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ORIGINAL RESEARCH

High Fructose- Induced Hypertension  
and Renal Damage Are Exaggerated in 
Dahl Salt- Sensitive Rats via Renal  
Renin- Angiotensin System Activation
Lusi Xu, MD, PhD; Gaizun Hu, PhD; Jiahe Qiu, PhD; Yuxuan Fan, MD, PhD; Yixuan Ma, MD, PhD; 
Takahiro Miura, MD, PhD; Masahiro Kohzuki, MD, PhD; Osamu Ito , MD, PhD

BACKGROUND: High- fructose diet (HFr) induces hypertension and renal damage. However, it has been unknown whether the 
HFr- induced hypertension and renal damage are exaggerated in subjects with salt sensitivity. We tested impacts of HFr in Dahl 
salt- sensitive (DS) and salt- resistant (DR) rats.

METHODS AND RESULTS: Male DS and DR rats were fed control diet or HFr (60% fructose) with normal- salt content. After 
12 weeks, plasma and urinary parameters, renal histological characteristics, and renal expression of renin- angiotensin system 
components were examined. Furthermore, effects of renin- angiotensin system inhibitors were also examined in DS rats fed 
the HFr. HFr elevated blood pressure in DS rats but not in DR rats. HFr increased urinary albumin and liver type fatty acid 
binding protein excretions in both rats, but the excretions were exaggerated in DS rats. HFr increased plasma lipids and uric 
acid in both rats, whereas HFr increased creatinine clearance in DS rats but not DR rats. Although HFr decreased plasma 
renin activity in DS rats, HFr- induced glomerular injury, afferent arteriolar thickening, and renal interstitial fibrosis were exag-
gerated in DS rats. HFr increased renal expression of angiotensinogen, renin, (pro)renin receptor, angiotensin- converting 
enzyme, and angiotensin II type 1 receptor in DS rat, whereas HFr increased only angiotensin- converting enzyme expression 
and decreased renin and angiotensin II type 1 receptor expressions in DR rats. Enalapril and candesartan attenuated the HFr- 
induced hypertension, albuminuria, glomerular hyperfiltration, and renal damage in DS rats.

CONCLUSION: HFr- induced hypertension and renal damage are exaggerated in DS rats via renal renin- angiotensin system acti-
vation, which can be controlled by renin- angiotensin system inhibitors.
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Metabolic syndrome, which includes obesity, in-
sulin resistance, dyslipidemia, and hypertension, 
has become a major public health and clinical 

challenges worldwide. Fructose intake has increased 
dramatically since past decades, and consumption of 
fructose- based sweetener contributes to the develop-
ment of metabolic syndrome.1 Clinical and animal stud-
ies have reported that excessive fructose intake can 
induce metabolic syndrome. Excessive fructose intake 

resulted in insulin resistance, visceral obesity, and dyslip-
idemia in overweight or healthy adults.2,3 High- fructose 
diet (HFr) induced insulin resistance, hyperinsulinemia, 
hypertriglyceridemia, hyperuricemia, and elevated blood 
pressure in Sprague- Dawley rats.4– 7 HFr caused renal 
hypertrophy, afferent arteriolar thickening, cortical vaso-
constriction, and glomerular hypertension.5 In addition, 
HFr also developed a large amount of renal interstitial 
and perivascular collagen deposition and fibrosis.8
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Fructose acutely stimulates Na+/H+ exchange activ-
ity in the proximal tubules and Na+- K+- Cl− cotransport in 
the thick ascending limbs.9,10 Fructose also sensitizes the 
proximal tubules to angiotensin II.9 Therefore, the fructose- 
stimulated sodium reabsorption is thought to cause salt- 
sensitive hypertension. With regard to renin- angiotensin 
system (RAS), HFr increased plasma renin activity (PRA), 
urinary angiotensin II levels,11 and renal expression of renin, 
angiotensin II, and angiotensin II type 1 receptor (AT1R)12 in 
Sprague- Dawley rats. RAS blockade with an angiotensin- 
converting enzyme (ACE) inhibitor or AT1R blocker atten-
uated the HFr- induced blood pressure elevation13– 16 and 
prevented vascular dysfunction16 and left ventricular hy-
pertrophy15 in Sprague- Dawley rats. However, effects of 
RAS inhibitors on the HFr- induced renal dysfunction and 
damage have not been reported to date.

