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Abstract
The role of hyperleptinemia in cardiovascular diseases is well known; however, in the renal

tissue, the exact site of leptin’s action has not been established. This study was conducted

to assess the effect of leptin treatment for 7 and 28 days on renal function and morphology

and the participation of angiotensin II (Ang II), through its AT1 receptor. Rats were divided

into four groups: sham, losartan (10 mg/kg/day, s.c.), leptin (0.5 mg/kg/day for the 7 days

group and 0.25 mg/kg/day for the 28 days group) and leptin plus losartan. Plasma leptin,

Ang II and endothelin 1 (ET-1) levels were measured using an enzymatic immuno assay.

The systolic blood pressure (SBP) was evaluated using the tail-cuff method. The renal plas-

ma flow (RPF) and the glomerular filtration rate (GFR) were determined by p-aminohippuric

acid and inulin clearance, respectively. Urinary Na+ and K+ levels were also analyzed.

Renal morphological analyses, desmin and ED-1 immunostaining were performed. Protein-

uria was analyzed by silver staining. mRNA expression of renin-angiotensin system (RAS)

components, TNF-α and collagen type III was analyzed by quantitative PCR. Our results

showed that leptin treatment increased Ang II plasma levels and progressively increased

the SBP, achieving a pre-hypertension state. Rats treated with leptin 7 days showed a nor-

mal RPF and GFR, but increased filtration fraction (FF) and natriuresis. However, rats treat-

ed with leptin for 28 showed a decrease in the RPF, an increase in the FF and no changes

in the GFR or tubular function. Leptin treatment-induced renal injury was demonstrated by:

glomerular hypertrophy, increased desmin staining, macrophage infiltration in the renal tis-

sue, TNF-α and collagen type III mRNA expression and proteinuria. In conclusion, our study

demonstrated the progressive renal morphological changes in experimental hyperleptine-

mia and the interaction between leptin and the RAS on these effects.
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Introduction
Leptin is a small 16 kDa peptide secreted by adipose tissue that, in physiological conditions,
feeds back to inform the central nervous system about the status of peripheral energy reserves,
thereby regulating appetite and energy expenditure [1, 2]. The knowledge about its biological
actions increased substantially over the last decades and it is now known that leptin also exerts
an important role on sympathetic nerve activity (SNA), immune function, cardiovascular and
renal systems [3].

The biological action of leptin depends on its interaction with a family of class I cytokine re-
ceptors identified as Ob-Ra to Ob-Rf [4]. The full-length leptin receptor, Ob-Rb, is highly ex-
pressed in the hypothalamus; however, its expression has been demonstrated in other tissues,
including blood vessels [5] and the kidneys [6].

In the kidneys, leptin is filtered and then taken up by the megalin receptor in the proximal
convolute tubule cells [7] and almost no leptin is found in the urine [8]. Apart from its process-
ing, leptin has direct and indirect effects on renal pathophysiology. In the renal tissue, the exact
site of leptin’s action has not been established. However, the identification of the short isoform
of the leptin receptor (Ob-Ra) in the glomerular endothelial and mesangial cells [9, 10] and the
expression of the long isoform (Ob-Rb) in the renal medulla, suggests that the glomerulus and
the collecting ducts are important target sites for leptin’s direct action [11]. In addition, studies
have previously demonstrated that leptin increases the expression of transforming growth fac-
tor-β1 (TGF-β1) and its receptor (TβRII); the synthesis of collagen type I in mesangial cells;
and induces proliferation of glomerular endothelial cells [4, 9, 10]. Other studies demonstrated
that long-term leptin treatment exerts a pro-apoptotic effect on renal tubular cells, confirming
that this peptide is an important component in the development of kidney diseases [12, 13].
Nonetheless, leptin’s chronic effect remains controversial and depends on the dose, time and
administration route [14–18]. In addition, the indirect and long-term effects of leptin on renal
hemodynamic, glomerular function and morphology remains unclear.

High-fat diet-induced obesity or chronic leptin infusion are correlated with increased arteri-
al blood pressure [14, 19]. The mechanisms by which hyperleptinemia contributes to hyperten-
sion include the following: activation of the sympathetic nervous system innervating the
kidneys [20, 21], increase in circulating endothelin-1 (ET-1) [22], increase in oxidative stress,
decrease in nitric oxide [15, 16] and increase in sodium retention [16, 23].

It is known that the increased SNA to the kidneys can also activate the renin-angiotensin
system (RAS), whose major effector is the octapeptide angiotensin II (Ang II). Ang II is a mul-
tifunctional hormone that regulates physiological processes such as blood pressure, plasma vol-
ume, renal hemodynamic and excretory functions. All of these actions result from the binding
of Ang II to one of its membrane receptors, AT1 or AT2 [24]. The interaction between Ang II
and the AT1 receptor is particularly important in renal injury because it increases the intraglo-
merular pressure, induces inflammation, cellular growth, apoptosis, cellular migration and dif-
ferentiation [25]. In addition, several studies have demonstrated that the RAS components are
synthesized in many tissues, including the heart and the kidneys [26, 27].

Considering that chronic leptin treatment mimics the hyperleptinemic state without the in-
fluence of other obesity-associated factors [17, 28–33] and that leptin also acts indirectly on the
renal tissue, we hypothesized that leptin infusion could induce RAS activation and consequent-
ly, changes in blood pressure, renal function and morphology. Thus, we treated rats for 7 and
28 days and evaluated the effects of leptin on body weight, systolic blood pressure, renal func-
tion and morphology and intrarenal mRNA expression of RAS components, inflammatory
and fibrotic factors. We also investigated the contribution of Ang II/AT1 receptor, in the
leptin’s effects.
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Materials and Methods

Ethics statement
All of the experimental protocols were conducted in accordance with the guidelines of the Bra-
zilian College for Animal Experimentation (COBEA) and were approved by the Ethical Com-
mittee for Animal Research of the Institute of Biomedical Sciences of the University of São
Paulo (Protocol Number 150, page 78, book 2). Experiments were performed with 50 male
Wistar rats weighing between 150 and 250 g (mean: 206.2 ± 3.20 g). The rats were obtained
from colonies and maintained at the Animal Quarters of the Department of Physiology and
Biophysics of the Institute of Biomedical Science, University of São Paulo. The rats were
housed under standard conditions (constant temperature of 22°C, 12-h dark-light cycle, and
relative humidity of 60%) with free access to standard rat chow and tap water.

Animals
The rats were randomly assigned to one of the following groups and were treated for 7 or 28 days.
The 7-day treatment groups included: sham (saline; n = 6); losartan (10 mg/kg/day; n = 6) [18]
(Tocris Bioscience, Bristol, United Kingdom); leptin (recombinant rat leptin; 0.5 mg/kg/day; n = 6)
[16] (R&D Systems, Minneapolis, USA); and leptin plus losartan (n = 6). The 28-day treatment
groups included: sham (n = 6); losartan (n = 6); leptin (0.25 mg/kg/day; n = 8); and leptin plus losar-
tan (n = 6). The rats were anesthetized using Francotar (ketamine 75 mg/kg, i.p.; Virbac, Carros,
France) and Virbaxyl 2% (xylazine, 4 mg/kg, i.p.; Virbac). Osmotic mini-pumps (2ML1 or 2ML4
Alzet, Cupertino, USA) were implanted in the midscapular region for continuous infusion of leptin
or saline for 7 or 28 days, respectively. Losartan was administered daily via subcutaneous injection,
for the same period of time as the leptin treatment.

Food intake and body weight gain
After osmotic mini-pump implantation, the animals were individually housed in normal cages
and the food intake and body weight (BW) were evaluated. Food intake is an average per day of
the total food intake during the treatment period and body weight gain was calculated using
the following equation: (initial BW—final BW)/initial BW.

Systolic blood pressure (SBP)
The SBP was recorded before the start of the experiment and on the last day of treatment in the
7-day groups and weekly in the 28-day groups. The SBP was measured in conscious, resting an-
imals using noninvasive tail-cuff plethysmography (LE, 5001 Non Invasive Blood Pressure
Meter, Panlab/Harvard Apparatus, Barcelona, Spain). The rats were acclimatized to the appa-
ratus during daily sessions, before the initial measurement, to assure accurate measurements.
The tail artery was dilated by placing the animal into a thermostatically controlled plastic hold-
er that was heated for 20 minutes. The pulse was detected by passing the tail through a tail-cuff
sensor that was attached to the amplifier. Systolic blood pressure measurements were consid-
ered to be successful if the rat did not move and a clear initial and constant pulse could be de-
tected. The average values for the SBP were subsequently obtained from eight sequential cuff
inflation-deflation cycles.

