (Olympus Opti-
cal Co., Ltd) equipped with polarizing crystals. Twenty images of
corticomedullary junction per kidney were acquired using polar-
ized light. Histologic images of kidney biopsies were acquired using
polarized light and were converted to black and white at 8-bit in-
tensity resolution (256 gray levels) with a global magnification of
%200, and normalized with Adobe Photoshop software (Adobe Sys-
tems Software, Ireland). To assess the fibrosis, we made a macro
that included a semiautomatic thresholding of the total of the im-
ages per group of rats simultaneously with Image]J software (v 1.48)
(National Institute of Health, USA. http://imagej.nih.gov/ij/).

Statistical Analyses

To study the time course of biological variables and urinary
markers, we used a factorial: ANOVA for repeated measures, tak-
ing each rat as the subject and the group (WKY or SHR) as the
between-subjects factor. Interactions between factors were ana-
lyzed using the Bonferroni method. We used Statgraphics Centu-
rion XVIII software.

Morphological and biological variables measured at the end of
the experiment were compared using a ¢ test for the analysis of
variables with normal distribution and equal variances. Welch
modification of the ¢ test was used for data with normal distribu-
tion and unequal variances. The Shapiro-Wilk test was used to
analyze the normality of distributions. Differences were consid-
ered statistically significant at p < 0.05 level.

Simple linear regressions were analyzed with Statgraphics Cen-
turion XVII software including all data in a common regression
line. For histopathological results, IBM SPSS-Windows 20.0 (SPSS
Inc., Chicago, IL, USA) was used for the analyses. Results are pre-
sented as mean + standard error. Results were considered statisti-
cally significant when p values were below 0.05.

Results

Time Course of Biological Variables

Figures 1 and 2 summarize the comparison of the time
course of biological variables between SHR and WKY
rats. The variables studied were: SBP, HR, body weight,
food intake, water intake, diuresis, and water balance.
SBP was obviously greater in SHR with respect to WKY
rats, and showed a time-related increase (Fig. 1A). HR
showed significant increases at months 6, 7, and 8
(Fig. 1B). The time-related body weight increase was sig-
nificantly reduced in SHR from the 4th month until the
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Fig. 3. Representative microphotograph of
renal cortex in WKY (A) and SHR (B) dis-
playing the absence of tubulointerstitial or
vascular injury. Bar: 100 pm (Masson’s Tri-
chome stain, original magnification x4).
Increase in the glomerular size and cellu- 5000
larity in SHR (D) compared with WKY rats 8000
(C€). Bar: 50 um (Masson’s Trichome stain, 7000
original magnification x40). Changes in i |
glomerular area (E) and cellularity (F) in el )
the glomerulus of SHR and WKY rats (n = o
20 glomeruli per rat). Data are means * el
SEM. *p < 0.05, **p < 0.001 compared with i |
WKY rats (n = 10, each group). SHR, spon-

Glomerular area (pnv)

Glomerular cellularity
- N w - o - - L
- = = = = - = =

taneously hypertensive rat; WKY, Wistar
Kyoto.

Table 1. Morphological variables in WKY and SHR at 8 months old

Group WKY SHR

Body weight (BW, g) 537+11.1 472£11.6%*
Tibial length (TL, cm) 5.79+0.04 5.57+0.05%*
Kidney weight (KW, g) 1.42+0.03 1.38+0.05
KW/TL (mg/cm) 245%5.22 247+8.09
KW/BW (mg/g) 2.64+0.04 2.92+0.09*
Heart weight (HW, g) 1.20+0.02 1.5240.04***
HW/TL (mg/cm) 206+3.05 273+4.74%F*
HW/BW (mg/g) 2.23%0.03 3.23+0.08%**

Data are expressed as means + SE. BW, Final body weight; TL,
tibial length; KW, kidney weight; KW/TL, ratio kidney weight/
tibial length; KW/BW, ratio kidney weight/body weight; HW,
heart weight; HW/TL, ratio heart weight/tibial length. * p < 0.05,
** p <0.01, *** p <0.001 vs. WKY group (n = 10 in each group).

Urinary Biomarkers in SHR

end of the study with respect to WKY rats. Food intake
relative to body weight was time-related decreased in
both SHR and WKY. This variable was significantly
greater in SHR at 4, 6, 7, and 8 months. Water intake rel-
ative to body weight also was time-related decreased in
both SHR and WKY, being significantly higher in the
SHR group. In consonance, diuresis relative to body
weight also was increased in SHR along the study. The
ratio of water intake/diuresis was reduced at 5th and 6th
months in SHR with respect to WKY rats. These results
are included in Figure 2A-E.