Salt- sensitive hypertension is more likely to cause 
multiple organ damage and to have a higher preva-
lence of cardiovascular and renal diseases among hy-
pertensive subjects.17 Dahl salt- sensitive (DS) rats have 
a genetic salt susceptibility with hypertriglyceridemia 
and insulin resistance,18– 20 and high salt intake easily 
causes hypertension and multiple organ damage, com-
pared with Dahl salt- resistant (DR) rats.18,21 Sharma et 
al reported that HFr induced hypertension and heart 
failure and increased mortality in DS rats.22 However, it 
is unclear whether the HFr- induced hypertension and 
renal damage are exaggerated in DS rats compared 
with DR rats. Moreover, it is also unclear whether RAS 
inhibitors can ameliorate the HFr- induced hypertension 
or renal damages in DS rats, because RAS inhibitors, 
even at a high dose, could not ameliorate hypertension 
or renal damage during a high- salt diet in DS rats.23

We hypothesized that the HFr- induced hypertension 
and renal damage may be exaggerated in DS rats com-
pared with DR rats and that RAS may mediate the HFr- 
induced hypertension and renal damage in DS rats. To 
test these hypotheses, the impacts of HFr on blood pres-
sure, renal damages, and the RAS were examined in DS 
and DR rats under normal- salt intake conditions. The ef-
fects of RAS inhibitors on the HFr- induced hypertension 
and renal damage were also examined in DS rats.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

CLINICAL PERSPECTIVE

What Is New?
• High- fructose diet– induced blood pressure el-

evation, glomerular hyperfiltration, albuminuria, 
glomerular sclerosis, and renal interstitial fibro-
sis are exaggerated in Dahl salt- sensitive rats 
compared with Dahl salt- resistant rats.

• High- fructose diet activates renal renin- angiotensin 
system despite suppression of circulatory renin- 
angiotensin system in Dahl salt- sensitive rats.

• Renin- angiotensin system inhibitors prevent the 
high- fructose diet– induced hypertension, albu-
minuria, glomerular hyperfiltration, and renal 
damage in Dahl salt- sensitive rats.

What Are the Clinical Implications?
• Excessive fructose intake may be associated 

with a higher risk of developing hypertension 
and chronic kidney disease in salt- sensitive 
people compared with salt- resistant people.

• In comparison to the low effectiveness in high- 
salt– induced hypertension, renin- angiotensin 
system inhibitors may be effective treatment 
against the high- fructose diet– induced hyper-
tension and renal damage regardless of salt 
sensitivity.

Nonstandard Abbreviations and Acronyms

(P)RR (pro)renin receptor
AT1R angiotensin II type 1 receptor
AT2R angiotensin II type 2 receptor
Con control diet
Con- DR control diet– fed Dahl salt resistant
Con- DS control diet– fed Dahl salt sensitive
DR Dahl salt resistant
DS Dahl salt sensitive
HFr high- fructose diet
HFr- Can high- fructose diet and candesartan 

treatment
HFr- DR high- fructose diet– fed Dahl salt 

resistant
HFr- DS high- fructose diet– fed Dahl salt 

sensitive
HFr- Ena high- fructose diet and enalapril 

treatment
HOMA- IR homeostasis model assessment for 

insulin resistance
IGS glomerulosclerosis index
L- FABP liver type fatty acid binding protein

PRA plasma renin activity
RAS renin- angiotensin system
RIV relative interstitial volume
SBP systolic blood pressure
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Animals and Diets
All animal experiments were approved by the Tohoku 
University Committee for Animal Experiments and 
were performed in accordance with the Guidelines 
for Animal Experiments and Related Activities of 
Tohoku University, and the guiding principles of the 
Physiological Society of Japan and the US National 
Institutes of Health.