Plasma peptide levels
The plasma levels of leptin, Ang II and ET-1 were measured by enzymatic immuno assay (EIA)
using specific kits for each protein (Phoenix Pharmaceuticals Inc., Burlingame, USA), accord-
ing to the manufacturer’s instructions.
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Renal function studies
After 7 or 28 days of treatment, the rats were anesthetized with Zoletil (zolazepam, 50 mg/kg;
Virbac) and Virbaxyl 2% (xylazine, 5 mg/kg) and placed on a warm table to maintain the body
temperature at 37°C. Supplemental doses of the anesthetic were administered as required. A
tracheotomy using PE-260 tubing was performed, the right carotid artery was catheterized
with PE-50 tubing for blood sampling, and the right jugular vein was catheterized with PE-50
tubing for continuous fluid infusion. The bladder was catheterized with PE-260 via a suprapu-
bic incision to allow timed urine collections. After a 60-minute equilibration period, four con-
secutive 30-minute urine and arterial blood samples (500 μL) were obtained to determine renal
hemodynamic and excretory parameters. The animals were first primed with 1 mL of a solu-
tion containing inulin (300 mg/kg; Sigma Aldrich, St Louis, USA) and sodium para-
aminohippuric acid (PAH, 2 mg/rat; Sigma Aldrich). Subsequently, the rats were given a con-
tinuous infusion of 0.9% NaCl plus 3% mannitol containing inulin (15 mg/mL) and PAH
(4 mg/L) at 0.1 mL/min using an infusion pump (Harvard Instruments, Holliston, USA). Plas-
ma and urine inulin and PAH concentrations were measured by standard colorimetric tech-
niques using a spectrophotometer (μQuant, Bio-Tek Instruments Inc., Winooski, USA) within
24 hours to avoid sample degradation. The glomerular filtration rate (GFR) was calculated
from inulin clearance [34], and the PAH clearance [35] was used as an index of the renal plas-
ma flow (RPF). The blood samples were centrifuged at 1,500 g and 4°C to obtain plasma. The
urine volume for each collection (total of 4 collections) was measured and used to calculate the
urinary flow rate, using the following formula: urine volume/time (mL/min). The RPF and the
GFR were normalized by body weight and are shown as mL/min/kg. The FF % was calculated
using the following equation: GFR/RPF × 100.

Urine and plasma parameters
The sodium and potassium concentrations in urine and plasma were determined by flame pho-
tometry (9180 Electrolyte Analyzer, Roche, Mt. Wellington, Auckland, New Zealand). The
fractional ion excretion (FE%) was calculated using the formula: (V × [X+]u/[X

+]p × GFR) ×
100, where V is the urinary flow rate, [X+]u is the urine sodium or potassium concentration,
and [X+]p is the plasma sodium or potassium concentration.

Morphological and immunohistochemical studies
One kidney was used for quantitative PCR experiments and the other one was fixed in 4%
paraformaldehyde for histological studies. Four micrometer histological sections were stained
with hematoxylin and eosin (HE) and examined under a light microscope (Eclipse 80i, Nikon,
Tokyo, Japan). To analyze the planar glomerular area, the outer edges of 50 glomerular tufts
per animal were traced on a video screen and the encircled areas were analyzed by a computer-
ized morphometry program (NIS-Elements D, Nikon). To measure the fractional interstitial
area (FIA) from renal cortex, 15 grid fields (167118.9 μm2) per animal were analyzed and the
interstitial areas were traced manually on a video screen. The fraction occupied by the intersti-
tium was then determined. Additionally, the kidney sections were subjected to immunohisto-
chemical staining for desmin (Abcam, Cambridge, UK) and ED-1 (AbD Serotec, Oxford, UK).
The tissue sections were deparaffinized and nonspecific protein binding was blocked by incu-
bation with 20% goat serum in PBS for 60 min [36] followed by incubation with primary anti-
bodies (1: 500 for desmin and 1:50 for ED-1), overnight at 4°C. The reaction products were
detected using the avidin-biotin-peroxidase complex (Vector Labs, Burlingame, USA) and the
sections were counterstained with methyl green (Amresco, Ohio, USA), dehydrated and
mounted with Permount (Fisher Scientific, Fair Lawn, USA). The mean number of
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ED1-positive cells (macrophages) infiltrating the renal cortical tubulointerstitium was obtained
by evaluating 50–60 grid fields (measuring 0.087 mm2 each) and by calculating the mean
counts per kidney [37].

Albuminuria
The urinary proteins were analyzed using a ProteoSilver Plus Silver Stain Kit (Sigma Aldrich),
according to the manufacturer’s instructions. This kit utilizes silver nitrate that binds to certain
amino acids on the proteins under specific pH conditions. The urine samples were resolved on
10% SDS page gels, which were fixed overnight with an ethanol/water/glacial acetic acid mix-
ture (50:40:10). The following day, the gels were exposed to a sensitizer solution, the silver was
impregnated, and finally, the image was developed. The bands were analyzed by optical densi-
tometry using the Scion Image software (Scion Corporation, Frederick, USA).

Intrarenal mRNA expression
After the renal function studies, one kidney was removed and quickly frozen and pulverized in
liquid nitrogen, followed by the isolation of RNA using the TRIzol LS Reagent (Life Technolo-
gies, Carlsbad, USA) and a RNA extraction kit (Qiagen Sciences, Germantown, USA). RNA was
quantified measuring the optical density at 260 nm and was then stored at-80°C. Total RNA
(2 μg) was reverse-transcribed using random hexamers (High Capacity cDNA Reverse Tran-
scription Kit; Life Technologies, Carlsbad, USA) following the manufacturer's guidelines. Real-
time PCR was performed using the StepOnePlus System (Life Technologies, Carlsbad, USA). To
analyze the expression of the short (Ob-Ra) and the long (Ob-Rb) leptin receptors, SYBR green
qPCR studies were performed, using the following primers: Ob-Ra (GI: 1526439) sense: 50-
GCTGCTCGGAACACTGTTAAT-30 and antisense: 50GAGTGTCCGCTCTCTTTTGG-30;
Ob-Rb (GI: 9587399) sense: 50-CCTGCTGGAGTCCCAAACAA-30 and antisense: 50-
GCGGAGCAGTTTTGACCTTG-30. For the other genes, the expression analysis was per-
formed using the TaqMan assay system (Life Technologies, Carlsbad, USA) and all assays
probes spanned an exon junction. The following assays were used: angiotensinogen:
Rn00593114_m1; renin: Rn00561847_m1; angiotensin converting enzyme (ACE):
Rn00561094_m1; collagen type III (Col3a1): Rn01437681_m1; tumor necrosis factor (TNF-α):
Rn99999017_m1; endothelin 1 (ET-1): Rn00561129_m1 and GAPDH: Rn01775763_g1 (inter-
nal control). All quantitative PCR studies were performed using 20 ng of cDNA and all samples
were assayed in duplicate. The comparative cycle threshold method was used for data analysis.
The data were normalized using GAPDH and were expressed as the fold change relative to the
sham group.

Statistical analysis
The data are reported as the mean ± SEM. For comparisons among the groups, one-way
ANOVA followed by Bonferroni’s test (GraphPad Prism Software, San Diego, USA) was per-
formed. The differences with p<0.05 were considered statistically significant.

Results

Food intake and body weight gain
As already demonstrated by other studies [18, 38] no differences in food intake in animals
treated with leptin for 7 and 28 days were found; therefore, a pair-fed group was not necessary.
However, despite similar food intake, the rats treated with leptin for 7 days showed less body
weight gain and the rats treated with leptin plus losartan, showed a partial recovery of this
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parameter. Losartan alone did not change the body weight gain. No differences in body weight
gain were observed in the rats treated for 28 days (Table 1).

Systolic Blood Pressure (SBP)
Many studies suggest an important participation of leptin in obesity-related hypertension [20,
21]. In the present study, the time-course changes in SBP from rats treated for 7 and 28 days
were analyzed. The initial SBP was similar in all of the groups, whereas the final SBP measure-
ment was higher in the rats treated with leptin, from both treatment periods (Table 2). Losartan
alone did not change the final SBP compared to the sham rats, but it prevented the elevation of
the SBP in the rats treated with leptin from both treatment periods. The delta of the SBP of rats
treated for 7 days is shown in Fig. 1A. The SBP over the 4 weeks in the leptin-treated rats for 28
days is exhibited in Fig. 1B.

Table 1. Food intake and body weight gain of rats treated for 7 and 28 days.

Sham Losartan Leptin Leptin plus Losartan

7 days n = 6 n = 6 n = 6 n = 6

Food intake (g/day) 20.64 ± 0.89 20.00 ± 1.18 17.30 ± 1.14 19.81 ± 1.02

BW gain (%) 17.33 ± 1.90 16.15 ± 1.16 3.62 ± 1.17* 10.71 ± 1.88* #

28 days n = 6 n = 6 n = 8 n = 6

Food intake (g/day)—week 1 20.87 ± 3.46 23.57 ± 2.10 20.46 ± 2.36 19.19 ± 3.33

Food intake (g/day)—week 2 26.78 ± 2.00 26.68 ± 1.03 23.60 ± 2.65 23.48 ± 2.92

Food intake (g/day)—week 3 25.68 ± 2.33 25.89 ± 1.92 24.37 ± 2.82 24.12 ± 3.42

Food intake (g/day)—week 4 22.00 ± 0.83 20.97 ± 1.62 24.52 ± 3.30 25.66 ± 2.38

Body weight gain (%) 45.65 ± 0.83 44.35 ± 2.49 41.05 ± 2.62 39.23 ± 1.95

*p< 0.05 versus Sham;
#p< 0.05 versus Leptin

doi:10.1371/journal.pone.0122265.t001

Table 2. Systolic blood pressure (SBP, in mmHg) pressure and leptin levels of rats treated for 7 and 28 days.