Morphological Variables

Final body weight was significantly reduced in SHR
when compared to WKY rats. Kidney weight in absolute
value or relative to tibial length was similar in SHR and
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Table 2. Plamatic and renal variables in

WKY and SHR at 8 months old Group T slali
Urea (mg/dL) 70.7+0.36 69.8+0.40
Creatinine (mg/dL) 0.478+0.018 0.35940.013***
Creatinine clearance (mL/min) 1.297+0.061 1.756+0.152%*
Creatinine clearance (mL/min/100 g) 0.241+0.009 0.372+0.031**
Creatinine clearance (mL/min/g kidney) 0.457+0.015 0.636+0.048**

Data are expressed as means + SE. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. WKY group

(n=101n each group).

Fig. 4. Representative microphotograph of renal cortex and corti-
comedullary junction in WKY (A, €) and SHR (B, D) displaying
the area of interstitial connective tissue obtained with picrosirius
red stain using nonpolarized (up) and polarized (down) light.
Twenty images per kidney were quantified. SHR, spontaneously
hypertensive rat; WKY, Wistar Kyoto.

WKY rats, but was increased in SHR relative to body
weight. Heart weight was significantly increased in SHRs
regardless of the way of expression, when compared with
the WKY group (Table 1).

Histopathological Results

Renal lesions in the SHR group were absent and no glo-
merular, tubulointerstitial, or vascular lesions were pres-
ent in renal parenchyma in SHR, as seen in Figure 3A-D.
However, the SHR group showed a significant increase in
glomerular area and glomerular cellularity with respect to
WKY rats (Fig. 3E, F). We did not find any significant dif-
ference in the percentage of area of interstitial connective
tissue determined by sirius red staining in WKY (1.77 +
0.15) and SHR (2.53 + 0.38) groups (Fig. 4A-D).
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Plasma Variables and Creatinine Clearance at the

End of the Study

Plasma urea was similar in SHR and WKY rats, but
plasma creatinine was decreased in SHR. Creatinine
clearance (CrCl) was augmented in SHR expressed in ab-
solute values or relative to body weight or kidney weight.
These data are shown in Table 2.

Time Course of Urinary Klotho and Plasma

Concentration

Urinary excretion of Klotho (ng/mg creatinine) was
higher in SHR at 5 and 8 months old (Fig. 5E). Plasma
levels of Klotho (Table 3) were similar in SHR and WKY
rats at the end of the experimental period (8 months old).

Time Course of Urinary Enzymatic Activities,

Proteinuria, and Creatinine Excretion

Figure 5B-E shows the evolution of enzymatic urinary
biomarkers along the study when data were normalized
by creatinine excretion. GluAp was increased in SHR
throughout the study, AlaAp was increased at 2, 4, 6, and
7 months old, and DPP4 was increased from 4 to 8 months
old. Proteinuria was increased at 2, 3, 6, and 7 months old.
Urinary creatinine excretion was significantly increased
at 4 and 5 months old in the SHR group (Fig. 5A).

Aminopeptidasic Activities in the Plasma and Kidney

of WKY and SHR at the End of the Study

The plasma levels of GluAp and DPP4 activities were
increased in SHR with respect to WKY rats, but AlaAp
activity was significantly decreased in SHR. In the whole
kidney, AlaAp and DPP4 were similar in SHR and WKY,
but GluAp activity was decreased in SHR with respect to
the control group. All these data are given in Table 3.

Correlation Studies
As urinary Klotho and urinary aminopeptidases have
shown positive correlations in other experimental condi-

Montoro-Molina et al.



Table 3. Aminopeptidasic activities and
Klotho in plasma and kidney of WKY and
SHR at 8 months old

Group WKY SHR

Plasma
GluAp (nmol/mL/min) 0.97+0.03 1.5440.05%**
AlaAp (nmol/mL/min) 2.41+0.05 2.13+£0.05**
DPP4 (nmol/mL/min) 2.74+0.05 3.05+0.12*
Klotho (ng/mL) 4.30+0.16 4.61+0.15

Kidney
GluAp (nmol/min/mg protein) 19.1+0.71 15.7£1.11%*
AlaAp (nmol/min/mg protein) 22.5+0.84 27.2+1.89
DPP4 (nmol/min/mg protein) 46.1+1.81 45.5+2.59

Data are expressed as means + SE. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. WKY group