Five- week- old male Dahl- Iwai S rats and Dahl- Iwai 
R rats (Japan SLC Inc, Shizuoka, Japan) were housed 
in an animal care facility at Tohoku University Graduate 
School of Medicine at a controlled temperature, under 
a 12:12- hour light- dark cycle, and they were provided 
with standard rat chow and water. After 1 week of ac-
climation, their diet was changed to a control diet (Con) 
or a 60% HFr (TD.05075 and TD.89247, respectively; 
Envigo Teklad Diets, Madison, WI), which induced met-
abolic syndromes, as previously reported.4 The calorie 
(3.6 kcal/g) and the percentage of carbohydrate, pro-
tein, fat, and NaCl content (60.4%, 18.3%, 5.2%, and 
1.25% by weight, respectively) are equivalent in Con 
and HFr. Two experiments were performed. The sam-
ple size calculations are provided by G Power 3.1.24 
The effect size in this study was 0.8, considered to be 
large using Cohen (1988) criteria. With an α=0.05 and 
power=0.80, the projected total sample size needed 
with this effect size is approximately N=24 for this sim-
plest between- group comparison.

Experiment 1

To investigate HFr, DS or DR rats were randomly di-
vided into the following 4 groups: Con- fed DR rat 
(Con- DR) group, HFr- fed DR rat (HFr- DR) group, Con- 
fed DS rat (Con- DS) group, and HFr- fed DS rat (HFr- DS) 
group (n=8 in each group). The rats in all 4 groups were 
maintained on the Con or HFr for 12 weeks.

Experiment 2

To examine effects of RAS inhibitors in HFr- fed DS 
rats, DS rats were randomly divided into the follow-
ing 4 groups: Con group, HFr group, HFr and enalapril 
treatment (HFr- Ena) group, and HFr and candesar-
tan treatment (HFr- Can) group (n=6 in each group). 
Enalapril (10 mg/kg per day; Sigma- Aldrich, St. Louis, 
MO) or candesartan (1 mg/kg per day; Tokyo Chemical 
Industry, Tokyo, Japan) was given in the drinking water 
to the HFr- Ena or HFr- Can group, respectively, for 
12 weeks.

To further examine effects of RAS inhibitors in Con- 
fed DS rats, DS rats were randomly divided into the 
following 3 groups: Con group, Con and enalapril 
treatment group, and Con and candesartan treatment 
group (n=6 in each group). The rats in all 3 groups were 
maintained on Con for 12 weeks. Enalapril (10 mg/kg 

per day) or candesartan (1 mg/kg per day) was given 
in the drinking water to the Con and enalapril treatment 
and Con and candesartan treatment groups, respec-
tively, for 12 weeks.

Systolic Blood Pressure Measurement 
and Plasma and Urinary Parameters
Systolic blood pressure (SBP) was measured every 
2  weeks using the tail cuff method (MK- 2000A; 
Muromachi Kikai, Tokyo, Japan). On the last day of 
the experiments, urine samples were collected for 
24 hours using metabolic cages, and urinary albumin 
and creatinine were measured (Oriental Yeast Co, Ltd, 
Nagahama, Japan). Urinary L- FABP (liver type fatty 
acid binding protein), which is a biomarker of proxi-
mal tubular stress and tubulointerstitial disorder,25 was 
measured using a rat L- FABP ELISA kit (CMIC, Tokyo, 
Japan).

On the 11th week of experiments, blood sample 
was collected from tail vein after rats were fasted for 
8 hours. The homeostasis model assessment for in-
sulin resistance (HOMA- IR) was calculated with fasting 
plasma glucose and insulin.26

At the end of the experiments, all rats were anes-
thetized with sodium pentobarbital (50 mg/kg, IP) and 
euthanized by decapitation. Blood samples were col-
lected into prechilled EDTA tubes. Collected blood 
samples were centrifuged at 2000g for 15  minutes, 
and the supernatant was collected and stored at 
−80°C. Plasma biochemical parameters were mea-
sured by standard auto- analysis technique, and PRA 
was measured by double- antibody radioimmunoas-
say (PRA [FR]; Fujirebio, Tokyo, Japan). Uric acid was 
measured using a kit (Wako c- test; Fujifilm Wako Pure 
Chemical Co, Osaka, Japan).