Sham Losartan Leptin Leptin plus Losartan

7 days n = 6 n = 6 n = 6 n = 6

Initial SBP (mmHg) 107.10 ± 0.50 108.00 ± 0.94 105.5 ± 0.62 105.6 ± 0.27

Final SBP (mmHg) 105.8 ± 0.66 105.6 ± 1.14 118.00 ± 1.53* 103.4 ± 0.70#

Plasma leptin (pg/mL) 1433 ± 191 1721 ± 159 4083 ± 634* 3518 ± 258*

28 days n = 6 n = 6 n = 8 n = 6

Initial SBP (mmHg) 105.6 ± 1.39 105.3 ± 0.87 105.3 ± 0.42 105.43 ± 0.71

SBP—week 1 (mmHg) 104.1 ± 0.71 104.1 ± 0.45 117.5 ± 1.43* 101.2 ± 3.92#

SBP—week 2 (mmHg) 104.7 ± 0.59 103.5 ± 0.84 123.4 ± 1.76* 103.9 ± 2.31#

SBP—week 3 (mmHg) 104.2 ± 0.33 103.7 ± 1.37 127.7 ± 3.75* 104.0 ± 1.50#

SBP—week 4 (mmHg) 103.5 ± 1.07 103.6 ± 1.62 128.8 ± 2.14* 104.5 ± 1.16#

Plasma leptin (pg/mL) 1742 ± 601.5 1628 ± 149.3 7751 ± 417.8* 3928 ± 660.5#

Plasma Ang II (ng/L) 13.22 ± 2.18 28.83 ± 3.35 38.91 ± 3.83* 41.27 ± 9.29*

Plasma ET-1 (ng/mL) 36.25 ± 1.14 31.59 ± 2.25 34.24 ± 2.89 28.17 ± 1.16

*p< 0.05 versus Sham;
#p< 0.05 versus Leptin.

doi:10.1371/journal.pone.0122265.t002
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Plasma peptide levels
As expected, plasma leptin levels were significantly elevated in the leptin-treated rats from both
treatment periods (7 and 28 days) (Table 2). In the rats treated with leptin plus losartan for 7
days, the leptin plasma levels were also elevated; however, in the rats treated with leptin plus
losartan for 28 days, there was a reduction in the plasma leptin level. Considering the progres-
sive increase in the SBP observed in the group treated for 28 days, the plasma Ang II and ET-1
levels were analyzed only in this group. The results showed a significant increase in the plasma
Ang II levels in both the leptin and leptin plus losartan groups. However, the plasma ET-1 lev-
els were not changed with leptin and/or losartan treatment.

Renal hemodynamics
Because leptin increases sympathetic nerve activity to the kidneys, which could secondarily ac-
tivate the RAS (an important regulator of renal hemodynamics), we next examined if leptin

Fig 1. Systolic blood pressure. The delta of the systolic blood pressure (SBP, in mmHg) of rats treated for 7
days (A) and the SBP progression of the rats treated for 28 days (B). Values are presented as the mean ± SE
for the representative groups. *p< 0.05 versus the sham and #p< 0.05 versus the leptin-treated rats. For the
rats treated for 7 days: sham (n = 6); losartan (n = 6); leptin (n = 6); and leptin plus losartan (n = 6). For the rats
treated for 28 days: sham (n = 6); losartan (n = 6), leptin (n = 8); leptin plus losartan (n = 6).

doi:10.1371/journal.pone.0122265.g001
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could induce changes in renal hemodynamic parameters and if Ang II, via the AT1 receptor
participates in these effects. In the rats treated for 7 days, the renal plasma flow (RPF) was not
significantly different among the groups, but leptin treatment decreased the RPF by 23%, com-
pared with the sham group (in mL/min/kg: sham = 20.48 ± 0.77; losartan = 17.96 ± 2.21; lep-
tin = 15.79 ± 1.02 and leptin plus losartan = 18.99 ± 1.54) (Fig. 2A). In contrast, in the rats
treated for 28 days, the leptin group showed a significant decrease in RPF, which was normal-
ized in leptin plus losartan group (in mL/min/kg: sham = 21.22 ± 0.46; losartan = 20.58 ± 0.61;
leptin = 16.44 ± 0.71� and leptin plus losartan = 19.00 ± 0.99#, �p<0.05 versus the sham group
and #p<0.05 versus the leptin-treated rats) (Fig. 2D). The glomerular filtration rate (GFR) was
also not significantly different among the groups treated for 7 days, with only a slight increase
(12%) in the leptin-treated rats compared with the sham group (in mL/min/kg:
sham = 8.24 ± 0.36; losartan = 7.46 ± 0.61; leptin = 9.19 ± 0.59 and leptin plus losar-
tan = 6.98 ± 0.52) (Fig. 2B). Likewise, the GFR was also not different among the groups treated
for 28 days (in mL/min/kg: sham = 7.83 ± 0.24; losartan = 7.31 ± 0.32; leptin = 6.79 ± 0.32 and
leptin plus losartan = 7.31 ± 0.45) (Fig. 2E). The rats treated with leptin for 7 days showed a de-
crease in the RPF and a slight increase in the GFR. Thus, the filtration fraction (FF) increased
significantly in this group and was normalized in the leptin plus losartan-treated group (in %:
sham = 40.59 ± 1.83; losartan = 45.54 ± 4.27; leptin = 59.09 ± 2.46� and leptin plus losar-
tan = 34.42 ± 3.06#; �p<0.05 versus the sham group and #p<0.05 versus the leptin-treated rats)
(Fig. 2C). The rats treated with leptin for 28 days also showed an enhanced FF, which was nor-
malized in the leptin plus losartan group (in %: sham = 35.95 ± 2.27; losartan = 35.87 ± 1.57;
leptin = 42.70 ± 1.36� and leptin plus losartan = 40.88 ± 1.58#; �p<0.05 versus the sham group
and #p<0.05 versus the leptin-treated rats) (Fig. 2F).

Fig 2. Renal hemodynamic. (A, D) The renal plasma flow (in mL/min/kg) of the rats treated for 7 and 28
days, respectively; (B, E) the glomerular filtration rate (in mL/min/kg) of the rats treated for 7 and 28,
respectively; and (C, F) the filtration fraction (in %) of the rats treated for 7 and 28, respectively. *p<0.05
versus the sham and #p<0.05 versus the leptin-treated rats. For the rats treated for 7 days: sham (n = 6);
losartan (n = 6); leptin (n = 6); and leptin plus losartan (n = 6). For the rats treated for 28 days: sham (n = 6);
losartan (n = 6), leptin (n = 8); leptin plus losartan (n = 6).

doi:10.1371/journal.pone.0122265.g002
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Tubular function
Parallel to the normal GFR, the urinary flow rate was only enhanced in the rats treated with
leptin for 7 days (7-day group in mL/min: sham = 0.047 ± 0.002; losartan = 0.047 ± 0.001;
leptin = 0.53 ± 0.003� and leptin plus losartan = 0.043± 0.001#; 28-day group in mL/min:
sham = 0.049 ± 0.003; losartan = 0.050 ± 0.003; leptin = 0.54 ± 0.004 and leptin plus losar-
tan = 0.049± 0.002) (Table 3 and Fig. 3A-D). Concomitantly, the filtered load of Na+ did not
differ among the groups. The excretion and fractional excretion of Na+ was significantly in-
creased only in the rats treated with leptin for 7 days and returned to control levels in the leptin
plus losartan group (Table 3 and Fig. 3B-F). The filtered load, excretion (Table 3) and fractional
excretion of K+ did not differ among the groups treated for 7 or 28 days.

Renal morphology
A significant and progressive increase in the glomerular area was observed in the rats treated with
leptin for 7 and 28 days, which was normalized in the leptin plus losartan groups (7-day treatment,
in μm2: sham = 6708 ± 62; losartan = 6779 ± 23; leptin = 7796 ± 130� and leptin plus losar-
tan = 6822 ± 20#; 28-day treatment, in μm2: sham = 7090 ± 72; losartan = 7093 ± 39;
leptin = 8689 ± 149� and leptin plus losartan = 7243 ± 74#; �p<0.05 versus the sham group and
#p<0.05 versus the leptin-treated rats (Fig. 4A-J). Morphological analysis of the renal cortex by
HE staining also revealed an increase in the fractional interstitial area (FIA) of the rats treated
with leptin for 28 days and a reduction in the leptin plus losartan group (in %: sham = 4.28 ± 0.43;

Table 3. Tubular function of rats treated for 7 and 28 days.