(n=101n each group).
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Fig. 5. Time course of renal injury biomarkers normalized by creatinine excretion. UCr (A), proteinuria (B),
GluAp (C), AlaAp (D), and DPP4 (E) activities, and Klotho excretion (F) in male SHR and WKY rats. Data are
means + SEM. *p < 0.05 **p < 0.01, and ***p < 0.001 compared with WKY rats (n = 10, each group). GluAp, glu-
tamil aminopeptidase; AlaAp, alanyl aminopeptidase; DPP4, dipeptidyl peptidase-4; SHR, spontaneously hyper-
tensive rat; WKY, Wistar Kyoto; UCr, urinary creatinine.
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tions of renal injury, we decided to determine the rela-
tionship between these variables in SHR. Urinary Klotho
levels showed positive correlations with urinary GluAp,
urinary AlaAP, and urinary DPP4 excreted at 8 months
old, when all animals (SHR and WKY rats) are pooled in
a common regression line, reaching the strongest correla-
tion with urinary DPP4 (Fig. 6).

To study the relationship between histopathological
glomerular findings and CrCl changes in SHR, the cor-
relation between CrCl with glomerular cellularity and

8 Kidney Blood Press Res
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area was analyzed. Positive correlations were found for
these 2 variables with CrCl, reaching a marked statistical
signification between CrCl and glomerular cellularity
(Fig. 7). Nevertheless, no correlation was found when
data of SHR and WKY groups were separately analyzed
(data not shown).

In order to evaluate the interaction between the evolu-
tion of urinary biomarkers and time-related blood pres-
sure changes observed in this hypertensive model, the
correlations between the mean values of these variables at

Montoro-Molina et al.
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Fig. 8. Correlations between the time course of SBP and urinary biomarkers: proteinuria (A), GluAp (B), AlaAp
(C), and DPP4 (D) activities and urinary Klotho (E) mean values at each month of the study, when all animals
(SHR and WKY rats) are pooled in a common regression line. GluAp, glutamil aminopeptidase; AlaAp, alanyl
aminopeptidase; DPP4, dipeptidyl peptidase-4; SHR, spontaneously hypertensive rat; WKY, Wistar Kyoto; SBP,

systolic blood pressure.

each month of the study were analyzed. We found that all
urinary biomarkers, except proteinuria, showed positive
correlations along the study with the time course of SBP,
when all data (WKY and SHR) were pooled in a common
regression line, obtaining the strongest relationship with
urinary Klotho (r = 0.9232; p < 0.0086) (Fig. 8).

Discussion

This study clearly shows for the first time that sponta-
neous hypertension is associated to increased urinary
GluAp, AlaAp, and DPP4 activities and urinary excretion
of Klotho, changes that were detected as early as 2 months
old in the case of GluAp and AlaAp. This study also shows
that all these variables, but not proteinuria, strongly cor-
relate with SBP.

Our data show that plasma creatinine is decreased and
creatinine clearance was augmented in SHR at the end of
the study (8 months old), probably due to hyperfiltration

Urinary Biomarkers in SHR

secondary to increased glomerular capillary pressure pre-
viously reported [24]. Our data also agree with the time
course of this variable reported by Hultstrom [24], show-
ing that the glomerular filtration rate is progressively in-
creasing until 15 weeks old, then it reaches a plateau and
it starts to decline at 60 weeks (15 months old). In our
work, we found a higher urinary creatinine excretion in
SHR rats at 4 and 5 months old, coinciding with the in-
creased glomerular filtration rate described by Hultstrom
at these time points [24] Moreover, our study also shows
that SHR group displayed an augmented glomerular area
and an increased cellularity in the glomerulus, which
might contribute to hyperfiltration in SHR. In fact, in this
study, a negative correlation is reported between glomer-
ular cellularity and serum creatinine.

Histopathological results indicate that no glomerular,
tubulointerstitial, or vascular lesions were present in re-
nal parenchyma in SHR, in consonance with a previous
report showing that the kidneyin SHR is protected against
renal injury by an increased resistance in the afferent ar-
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teriole [25]. Thus, it has been reported that hypertensive
kidney damage is not morphologically evident before 7.5
months old [26, 27]. Renal damage progresses with in-
creasing age, and at 60 weeks old, SHR show widespread
and quite severe lesions [28].

It is interesting to note that despite the absence of rel-
evant histopathological findings of renal injury in SHR,
the decreased levels of plasma creatinine and the in-
creased creatinine clearance, all the urinary markers of
tubular injury were increased in SHR. These data indicate
that an incipient tubular injury might be present before
renal disease is fully manifested, because the kidney has a
high reserve capacity and tubular cells have a high regen-
erative capacity [29]. Therefore, the classic biomarkers of
renal disease are not useful tools for the evaluation of hy-
pertensive renal damage at this stage.