Tissue Sample Preparation
After euthanasia, the kidneys were quickly dissected. 
The renal cortex was homogenized in a buffer con-
taining 0.1 mol/L of KH2PO4, 0.4 mol/L of Na2HPO4, 
10 mmol/L of EDTA, and 10 mmol/L of DL- dithiothreitol. 
In addition, 0.1 mmol/L of phenylmethylsulfonyl fluoride 
was added before the homogenization. The homogen-
ate was snap frozen in liquid nitrogen and stored at 
−80°C until further analysis. The sample protein con-
centration was measured using the Bradford method, 
with bovine- globulin as a standard (number 500- 0005; 
Bio- Rad Laboratories, Hercules, CA).

Histological Analysis
The kidney was quickly removed after decapitation and 
was fixed in 10% formalin for over 24 hours and then 
embedded in paraffin. Paraffin sections (3  µm thick) 
were cut, and stained with periodic acid– Schiff and 
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Masson trichrome staining to determine the glomeru-
losclerosis index (IGS) and relative interstitial volume 
(RIV), respectively. The IGS and RIV were assessed in 
accordance with a previously described method.27 For 
histological analysis, 5 to 6 rats per group were pre-
pared and 50 glomeruli in each rat were assessed for 
IGS. The percentages of interstitium of the renal cortex 
and outer medulla, except glomerulus, blood vessels, 
and tubules per unit area, were calculated; the values 
of RIV from 10 areas in each rat were measured, and 
the mean values were calculated. Quantifications were 
performed in a blinded manner.

Immunohistochemical Analysis
Immunohistochemical analyses of desmin and α- 
smooth muscle actin were performed to determine 
the severity of podocyte injury and afferent arteriolar 
thickening, respectively, as described previously.28,29 
The deparaffinized tissues were rehydrated in graded 
ethanol, rinsed in PBS, then the sections were treated 
with 0.3% hydrogen peroxide in absolute ethanol for 
5  minutes, and processed for immunostaining with 
an antibody targeting desmin (Abcam, Cambridge, 
UK) and α- smooth muscle actin (Dako, Glostrup, 
Denmark). Thirty glomeruli in each rat were assessed 
for desmin immunostaining, and the ratio of the 
desmin- expressing area/that of the whole glomerulus 
was determined using Image- J (version 2.0.0; National 
Institutes of Health, Bethesda, MD).26 For each arteri-
ole, the outline of the vessel and its internal lumen (ex-
cluding the endothelium) were traced using computer 
analysis to calculate the total medial area (outline- inline), 
in 5 to 10 arterioles per slice. The media/lumen ratio 
was calculated using the outline/inline relationship.29 
Quantifications were performed in a blinded manner.

Immunoblot Analysis and ACE Activity 
Measurement
Protein expression was examined using immunoblot 
analysis, which was described previously.26 Renal cor-
tical homogenates (30 μg) were loaded onto 7.5% or 
10% SDS- polyacrylamide gels and separated by elec-
trophoresis. Then, the proteins were transferred elec-
trophoretically to nitrocellulose membranes at 100  V 
in cold, 20% methanol- containing transfer buffer for 
2 hours. After blocking in 5% bovine serum albumin, 
the membranes were rinsed in Tris- buffered saline– 
Tween- 20 buffer several times, incubated with primary 
antibodies raised against angiotensinogen, renin, ACE, 
AT1R, angiotensin II type 2 receptor (AT2R) (Santa Cruz 
Biotechnology, Dallas, TX), (pro)renin receptor ([P]RR) 
(donation from Professor Totsune), and β- actin (Sigma- 
Aldrich). Membranes were rinsed with Tris- buffered 
saline– Tween- 20 and incubated at room temperature 
for 1 hour with a horseradish peroxidase– conjugated 

anti- goat, anti- rabbit, or anti- mouse IgG secondary 
antibody (Santa Cruz Biotechnology). After washing 
in Tris- buffered saline– Tween- 20, immunoblots were 
developed using an enhanced chemiluminescent sub-
strate (Super Signal; Thermo Fisher Scientific, Waltham, 
MA). The relative intensity of band was quantified using 
ImageJ. The intensity of band was normalized against 
β- actin, which was used as an internal standard, and 
was assigned a value of 1 in the Con- DR group or Con 
group.

ACE activity was measured using a fluorometric 
assay kit (K227- 100; Biovision, Milpitas, CA). Renal 
cortical homogenates (2 μg protein) were mixed with 
a synthetic peptide substrate to release a fluorophore 
by active ACE, and fluorometric assays (excitation, 
330  nm; emission, 430  nm) were performed after 
2 hours incubation at 37℃ using a microplate reader.