Sham Losartan Leptin Leptin plus Losartan

7 days n = 6 n = 6 n = 6 n = 6

V (mL/min) 0.047 ± 0.003 0.047 ± 0.002 0.053 ± 0.003* 0.043 ± 0.001#

Plasma Na+ (mEq/L) 145.30 ± 1.34 145.40 ± 1.33 142.80 ± 1.69 143.8 ± 1.16

Filtered Na+ (mEq/min) 1337 ± 129 1263 ± 180 1283 ± 108 914 ± 118

U.Na+ (mEq/min) 2.26 ± 0.61 1.70 ± 0.23 4.17 ± 0.26* 1.44 ± 0.16#

FE Na+ (%) 0.20 ± 0.02 0.17 ± 0.03 0.31 ± 0.03* 0.15 ± 0.01#

Plasma K+ (mEq/L) 3.57 ± 0.30 3.20 ± 020 3.60 ± 0.25 3.20 ± 0.20

Filtered K+ (mEq/min) 26.11 ± 4.53 21.72 ± 4.20 31.56 ± 3.99 19.00 ± 2.56

U.K+ (mEq/min) 2.33 ± 0.31 1.89 ± 0.34 1.63 ± 0.14 1.70 ± 0.18

FE K+ (%) 7.37 ± 1.18 8.00 ± 0.56 6.51 ± 0.88 8.58 ± 0.64

28 days n = 6 n = 6 n = 8 n = 6

V (mL/min) 0.049 ± 0.003 0.051 ± 0.003 0.054 ± 0.004 0.050 ± 0.002

Plasma Na+ (mEq/L) 143.20 ± 1.96 145.00 ± 1.32 143.80 ± 1.63 143.7 ± 1.73

Filtered Na+ (mEq/min) 1052 ± 75 1010 ± 93 1028 ± 108 843 ± 54

U.Na+ (mEq/min) 2.71 ± 0.53 2.63 ± 0.22 2.96 ± 0.45 2.54 ± 0.43

FE Na+ (%) 0.27 ± 0.06 0.27 ± 0.04 0.28 ± 0.03 0.30 ± 0.04

Plasma K+ (mEq/L) 3.80 ± 0.38 3.67 ± 0.33 3.20 ± 0.20 3.00 ± 0.00

Filtered K+ (mEq/min) 27.26 ± 1.68 27.81 ± 3.68 25.67 ± 2.36 20.19 ± 1.32

U.K+ (mEq/min) 1.63 ± 0.23 2.00 ± 0.21 2.79 ± 0.49 1.58 ± 0.24

FE K+ (%) 6.11 ± 0.98 7.54 ± 0.82 10.08 ± 0.99 7.74 ± 1.08

V (urinary flow rate); U.Na+ (Na+ excretion); FE Na+ (fractional excretion of Na+); U.K+ (K+ excretion); FE K+ (fractional excretion of K+).

*p< 0.05 versus Sham;
#p< 0.05 versus Leptin.

doi:10.1371/journal.pone.0122265.t003
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losartan = 4.56 ± 0.49; leptin = 8.85 ± 1.34� and leptin plus losartan = 5.04 ± 0.33#; �p<0.05 versus
the sham group and #p<0.05 versus the leptin-treated rats; Fig. 4K).

Immunohistochemical studies
Although Gunduz et al.[18] showed an increase in TGF-β staining in the rats treated with lep-
tin for 28 days, no studies have demonstrated glomerular injury in experimental hyperleptine-
mia. Our results showed that, along with glomerular hypertrophy, the rats treated with leptin
for 7 and 28 days qualitatively exhibited increased desmin expression, as indicated by the ar-
rowheads in Fig. 5A-H. In the leptin plus losartan group, the staining was decreased, indicating
the contribution of Ang II, via the AT1 receptors, in the glomerular injury. Because the effects
of leptin were more pronounced in the rats treated for 28 days, we also performed additional
immunohistochemical studies for ED-1 (CD68). The anti-CD68 antibody used reacts to a cyto-
plasmic antigen present both in monocytes and macrophages [39]. Thus, ED-1 staining is a
good marker of macrophage infiltration in the tissue. Our results showed a significant increase
in this cell type in the cortical tubulointerstitium from the rats treated with leptin (in positive
cells/field: sham = 10.75 ± 1.38; losartan = 7.5 ± 0,64; leptin = 92.5 ± 9.39� and leptin plus losar-
tan = 31.75 ± 2.17#$; �p<0.05 versus the sham group; #p<0.05 versus the leptin-treated rats and
$p<0.05 versus the losartan group) (Fig. 6A-D).

Albuminuria
Urine samples from rats treated with leptin for 7 and 28 days, but not from sham or losartan-
treated rats, showed a marked increase in the silver staining of proteins, which was significantly

Fig 3. Tubular function. (A, D) The urinary flow rate (in mL/min) of the rats treated for 7 and 28 days,
respectively; (B, E), urinary Na+ excretion (in mEq/min) of the rats treated for 7 and 28 days, respectively; (C,
F) fractional excretion of Na+ (in %) of the rats treated for 7 and 28 days, respectively. *p<0.05 versus the
sham and #p<0.05 versus the leptin-treated rats. For the rats treated for 7 days: sham (n = 6); losartan (n = 6);
leptin (n = 6); and leptin plus losartan (n = 6). For the rats treated for 28 days: sham (n = 6); losartan (n = 6),
leptin (n = 8); leptin plus losartan (n = 6).

doi:10.1371/journal.pone.0122265.g003
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decreased in the leptin plus losartan group (Fig. 7A-D) (7-day treatment, in arbitrary units:
sham = 2819 ± 1229; losartan = 2498 ± 926; leptin = 26728 ± 1279� and leptin plus losar-
tan = 9623± 3629#; 28-day treatment, in arbitrary units: sham=4083± 595; losartan = 3479± 418;
leptin = 18891 ± 1758� and leptin plus losartan = 6686 ± 743 #; �p<0.05 versus the sham group
and #p<0.05 versus the leptin-treated rats). The protein bands are the same size as bovine serum
albumin (BSA, 69 kDa), which suggests albumin excretion, namely albuminuria.

Fig 5. Desmin staining.Renal desmin immunostaining of the rats treated for 7 (A-D) and 28 days (E-H),
×20. Arrowheads = desmin staining; bar = 50 μm. For the rats treated for 7 days: sham (n = 6); losartan
(n = 6); leptin (n = 6); and leptin plus losartan (n = 6). For the rats treated for 28 days: sham (n = 6); losartan
(n = 6), leptin (n = 8); leptin plus losartan (n = 6).

doi:10.1371/journal.pone.0122265.g005

Fig 4. Renal morphology. The renal morphology of the leptin and/or losartan-treated rats. A representative
image of the glomeruli of the sham (A), losartan (B), leptin (C) and leptin plus losartan-treated rats (D) (×20).
Statistical analysis of the glomerular area of the rats treated for 7 days (E). A representative image of the
glomeruli of the sham (F), losartan (G), leptin (H) and leptin plus losartan-treated rats (I) (×20). Statistical
analysis of the glomerular area of the rats treated for 28 days (J). Statistical analysis of the fractional
interstitial area of the rats treated for 28 days (K). *p<0.05 versus the sham and #p<0.05 versus the leptin-
treated rats; G = glomeruli; bar = 100 μm. For the rats treated for 7 days: sham (n = 6); losartan (n = 6); leptin
(n = 6); and leptin plus losartan (n = 6). For the rats treated for 28 days: sham (n = 6); losartan (n = 6), leptin
(n = 8); leptin plus losartan (n = 6).

doi:10.1371/journal.pone.0122265.g004
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Intrarenal mRNA expression
The expression of the mRNA of leptin receptors (Ob-Ra and Ob-Rb) was not changed during
leptin and/or losartan treatment (Table 4). Many studies demonstrated that in some hyperten-
sive models, there is activation of the intrarenal RAS, associated with increased intrarenal

Fig 6. ED-1 staining. Renal ED-1 immunostaining of the rats treated for 28 days: sham (A), losartan (B),
leptin (C) and leptin plus losartan (D). ED-1-positive cell quantification (in cells/area) (E). Magnification of the
leptin-treated rats ED-1 positive cell area. G = glomeruli; arrowheads = ED-1-positive cells; bar = 100 μm.
*p<0.05 versus the sham; #p<0.05 versus the leptin-treated rats and $p<0.05 versus the losartan-treated.
For the rats treated for 28 days: sham (n = 6); losartan (n = 6), leptin (n = 8); leptin plus losartan (n = 6).

doi:10.1371/journal.pone.0122265.g006

Fig 7. Albuminuria. Albuminuria of leptin and/or losartan-treated rats. Urine samples of rats treated for 7 (A)
and 28 days (C) were resolved in 10% SDS page gels and stained using a ProteoSilver Plus Silver Stain Kit,
according to the manufacturer’s instructions. The leptin-treated rats exhibited marked proteinuria in contrast
to the sham group and the losartan-treated rats, whereas the leptin plus losartan group showed an attenuated
protein excretion. Statistical analysis of protein excretion of both treatment periods (B, D). *p<0.05 versus the
sham and #p<0.05 versus the leptin-treated rats. BSA = 69 kDa. For the rats treated for 7 days: sham (n = 6);
losartan (n = 6); leptin (n = 6); and leptin plus losartan (n = 6). For the rats treated for 28 days: sham (n = 6);
losartan (n = 6), leptin (n = 8); leptin plus losartan (n = 6).

doi:10.1371/journal.pone.0122265.g007
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synthesis of angiotensinogen, angiotensin I, angiotensin converting enzyme (ACE) and Ang II
[40–42]. Once our results showed an important contribution of the Ang II/AT1 receptor on
leptin’s effects, we next investigated whether leptin treatment for 28 days enhances the expres-
sion of intrarenal RAS components. Our results showed no differences in angiotensinogen and
ACE mRNA expression in renal tissue from rats treated with leptin for 28 days. The expression
of renin mRNA was increased in both the losartan and the leptin plus losartan groups com-
pared with the sham rats (Table 4 and Fig. 8A-C). The expression of ET-1 mRNA was also not
different among the studied groups (Table 4 and Fig. 8D). The results in the rats treated with

Table 4. Quantitative PCR of RAS components in renal tissue of rats treated for 28 days.