Proteinuria is considered as a marker of the progres-
sion of renal injury. SHR shows increased proteinuria
that started to reach signification at the first determina-
tion (2 months old). In consonance with this, in male
SHR it has been reported as increased proteinuria at a
relatively younger age (6 weeks old) [30] that also agree
with a previous report from our laboratory [31]. How-
ever, other authors reported the appearance of protein-
uria in SHR in later stages, starting to increase at 28-30
weeks old [24]. SHR excrete a mild amount of urinary
protein, despite high blood pressure, that contrast with
the higher levels reported in volume dependent types of
hypertension [32]. Consistent with the mild increase in
urinary protein, histopathological data did not show se-
vere morphologic changes in the renal tissues of SHR at
8 months old despite the high levels of blood pressure. In
our study, proteinuria was very changeful at different
time points, and there was not any correlation with SBP.
Itis also remarkable that proteinuria observed at 5months
old was increased in a parallel manner to urinary creati-
nine excretion in SHR. As a consequence, when protein-
uria is normalized by creatinine, it is not increased at this
point. This finding suggests that glomerular hyperfiltra-
tion is accompanied by proteinuria, at least at this time
point, but it also demonstrates that quantification of uri-
nary markers by creatinine excretion in a spot sample
cannot be adequate in a disease or an animal model that
course with glomerular hyperfiltration because of the
high excretion of creatinine.

GIuAP and AlaAP were increased in SHR along the
study, and DPP4 reached statistical signification from 4
months old. The data agreed with previous articles, where
we showed that early changes in the urinary activity of
these enzymes were linked with the progression of renal

10 Kidney Blood Press Res
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disease in hypertensive hyperthyroid rats [6], in cisplatin
treated rats [4, 5], and more recently in Zucker obese rats
[7]. These enzymes serve to detect proximal tubular in-
jury regardless of the glomerular filtration status [33] be-
cause they are released to the urine from damaged tubular
cells [34]. It is interesting to note that, despite the absence
of histopathological findings of renal injury, these urinary
biomarkers are increased in SHR, indicating that bio-
chemical abnormalities precede the detection of tubular
morphological changes. Moreover, the urinary biomark-
ers analyzed along the study (GluAp, AlaAp, DPP4, and
Klotho) showed positive correlations with SBP, suggest-
ing that increased BP activated some degree of tubular
injury not detectable by conventional histopathological
evaluation.

This study shows increased urinary levels and normal
plasma and renal levels of Klotho in SHR that contrast
with the decreased plasma levels and renal Klotho protein
expression previously reported in this hypertension mod-
el in rats of similar age [12, 13]. This wasting of Klotho
through the urine, might determine undesirable effects in
SHR, since Klotho gene delivery has protective effects in
the progression of hypertension and renal damage [14],
and antihypertensive treatment is associated to upregula-
tion of renal Klotho expression [12, 13]. The mechanism
of wasting of Klotho through the urine is unknown, but
the positive correlation between urinary aminopeptidas-
es of the tubular origin and urinary Klotho, as previously
reported in Zucker obese rats [7], indicates that the con-
comitant augment of these urinary variables may be due
to a tubular dysfunction.

Plasma DPP4 activity is higher in SHRs compared to
WKY rats, data that agree with those of Pacheco et al.
[35] that also reported that this elevation precedes the
onset of hypertension. This enzyme must play an impor-
tant role in the pathogenesis of spontaneous hyperten-
sion, since the administration of sitagliptin, a specific
DPP4 inhibitor, exerts important renal [35] and vascular
[36] protective effects in SHRs. DPP4 also has been con-
sidered as a diagnostic or prognostic biomarker for sev-
eral clinical events as diabetes [37], coronary artery dis-
ease [38], renal function, and cardiovascular risk [37, 39].
Moreover, high plasma levels of sDPP4 have been also
associated to liver [40] and cardiac [41] fibrosis. There-
fore, our plasma and urinary results together with all
these observations suggest the potential use of urinary
DPP4 levels as a future biomarker of decreased renal
function and fibrosis.

In conclusion, the glomerular histopathological
changes observed in SHR might participate in the hyper-
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filtration of this model. The fact that all urinary markers
of tubular injury were increased in SHR might indicate
that a subjacent renal injury can be detected before the
whole histopathological and biochemical manifestations
of renal disease are present. Therefore, the present uri-
nary biomarkers of renal disease are useful tools for the
evaluation of renal damage at early stages. Finally, the
determination of the biomarkers analyzed in this study
may serve as a noninvasive diagnostic approach to assess
renal injury in hypertension and other chronic renal dis-
eases.
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