Statistical Analysis
The data are presented as mean±SEM. The data 
of were analyzed using 2- way repeated- measures 
ANOVA or a 1- way ANOVA, followed by the Tukey test 
for multiple comparisons among the groups. P<0.05 
was considered to indicate statistical significance.

RESULTS
Experiment 1: Effects of HFr in DR and DS 
Rats
Blood Pressure and Parameters in Urine and 
Plasma

Figure 1A shows time course of SBP in the Con- fed 
or HFr- fed DR and DS rats. At the start of the experi-
ment, the SBP was not different among the groups. 
After 6 weeks, the SBP was significantly higher in the 
Con- DS group compared with the Con- DR group 
(P<0.05). After 4 weeks, HFr significantly increased the 
SBP in DS rats (P<0.01), but it did not affect the SBP in 
DR rats (Figure 1A).

Urinary excretion of albumin or L- FABP was not 
different between the Con- DR and Con- DS groups 
(Figure  1B and 1C). HFr significantly increased the 
urinary excretion of albumin and L- FABP in both DR 
and DS rats (HFr- DR, P<0.01 and P<0.01; HFr- DS, 
P<0.01 and P<0.01, respectively), and the urinary al-
bumin and L- FABP excretions were significantly higher 
in the HFr- DS group compared with the HFr- DR group 
(P<0.05 and P<0.05). Diet and strain showed a signifi-
cant interaction and affected urinary albumin excretion 
(interaction: P<0.05) but not urinary L- FABP excretion 
(Table S1).

Table  1 shows body weight and plasma param-
eters at the end of the experiment. The body weight 
is no different between the groups at the start of the 
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experiment (Con- DR, 188±6  g; HFr- DR, 192±5  g; 
Con- DS, 175±4 g; HFr- DS, 178±5 g), but significantly 
lower in the Con- DS group than the Con- DR group 
at the end of the experiment, although food intake 
was not significantly different between the groups. 
HFr did not affect the body weight in DS and DR rats. 
Among the parameters, HOMA- IR and triglyceride 
were higher in the Con- DS group compared with the 
Con- DR group, and creatinine clearance was lower in 
the Con- DS group compared with the Con- DR group. 
HFr significantly increased HOMA- IR, triglyceride, total 
cholesterol, free fatty acid, glucose, and uric acid in 
DR and DS rats, and the HOMA- IR, total cholesterol, 
free fatty acid, and glucose were significantly higher in 

the HFr- DS group compared with the HFr- DR group. 
HFr did not affect creatinine or creatinine clearance in 
DR rats, but it significantly decreased creatinine and 
increased creatinine clearance in DS rats. HFr signifi-
cantly increased PRA in DR rats, but it significantly 
decreased PRA in DS rats. Among the parameters, 
diet and strain showed a significant interaction for total 
cholesterol, creatinine, creatinine clearance, and PRA 
(Table S1).

Renal Histological Characteristics

IGS, desmin immunostaining, and RIV were signifi-
cantly greater in the Con- DS group compared with the 

Figure 1. Effects of high- fructose diet (HFr) on blood pressure and urinary parameters in Dahl salt- resistant (DR) and Dahl 
salt- sensitive (DS) rats.
DR and DS rats were maintained on a control diet (Con) or HFr for 12 weeks. A, The time course of systolic blood pressure among 
the Con- fed DR (Con- DR) rat (n=8), HFr- fed DR (HFr- DR) rat (n=8), Con- fed DS (Con- DS) rat (n=8), and HFr- fed DS (HFr- DS) rat (n=8) 
groups. Urinary albumin excretion (B) and urinary L- FABP (liver type fatty acid binding protein) excretion (C) were compared among the 
Con- DR (n=8), HFr- DR (n=8), Con- DS (n=7), and HFr- DS (n=8) groups. Data are presented as mean±SEM. *P<0.05, **P<0.01 compared 
with the Con- DR group; ##P<0.01 compared with the Con- DS group; †P<0.05, ††P<0.01 compared with the HFr- DR group.