Sham n = 6 Losartan n = 6 Leptin n = 8 Leptin plus Losartan n = 6

Ob-Ra mRNA (fold change) 1.06 ± 0.18 1.05 ± 0.05 0.95 ± 0.06 0.98 ± 0.23

Ob-Rb mRNA (fold change) 1.09 ± 0.26 1.27 ± 0.12 1.36 ± 0.06 1.60 ± 0.16

Agt mRNA (fold change) 1.03 ± 0.15 0.79 ± 0.18 0.93 ± 0.25 0.72 ± 0.05

Renin mRNA (fold change) 1.01 ± 0.11 5.24 ± 1.28* 1.66 ± 0.45 4.94 ± 0.59#

ACE mRNA (fold change) 1.01 ± 0.10 0.62 ± 0.09 1.17 ± 0.32 0.75 ± 0.17

ET-1 mRNA (fold change) 1.04 ± 0.13 0.87 ± 0.04 1.04 ± 0.19 0.83 ± 0.09

TNF-α mRNA (fold change) 0.91 ± 0.17 1.15 ± 0.09 1.65 ± 0.06* 0.94 ± 0.13#

Col III mRNA (fold change) 0.59 ± 0.06 0.65 ± 0.15 1.90 ± 0.27* 1.36 ± 0.42

Agt (Angiotensinogen); ACE (Angiotensin Converting Enzyme); TNF-α (Tumor Necrosis Factor), TGF-β (Transforming Growth Factor); Col III (Collagen

type III); ET-1 (Endothelin 1); Ob-Ra (Short leptin receptor isoform); Ob-Rb (Long leptin receptor isoform).

*p< 0.05 versus Sham;
#p< 0.05 versus Leptin.

doi:10.1371/journal.pone.0122265.t004

Fig 8. Quantitative PCR.Quantitative PCR analyses in the renal tissue of rats treated for 28 days (in fold
change): angiotensinogen (A), renin (B), ACE (C), ET-1 (D), TNF-α (E) and collagen type III (F) from sham
(n = 6), losartan (n = 6), leptin (n = 8) and leptin plus losartan (n = 6) treated rats. *p<0.05 versus the sham
and #p<0.05 versus the leptin-treated rats.

doi:10.1371/journal.pone.0122265.g008

Leptin and Kidney

PLOS ONE | DOI:10.1371/journal.pone.0122265 March 20, 2015 13 / 19



leptin showed a significant increase in the expression of the inflammatory cytokine TNF-α,
which was reduced in the leptin plus losartan group (Table 4 and Fig. 8E). The expression of
the fibrotic protein collagen III also increased in the leptin-treated rats, however it was not nor-
malized by co-treatment with losartan (Table 4 and Fig. 8F).

Discussion
Although many studies have accumulated evidences that leptin is a multifunctional hormone
with actions extending beyond the regulation of the appetite and body weight, we did not ob-
serve changes in food intake of rats treated with leptin for 7 or 28 days, in the present study.
These findings are in agreement with other studies [17, 28, 43]. The decrease in body weight
gain observed in the 7-day group may be related to altered energy expenditure and an en-
hanced metabolic rate. The absence of differences in body weight gain in rats treated for 28
days suggest a resistance to the anorexic effects of leptin. In part, our data are consistent with
the findings of Gunduz et al. [18], which demonstrated that rats treated with leptin for 28 days
had the same food intake as the sham rats, but had less body weight gain. However, the leptin
dose used in this study was much higher than in our study, suggesting a dose-response effect of
leptin on body weight gain.

Our results also demonstrated that leptin treatment for 7 and 28 days induced, as expected,
a significant increase in the plasma leptin levels. Surprisingly, the rats treated with leptin plus
losartan showed lower plasma leptin levels, which suggests an interaction between leptin and
the Ang II/AT1 receptor in controlling this parameter. In addition, Skurk et al. [44] demon-
strated that Ang II stimulates leptin secretion from adipocytes, and this process involves the
AT1 receptor. Because we blocked the binding of Ang II to AT1 receptors with losartan, less
leptin was released from adipocytes. Despite these interactions between leptin and the Ang II/
AT1 receptor, we did not observe changes to leptin receptor (the short isoform Ob-Ra and the
long isoform Ob-Rb) expression in the renal tissue, of any group.

In obese animals, the development of hypertension is associated with high leptin levels [20,
45]. In fact, many studies have demonstrated that leptin induces an elevation of the SBP [14, 16,
28, 29, 46–49]. Our results are in agreement with these studies because leptin treatment induced
a progressive increase in the SBP, achieving a pre-hypertensive state. In both treatment periods
(7 and 28 days), the increase in the final SBP induced by leptin was prevented by losartan, sug-
gesting a crosstalk between leptin and the Ang II/AT1 receptor to induce the increase in the SBP.
Bornstein and Torpy [50] demonstrated that rats treated with leptin (0.12 mg/kg) for 7 days
showed increased plasma renin activity; however, the effects of leptin on Ang II were not studied.
Our results showed increased Ang II plasma levels. Thus, to our knowledge, this is the first study
to demonstrate changes in the SBP as a function of hyperleptinemia and associated with in-
creased AngII/AT1 receptor. In the present study, the SBP did not change in the losartan-treated
rats, which is in accordance with other studies [51, 52] and unpublished data from our group.

The effect of leptin on renal hemodynamics is not completely understood. Beltowski et al.
[28, 49] and Gunduz et al. [18] showed no differences in the GFR and renal blood flow (RBF)
in rats chronically treated with leptin for 7 and 28 days, respectively. However, Di Bona [53]
suggested that hyperleptinemia could induce a reduction in the RPF, renal vasoconstriction,
enhanced renin secretion and de novo Ang II synthesis. Our results are in accordance with Di
Bona0s findings because in rats treated with leptin for 7 days, we observed a slight decrease
(23%) in the RPF, and this decrease was progressive and achieved statistical significance in rats
treated for 28 days. In both treatment periods, the RPF was normalized in the leptin plus losar-
tan group, indicating that leptin acting on the sympathetic nervous system can induce vasocon-
striction in the renal arterioles and activate the RAS. The discrepancy between our results and
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Gunduz`s findings can be justified by the different methods used. Gunduz et al. [18] evaluated
the RBF by an indirect method, using a laser module system, whereas in our study, the RPF
was analyzed through PAH clearance.

In the present study, leptin treatment for 7 or 28 days did not result in GFR changes. How-
ever, although not significantly different, the alterations of the GFR and RPF observed in the
present study are physiologically relevant because the FF was significantly higher in rats treated
with leptin for 7 and 28 days. Only the leptin plus losartan rats treated for 7 days displayed a
completely normalized FF, suggesting that in the 28-day group, not only the Ang II/AT1 recep-
tor, but also other factors such as ET-1 and NO participates in the FF enhancement. ET-1 is
the main peptide of the endothelin family, which includes ET-2 and ET-3. ET-1 binds to two
different receptors: ETA, which mediates vasoconstriction and ETB, which mediates vasodila-
tion and inflammatory processes [54]. Furthermore, in many diseases, the synthesis and activi-
ty of ET-1 is increased in the kidneys [55]. Gunduz et al. [18], studying hyperleptinemic rats,
demonstrated an increase in the plasma ET-1 levels, which were normalized by co-treatment
with losartan. In the present study, we did not observe changes in plasma ET-1 levels. However,
of note, in the study performed by Gunduz et al., the leptin dose was much higher compared
with the doses used by us. Furthermore, Beltowski et al. [17] demonstrated that leptin treat-
ment induces renal oxidative stress and decreases NO availability. The NO deficiency contrib-
utes to the intrarenal resistance and induces hemodynamic changes, by modulating the FF.

The urinary flow rate increased in the leptin-treated rats for 7 days and was normalized in
the leptin plus losartan group. In contrast, the rats treated for 28 days exhibited no differences
in the urinary flow rate. Controversy exists regarding Na+ regulation with chronic leptin infu-
sion. Kuo et al. (2001) [15] did not observe any differences in Na+ excretion, whereas Beltowski
et al. (2004) [16] showed Na+ retention and Gunduz et al. (2005) [18] demonstrated a natri-
uretic effect. Villarreal et al. [56] suggested that the increase in the fractional excretion of Na+

without changes in the GFR could be due to a tubular mechanism. In fact, the identification of
the long leptin receptor (Ob-Rb) in the renal medulla, primarily in the medullary collecting
ducts, indicates that this segment is a possible target for leptin’s direct action [11, 57]. Our re-
sults showed a natriuretic effect with leptin treatment for 7 days, which was normalized in the
leptin plus losartan group and is in concordance with the observed enhanced urinary flow rate
(diuresis). Our results also indicated that the natriuretic effect might be due to tubular mecha-
nisms because the Na+ filtration load and Na+ plasma levels are similar in the groups studied.
However, the natriuretic effect was absent in the 28-day group. This indicates that the en-
hanced Na+ excretion in the 7-day group could be an effort to counterbalance the increase in
the SBP, but this effect is blunted in the 28-day group. In fact, both the increases in renal sym-
pathetic nerve activity and the activation of the RAS contribute to the modulation of the pres-
sure natriuresis mechanism and impairs the ability of the kidneys to maintain blood pressure
and sodium homeostasis [58]. The increase in the plasma Ang II levels observed in the 28-day
leptin-treated rats further support these results. Considering that short leptin receptors (Ob-
Ra) are expressed in the glomerulus [9], that long leptin receptors (Ob-Rb) are expressed in the
medulla [11], and that we did not observe differences in leptin receptors mRNA expression
after chronic treatment, we next investigated whether leptin treatment induces renal morpho-
logical changes. The peptide induced a significant increase in the glomerular area, namely glo-
merular hypertrophy, which worsened from 7 to 28 days of treatment. Treatment with leptin
plus losartan decreased the hypertrophy, suggesting that Ang II via the AT1 receptor is at least
partially responsible for this effect. Glomerular hypertrophy is considered a relevant event in
the progression of glomerular injury [59]. The rats treated with leptin for 7 and 28 days exhib-
ited enhanced desmin staining, which is an important marker of glomerular lesion and is asso-
ciated with the observed hypertrophy. In normal rats, desmin is expressed mainly in mesangial

Leptin and Kidney

PLOS ONE | DOI:10.1371/journal.pone.0122265 March 20, 2015 15 / 19



cells. Desmin expression in podocytes occurs after injury; therefore, desmin staining can be
used as a reliable marker of podocyte damage [60]. The albuminuria observed in the rats treat-
ed with leptin further confirms the leptin’s effects on glomerular injury.

The histological analysis also demonstrated that leptin treatment for 28 days induced inter-
stitial damage, observed as an increase in the fractional interstitial area, which was normalized
in the leptin plus losartan group. Moreover, the rats treated with leptin for 28 days showed a
significant infiltration of macrophages in the renal tissue, which was confirmed by ED-1 stain-
ing, that indicates a local inflammatory process and corroborates with the interstitial damage.
The infiltration of ED-1 positive cells was reduced in the leptin plus losartan group, which indi-
cates the protective effect of the antagonism of the AT1 receptor.

The positive effects of leptin on the mRNA expression of fibrotic and inflammatory compo-
nents are in agreement with the results presented so far. The increase in collagen III expression
is associated with glomerular hypertrophy, and the increase in TNF-α is highly associated with
inflammation of the renal tissue. TNF-α binding to TNF receptor type 1 appears to potentiate
angiotensin II-induced hypertension by suppressing renal nitric oxide production [61] and
also appears to induce renal vasoconstriction [62]. Furthermore, Loffreda et al. [63] demon-
strated that leptin up-regulates inflammatory responses, activates macrophages and induces
the expression of pro-inflammatory cytokines, such as TNF-α.

Because the effects of leptin on the SBP, renal function and morphology were more pro-
nounced in the rats treated for 28 days, we next investigated the effect of leptin on mRNA ex-
pression of intrarenal RAS components. Our results did not reveal changes in the expression of
these components as has been observed in other hypertensive models. The enhanced renin ex-
pression in the losartan and leptin plus losartan groups, results from the blockade of negative
feedback on the synthesis and secretion of renin by juxtaglomerular cells. Ang II, via the AT1

receptors, classically inhibits renin secretion. Thus, the blockade of Ang II action by losartan
induces renin secretion.

Collectively, the results presented here demonstrated that the crosstalk between leptin and
systemic RAS induced a progressive increase in the SBP and activated systemic RAS, thereby
increasing plasma Ang II levels. In turn, Ang II acting via AT1 receptor induced progressive
glomerular injury, renal inflammation and consequently, renal dysfunction. These findings are
relevant to understand how hyperleptinemia contributes to the progressive alterations in renal
function and morphology and the development of hypertension in this experimental model.

Acknowledgments
The authors thank Dr. Margarida de Mello Aires and Dr. Gerhard Malnic (Institute of Biomed-
ical Sciences, University of São Paulo) for providing some drugs and Dr. Adriana C.C. Girardi
(Heart Institute—InCor, University of Sao Paulo Medical School) for kindly supplying the
losartan. The authors also thank Juliana da Silva Costa Martins for technical assistance.

Author Contributions
Conceived and designed the experiments: KT MOS. Performed the experiments: KT MOS. An-
alyzed the data: KT MOS. Contributed reagents/materials/analysis tools: KT MOS. Wrote the
paper: KT MOS.

References
1. Morgan DA, Thedens DR, Weiss R, Rahmouni K. Mechanismsmediating renal sympathetic activation

to leptin in obesity. Am J Physiol Regul Integr Comp Physiol. 2008; 295(6): R1730–1736. doi: 10.1152/
ajpregu.90324.2008 PMID: 18815209

Leptin and Kidney

PLOS ONE | DOI:10.1371/journal.pone.0122265 March 20, 2015 16 / 19

http://dx.doi.org/10.1152/ajpregu.90324.2008
http://dx.doi.org/10.1152/ajpregu.90324.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815209


2. Misra A, Garg A. Leptin, its receptor and obesity. J Investig Med. 1996; 44(9): 540–548. PMID:
9035607

3. Nasrallah MP, Ziyadeh FN. Overview of the physiology and pathophysiology of leptin with special em-
phasis on its role in the kidney. Semin Nephrol. 2013; 33(1): 54–65. doi: 10.1016/j.semnephrol.2012.
12.005 PMID: 23374894

4. Wolf G, Chen S, Han DC, Ziyadeh FN. Leptin and renal disease. Am J Kidney Dis. 2002; 39(1): 1–11.
PMID: 11774095

5. Fortuño A, Rodríguez A, Gómez-Ambrosi J, Muñiz P, Salvador J, Díez J, et al. Leptin inhibits angioten-
sin II-induced intracellular calcium increase and vasoconstriction in the rat aorta. Endocrinology. 2002;
143(9): 3555–3560. PMID: 12193570

6. Stenvinkel P, Lönnqvist F, Schalling M. Molecular studies of leptin: implications for renal disease.
Nephrol Dial Transplant. 1999; 14(5): 1103–1112. PMID: 10344346

7. Hama H, Saito A, Takeda T, Tanuma A, Xie Y, Sato K, et al. Evidence indicating that renal tubular me-
tabolism of leptin is mediated by megalin but not by the leptin receptors. Endocrinology. 2004; 145(8):
3935–3940. PMID: 15131016

8. Meyer C, Robson D, Rackovsky N, Nadkarni V, Gerich J. Role of the kidney in human leptin metabo-
lism. Am J Physiol. 1997; 273(5 Pt 1): E903–907. PMID: 9374675

9. Wolf G, Hamann A, Han DC, Helmchen U, Thaiss F, Ziyadeh FN, et al. Leptin stimulates proliferation
and TGF-beta expression in renal glomerular endothelial cells: potential role in glomerulosclerosis. Kid-
ney Int. 1999; 56(3): 860–872. PMID: 10469355

10. Han DC, Isono M, Chen S, Casaretto A, Hong SW,Wolf G, et al. Leptin stimulates type I collagen pro-
duction in db/db mesangial cells: glucose uptake and TGF-beta type II receptor expression. Kidney Int.
2001; 59(4): 1315–23. PMID: 11260392

11. Martínez-Ansó E, Lostao MP, Martinez JA. Immunohistochemical localization of leptin in rat kidney.
Kidney Int. 1999; 55(3): 1129–1130. PMID: 10215465

12. Hsu YH, Cheng CY, Chen YC, Chen TH, Sue YM, Tsai WL, et al. Long-term leptin treatment exerts a
pro-apoptotic effect on renal tubular cells via prostaglandin E2 augmentation. Eur J Pharmacol. 2012;
689(1–3): 65–71.

13. Chen YC, Chen CH, Hsu YH, Chen TH, Sue YM, Cheng CY, et al. Leptin reduces gentamicin-induced
apoptosis in rat renal tubular cells via the PI3K-Akt signaling pathway. Eur J Pharmacol. 2011; 658(2–-
3): 213–218.

14. Shek EW, Brands MW, Hall JE. Chronic leptin infusion increases arterial pressure. Hypertension. 1998;
31(1 Pt 2): 409–414. PMID: 9453337

15. Kuo JJ, Jones OB, Hall JE. Inhibition of NO synthesis enhances chronic cardiovascular and renal ac-
tions of leptin. Hypertension. 2001; 37(2 Part 2): 670–676.