Table 1. Impacts of High- Fructose Intake on Body Weight and Plasma Parameters in DR Rats and DS Rats

Variable
Con- DR 

Rats (n=8)
HFr- DR Rats 

(n=8)
Con- DS 

Rats (n=8) HFr- DS Rats (n=8) Diet Strain Interaction

Body weight, g 475±9 468±8 402±6† 397±6§ NS <0.05 NS

HOMA- IR 0.30±0.02 0.43±0.03† 0.55±0.03† 0.68±0.04†,§,|| <0.05 <0.05 NS

Triglyceride, mg/dL 178±13 775±32† 272±27* 831±45†,¶ <0.05 <0.05 NS

Total cholesterol, mg/dL 82±2 91±1† 77±3 102±3†,§,¶ <0.05 NS <0.05

Free fatty acid, mEq/L 399±37 581±51* 259±32* 377±39‡ <0.05 <0.05 NS

Glucose, mg/dL 161±2 179±3† 172±8 201±8†,‡,|| <0.05 <0.05 NS

Creatinine, mg/dL 0.35±0.01 0.34±0.01 0.34±0.02 0.24±0.02†,§,¶ <0.05 <0.05 <0.05

Uric acid, mg/dL 1.66±0.03 2.02±0.04† 1.64±0.04 2.01±0.07†,¶ <0.05 NS NS

CCr, mL/min 3.53±0.12 3.28±0.10 3.07±0.14* 4.17±0.34‡,|| <0.05 NS <0.05

Renin activity, ng/mL per h 6.2±0.6 9.2±0.7* 5.2±0.8 2.9±0.4†,§,|| NS <0.05 <0.05

Data are presented as mean±SEM. CCr indicates creatinine clearance; Con- DR, control diet– fed DR; Con- DS, control diet– fed DS; DR, Dahl salt resistant; 
DS, Dahl salt sensitive; HFr- DR, high- fructose– fed DR; HFr- DS, high- fructose– fed DS; HOMA- IR, homeostasis model assessment for insulin resistance; and 
NS, no significance.

*P<0.05, †P<0.01 compared with the Con- DR group.
‡P<0.05, §P<0.01 compared with the HFr- DR group.
||P<0.05, ¶P<0.01 compared with the Con- DS group.
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Con- DR group (P<0.01, P<0.01, and P<0.01, respec-
tively), but the media/lumen ratio was not different be-
tween these groups. HFr increased the IGS, desmin 
immunostaining, media/lumen ratio, and RIV in both 
DR and DS rats (HFr- DR, P<0.01, P<0.01, P<0.01, and 
P<0.05; HFr- DS, P<0.01, P<0.01, P<0.01, and P<0.01, 
respectively). The IGS, desmin immunostaining, 
media/lumen ratio, and RIV were significantly higher in 
the HFr- DS group compared with the HFr- DR group 
(P<0.05, P<0.01, P<0.01, and P<0.01, respectively) 
(Figure 2B through 2E). Diet and strain showed a sig-
nificant interaction for desmin immunostaining, media/
lumen ratio, and RIV (Table S1).

Renal Expression of RAS Components

Compared with the Con- DR group, ACE and AT2R 
expressions and ACE activity were significantly higher 
in the Con- DS group (P<0.01, P<0.01, and P<0.05, 

respectively), and renin and AT1R expressions were 
significantly lower in the Con- DS group (P<0.01 and 
P<0.01, respectively). Angiotensinogen or (P)RR ex-
pression was not different between the Con- DR and 
Con- DS groups (Figure 3A through 3G).

In DR rats, HFr significantly decreased the renin and 
AT1R expressions (P<0.01 and P<0.01, respectively) 
(Figure 3B and 3F), increased the ACE and AT2R ex-
pressions and the ACE activity (P<0.05, P<0.01, and 
P<0.01, respectively) (Figure  3C, 3D, and 3G), and 
did not affect the angiotensinogen or (P)RR expres-
sion (Figure 3A and 3E). In DS rats, HFr significantly 
increased the angiotensinogen, renin, (P)RR, ACE, 
and AT1R expressions and the ACE activity (P<0.01, 
P<0.01, P<0.05, P<0.01, P<0.01, and P<0.01, respec-
tively) (Figure 3A through 3F) and decreased the AT2R 
expression (P<0.05) (Figure 3G). Although HFr signifi-
cantly increased the ACE expression and the ACE ac-
tivity in both DR and DS rats, the ACE expression and 