16. Beltowski J, Wójcicka G, Marciniak A, Jamroz A. Oxidative stress, nitric oxide production, and renal so-
dium handling in leptin-induced hypertension. Life Sci. 2004; 74(24): 2987–3000. PMID: 15051422

17. Beltowski J, Wójcicka G, Jamroz-Wiśniewska A, Borkowska E, Marciniak A. Antioxidant treatment nor-
malizes nitric oxide production, renal sodium handling and blood pressure in experimental hyperleptine-
mia. Life Sci. 2005; 77(15): 1855–1868. PMID: 15913657

18. Gunduz Z, Dursun N, Akgun H, Ozturk F, Okur H, Koc N. Renal effects of long-term leptin infusion and
preventive role of losartan treatment in rats. Regul Pept. 2005; 132(1–3): 59–66. PMID: 16249039

19. Hall JE. The kidney, hypertension, and obesity. Hypertension. 2003; 41(3 Pt 2): 625–633. PMID:
12623970

20. Aizawa-Abe M, Ogawa Y, Masuzaki H, Ebihara K, Satoh N, Iwai H, et al. Pathophysiological role of lep-
tin in obesity-related hypertension. J Clin Invest. 2000; 105(9): 1243–1252. PMID: 10791999

21. Mark AL, Correia ML, Rahmouni K, HaynesWG. Selective leptin resistance: a new concept in leptin
physiology with cardiovascular implications. J Hypertens. 2002; 20(7): 1245–1250. PMID: 12131511

22. Quehenberger P, Exner M, Sunder-Plassmann R, Ruzicka K, Bieglmayer C, Endler G, et al. Leptin in-
duces endothelin-1 in endothelial cells in vitro. Circ Res. 2002; 90(6): 711–718. PMID: 11934840

23. El-Gharbawy AH, Kotchen JM, Grim CE, Kaldunski M, Hoffmann RG, Pausova Z, et al. Gender-specific
correlates of leptin with hypertension-related phenotypes in African Americans. Am J Hypertens. 2002;
15(11): 989–993. PMID: 12441220

24. Mehta PK, Griendling KK. Angiotensin II cell signaling: physiological and pathological effects in the car-
diovascular system. Am J Physiol Cell Physiol. 2007; 292(1): C82–97. PMID: 16870827

25. Wollert KC, Drexler H. The renin-angiotensin system and experimental heart failure. Cardiovasc Res.
1999; 43(4): 838–849. PMID: 10615411

Leptin and Kidney

PLOS ONE | DOI:10.1371/journal.pone.0122265 March 20, 2015 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/9035607
http://dx.doi.org/10.1016/j.semnephrol.2012.12.005
http://dx.doi.org/10.1016/j.semnephrol.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23374894
http://www.ncbi.nlm.nih.gov/pubmed/11774095
http://www.ncbi.nlm.nih.gov/pubmed/12193570
http://www.ncbi.nlm.nih.gov/pubmed/10344346
http://www.ncbi.nlm.nih.gov/pubmed/15131016
http://www.ncbi.nlm.nih.gov/pubmed/9374675
http://www.ncbi.nlm.nih.gov/pubmed/10469355
http://www.ncbi.nlm.nih.gov/pubmed/11260392
http://www.ncbi.nlm.nih.gov/pubmed/10215465
http://www.ncbi.nlm.nih.gov/pubmed/9453337
http://www.ncbi.nlm.nih.gov/pubmed/15051422
http://www.ncbi.nlm.nih.gov/pubmed/15913657
http://www.ncbi.nlm.nih.gov/pubmed/16249039
http://www.ncbi.nlm.nih.gov/pubmed/12623970
http://www.ncbi.nlm.nih.gov/pubmed/10791999
http://www.ncbi.nlm.nih.gov/pubmed/12131511
http://www.ncbi.nlm.nih.gov/pubmed/11934840
http://www.ncbi.nlm.nih.gov/pubmed/12441220
http://www.ncbi.nlm.nih.gov/pubmed/16870827
http://www.ncbi.nlm.nih.gov/pubmed/10615411


26. Kobori H, Nangaku M, Navar LG, Nishiyama A. The intrarenal renin-angiotensin system: from physiolo-
gy to the pathobiology of hypertension and kidney disease. Pharmacol Rev. 2007; 59(3): 251–287.
PMID: 17878513

27. Navar LG, Mitchell KD, Harrison-Bernard LM, Kobori H, Nishiyama A. Intrarenal angiotensin II levels in
normal and hypertensive states. J Renin Angiotensin Aldosterone Syst. 2001; 2: S176–S184. PMID:
19644566

28. Beltowski J. Effect of hyperleptinemia on endothelial nitric oxide production. Atherosclerosis. 2005; 178
(2): 403–404. PMID: 15694951

29. Beltowski J, Wojcicka G, Trzeciak J, Marciniak A. H2O2 and Src-dependent transactivation of the EGF
receptor mediates the stimulatory effect of leptin on renal ERK and Na+, K+-ATPase. Peptides. 2006;
27(12): 3234–44. PMID: 16973240

30. Beltowski J, Jamroz-Wisniewska A, Borkowska E, Marciniak A. Phosphodiesterase 5 inhibitor amelio-
rates renal resistance to atrial natriuretic peptide associated with obesity and hyperleptinemia. Arch
Med Res. 2006; 37(3):307–15. PMID: 16513477

31. Beltowski J, Wojcicka G, Jamroz-Wisniewska A. Role of nitric oxide and endothelium-derived hyperpo-
larizing factor (EDHF) in the regulation of blood pressure by leptin in lean and obese rats. Life Sci.
2006; 79(1):63–71. PMID: 16455110

32. Beltowski J, Wojcicka G, Jamroz-Wisniewska A, Borkowska E. Role of PI3K and PKB/Akt in acute na-
triuretic and NO-mimetic effects of leptin. Regul Pept. 2007; 140(3): 168–77. PMID: 17229473

33. Beltowski J. Central vs. peripheral leptin excess in the pathogenesis of obesity-associated hyperten-
sion. J Hypertens. 2008; 26(4): 827–8. doi: 10.1097/HJH.0b013e3282f47688 PMID: 18327099

34. Fuhr J, Kaczmarczyk J, Kruttgen CD. [A simple colorimetric method of inulin determination in renal
clearance studies on metabolically normal subjects and diabetics]. Klin Wochenschr. 1955; 33(29–30):
729–730. PMID: 14354852

35. Smith HW, Finkelstein N, Aliminosa L, Crawford B, Graber M. THE RENAL CLEARANCES OF
SUBSTITUTED HIPPURIC ACID DERIVATIVES ANDOTHER AROMATIC ACIDS IN DOG AND
MAN. J Clin Invest. 1945; 24(3): 388–404. PMID: 16695228

36. Marin EC, Francescato HD, da Silva CG, Costa RS, Coimbra TM. Postnatal Renal Abnormalities in
Rats Exposed to Losartan during Lactation. Nephron Exp Nephrol. 2011; 119(3): e49–e57. doi: 10.
1159/000328337 PMID: 21849800

37. Campos R, Shimizu MHM, Volpini RA, Bragança ACd, Andrade L, Lopes FDTQdS, et al. N-acetylcys-
teine prevents pulmonary edema and acute kidney injury in rats with sepsis submitted to mechanical
ventilation. Am J Physiol Lung Cell Mol Physiol. 2012; 302(7): L640–650. doi: 10.1152/ajplung.00097.
2011 PMID: 22268121

38. Wojcicka G, Jamroz-Wisniewska A, Widomska S, Ksiazek M, Beltowski J. Role of extracellular signal-
regulated kinases (ERK) in leptin-induced hypertension. Life Sci. 2008; 82(7–8): 402–12.

39. Shimizu MH, Volpini RA, de Braganca AC, Campos R, Canale D, Sanches TR, et al. N-acetylcysteine
attenuates renal alterations induced by senescence in the rat. Exp Gerontol. 2013; 48(2): 298–303. doi:
10.1016/j.exger.2012.11.006 PMID: 23183129

40. Zou LX, Hymel A, Imig JD, Navar LG. Renal accumulation of circulating angiotensin II in angiotensin II-
infused rats. Hypertension. 1996; 27(3 Pt 2): 658–662. PMID: 8613220

41. Von Thun AM, Vari RC, el-Dahr SS, Navar LG. Augmentation of intrarenal angiotensin II levels by
chronic angiotensin II infusion. Am J Physiol. 1994; 266(1 Pt 2): F120–128. PMID: 8304477

42. Zou LX, Imig JD, von Thun AM, Hymel A, Ono H, Navar LG. Receptor-mediated intrarenal angiotensin
II augmentation in angiotensin II-infused rats. Hypertension. 1996; 28(4): 669–677. PMID: 8843896

43. Beltowski J, Jamroz-Wiśniewska A, Borkowska E, Wójcicka G. Differential effect of antioxidant treat-
ment on plasma and tissue paraoxonase activity in hyperleptinemic rats. Pharmacol Res. 2005; 51(6):
523–532. PMID: 15829432

44. Skurk T, van Harmelen V, BlumWF, Hauner H. Angiotensin II promotes leptin production in cultured
human fat cells by an ERK1/2-dependent pathway. Obes Res. 2005; 13(6): 969–973. PMID: 15976138

45. Mark AL, Shaffer RA, Correia ML, Morgan DA, Sigmund CD, HaynesWG. Contrasting blood pressure
effects of obesity in leptin-deficient ob/ob mice and agouti yellow obese mice. J Hypertens. 1999; 17(12
Pt 2): 1949–1953. PMID: 10703894

46. Beltowski J, Wójcicka G, Borkowska E. Human leptin stimulates systemic nitric oxide production in the
rat. Obes Res. 2002; 10(9): 939–946. PMID: 12226143

47. Beltowski J, Jamroz-Wisniewska A, Wojcicka G, Lowicka E, Wojtak A. Renal antioxidant enzymes and
glutathione redox status in leptin-induced hypertension. Mol Cell Biochem. 2008; 319(1–2): 163–174.
doi: 10.1007/s11010-008-9888-0 PMID: 18719978

Leptin and Kidney

PLOS ONE | DOI:10.1371/journal.pone.0122265 March 20, 2015 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/17878513
http://www.ncbi.nlm.nih.gov/pubmed/19644566
http://www.ncbi.nlm.nih.gov/pubmed/15694951
http://www.ncbi.nlm.nih.gov/pubmed/16973240
http://www.ncbi.nlm.nih.gov/pubmed/16513477
http://www.ncbi.nlm.nih.gov/pubmed/16455110
http://www.ncbi.nlm.nih.gov/pubmed/17229473
http://dx.doi.org/10.1097/HJH.0b013e3282f47688
http://www.ncbi.nlm.nih.gov/pubmed/18327099
http://www.ncbi.nlm.nih.gov/pubmed/14354852
http://www.ncbi.nlm.nih.gov/pubmed/16695228
http://dx.doi.org/10.1159/000328337
http://dx.doi.org/10.1159/000328337
http://www.ncbi.nlm.nih.gov/pubmed/21849800
http://dx.doi.org/10.1152/ajplung.00097.2011
http://dx.doi.org/10.1152/ajplung.00097.2011
http://www.ncbi.nlm.nih.gov/pubmed/22268121
http://dx.doi.org/10.1016/j.exger.2012.11.006
http://www.ncbi.nlm.nih.gov/pubmed/23183129
http://www.ncbi.nlm.nih.gov/pubmed/8613220
http://www.ncbi.nlm.nih.gov/pubmed/8304477
http://www.ncbi.nlm.nih.gov/pubmed/8843896
http://www.ncbi.nlm.nih.gov/pubmed/15829432
http://www.ncbi.nlm.nih.gov/pubmed/15976138
http://www.ncbi.nlm.nih.gov/pubmed/10703894
http://www.ncbi.nlm.nih.gov/pubmed/12226143
http://dx.doi.org/10.1007/s11010-008-9888-0
http://www.ncbi.nlm.nih.gov/pubmed/18719978


48. Beltowski J, Wojcicka G, Jamroz-Wisniewska A, Marciniak A. Resistance to acute NO-mimetic and
EDHF-mimetic effects of leptin in the metabolic syndrome. Life Sci. 2009 Oct 7; 85(15–16): 557–67.
doi: 10.1016/j.lfs.2009.10.010 PMID: 19874829

49. Beltowski J, Wojcicka G, Jamroz-Wisniewska A, Wojtak A. Chronic hyperleptinemia induces resistance
to acute natriuretic and NO-mimetic effects of leptin. Peptides. 2010; 31(1): 155–63. doi: 10.1016/j.
peptides.2009.10.012 PMID: 19854228

50. Bornstein SR, Torpy DJ. Leptin and the renin-angiotensin-aldosterone system. Hypertension. 1998; 32
(2): 376–377. PMID: 9719071

51. Senador D, Kanakamedala K, Irigoyen MC, Morris M, Elased KM. Cardiovascular and autonomic phe-
notype of db/db diabetic mice. Exp Physiol. 2009; 94(6): 648–658. doi: 10.1113/expphysiol.2008.
046474 PMID: 19218356

52. Nunes FC, Braga VA. Chronic angiotensin II infusion modulates angiotensin II type I receptor expres-
sion in the subfornical organ and the rostral ventrolateral medulla in hypertensive rats. J Renin Angio-
tensin Aldosterone Syst. 2011; 12(4): 440–445. doi: 10.1177/1470320310394891 PMID: 21393361

53. DiBona GF. The sympathetic nervous system and hypertension: recent developments. Hypertension.
2004; 43(2): 147–150. PMID: 14707153

54. Barton M. Therapeutic potential of endothelin receptor antagonists for chronic proteinuric renal disease
in humans. Biochim Biophys Acta. 2010; 1802(12): 1203–1213. doi: 10.1016/j.bbadis.2010.03.012
PMID: 20359530

55. Benigni A, Remuzzi G. How renal cytokines and growth factors contribute to renal disease progression.
Am J Kidney Dis. 2001; 37(1 Suppl 2): S21–24. PMID: 11158856

56. Villarreal D, Reams G, Freeman RH, Taraben A. Renal effects of leptin in normotensive, hypertensive,
and obese rats. Am J Physiol. 1998; 275(6 Pt 2): R2056–2060. PMID: 9843897

57. Jackson EK, Li P. Human leptin has natriuretic activity in the rat. Am J Physiol. 1997; 272(3 Pt 2):
F333–338. PMID: 9087676

58. Ivy JR, Bailey MA. Pressure natriuresis and the renal control of arterial blood pressure. J Physiol. 2014
Sep 15; 592(Pt 18): 3955–2967. doi: 10.1113/jphysiol.2014.271676 PMID: 25107929

59. Coimbra TM, Janssen U, Gröne HJ, Ostendorf T, Kunter U, Schmidt H, et al. Early events leading to
renal injury in obese Zucker (fatty) rats with type II diabetes. Kidney Int. 2000; 57(1): 167–182. PMID:
10620198

60. Crowley SD, Vasievich MP, Ruiz P, Gould SK, Parsons KK, Pazmino AK, et al. Glomerular type 1 an-
giotensin receptors augment kidney injury and inflammation in murine autoimmune nephritis. J Clin In-
vest. 2009; 119(4): 943–953. doi: 10.1172/JCI34862 PMID: 19287096

61. Zhang J, Patel MB, Griffiths R, Mao A, Song YS, Karlovich NS, et al. Tumor Necrosis Factor-alpha Pro-
duced in the Kidney Contributes to Angiotensin II-dependent Hypertension. Hypertension. 2014; 64(6):
1275–1281. doi: 10.1161/HYPERTENSIONAHA.114.03863 PMID: 25185128

62. Castillo A, Islam MT, Prieto MC, Majid DS. Tumor necrosis factor-alpha receptor type 1, not type 2, me-
diates its acute responses in the kidney. Am J Physiol Renal Physiol. 2012; 302(12): F1650–1657. doi:
10.1152/ajprenal.00426.2011 PMID: 22461305

63. Loffreda S, Yang SQ, Lin HZ, Karp CL, BrengmanML, Wang DJ, et al. Leptin regulates proinflamma-
tory immune responses. FASEB J. 1998; 12(1): 57–65. PMID: 9438411

Leptin and Kidney

PLOS ONE | DOI:10.1371/journal.pone.0122265 March 20, 2015 19 / 19

http://dx.doi.org/10.1016/j.lfs.2009.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19874829
http://dx.doi.org/10.1016/j.peptides.2009.10.012
http://dx.doi.org/10.1016/j.peptides.2009.10.012
http://www.ncbi.nlm.nih.gov/pubmed/19854228
http://www.ncbi.nlm.nih.gov/pubmed/9719071
http://dx.doi.org/10.1113/expphysiol.2008.046474
http://dx.doi.org/10.1113/expphysiol.2008.046474
http://www.ncbi.nlm.nih.gov/pubmed/19218356
http://dx.doi.org/10.1177/1470320310394891
http://www.ncbi.nlm.nih.gov/pubmed/21393361
http://www.ncbi.nlm.nih.gov/pubmed/14707153
http://dx.doi.org/10.1016/j.bbadis.2010.03.012
http://www.ncbi.nlm.nih.gov/pubmed/20359530
http://www.ncbi.nlm.nih.gov/pubmed/11158856
http://www.ncbi.nlm.nih.gov/pubmed/9843897
http://www.ncbi.nlm.nih.gov/pubmed/9087676
http://dx.doi.org/10.1113/jphysiol.2014.271676
http://www.ncbi.nlm.nih.gov/pubmed/25107929
http://www.ncbi.nlm.nih.gov/pubmed/10620198
http://dx.doi.org/10.1172/JCI34862
http://www.ncbi.nlm.nih.gov/pubmed/19287096
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03863
http://www.ncbi.nlm.nih.gov/pubmed/25185128
http://dx.doi.org/10.1152/ajprenal.00426.2011
http://www.ncbi.nlm.nih.gov/pubmed/22461305
http://www.ncbi.nlm.nih.gov/pubmed/9438411