Figure 2. Effects of high- fructose diet (HFr) on renal histological characteristics in Dahl salt- resistant (DR) and Dahl salt- 
sensitive (DS) rats.
A, Representative images of the glomerulus and the renal cortex stained with periodic acid– Schiff (PAS) (top panel), against desmin 
(second panel), against α- smooth muscle actin (α- SMA) (third panel), and Masson trichrome (bottom panel) in the control diet (Con)– 
fed DR (Con- DR) rat, HFr- fed DR (HFr- DR) rat, Con- fed DS (Con- DS) rat, and HFr- fed DS (HFr- DS) rat groups. Index of glomerular 
sclerosis (IGS) (B), glomerular desmin- positive area (C), media/lumen ratio (D), and relative interstitial volume (RIV) (E) were compared 
among the Con- DR (n=6), HFr- DR (n=6), Con- DS (n=6), and HFr- DS (n=6) groups. Data are presented as mean±SEM. *P<0.05, **P<0.01 
compared with the Con- DR group; ##P<0.01 compared with the Con- DS group; †P<0.05, ††P<0.01 compared with the HFr- DR group.
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activity were significantly higher in the HFr- DS group 
compared with the HFr- DR group (P<0.01 and P<0.01, 
respectively) (Figure  3C and 3D). Diet and strain 
showed significant interactions for the renin, AT1R, and 
AT2R expressions and the ACE activity, but there was 
no significant interaction for the angiotensinogen, (P)
RR, or ACE expression (Table S1).

Experiment 2: Effects of RAS Inhibitors in 
HFr- Fed DS Rats
Blood Pressure and Parameters in Urine and 
Plasma

Figure 4A and Figure S1A show the time courses of 
SBP in RAS inhibitor– treated DS rats fed HFr or Con. 
After 2 weeks, both enalapril and candesartan signifi-
cantly decreased the SBP in HFr- fed or Con- fed DS 

rats. The RAS inhibitors completely blocked the SBP 
elevation in HFr- fed DS rats (P<0.01) (Figure 4A), and 
the RAS inhibitors slightly but significantly decreased 
SBP in Con- fed DS rats at the end of the experiment 
(P<0.01) (Figure S1A).

At the end of the experiment, both enalapril and 
candesartan significantly decreased the HFr- increased 
urinary albumin excretion (P<0.01 and P<0.05, respec-
tively), but the levels were still higher compared with 
those in the Con group (Figure 4B). Enalapril but not 
candesartan significantly decreased the urinary albu-
min excretion in Con- fed DS rats (P<0.01) (Figure S1B). 
Both enalapril and candesartan significantly decreased 
the HFr- increased urinary L- FABP excretion to the lev-
els of the Con group (P<0.05 and P<0.05, respectively) 
(Figure 4C), but the RAS inhibitors did not affect urinary 
L- FABP excretion in Con- fed DS rats (Figure S1C).

Figure 3. Effects of high- fructose diet (HFr) on the expression of renin- angiotensin system components in the renal cortex 
of Dahl salt- resistant (DR) and Dahl salt- sensitive (DS) rats.
Angiotensinogen (AGT) (A), renin (B), angiotensin- converting enzyme (ACE) (C), (pro)renin receptor ([P]RR) (E), angiotensin II type 
1 receptor (AT1R) (F), angiotensin II type 2 receptor (AT2R) (G) protein expressions and ACE activity (D) were compared among the 
control diet (Con)– fed DR (Con- DR) rat (n=7), HFr- fed DR (HFr- DR) rat (n=8), Con- fed DS (Con- DS) rat (n=7), and HFr- fed DS (HFr- 
DS) rat (n=8) groups. Top panels in A through C and E through G depict representative immunoblots from the different groups. The 
intensities of each specific protein band were normalized to that of β- actin, and the mean intensities of the values for the Con- DR 
group. Data are presented as mean±SEM. *P<0.05, **P<0.01 compared with the Con- DR group; #P<0.05, ##P<0.01 compared with the 
Con- DS group; ††P<0.01 compared with the HFr- DR group.
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Table 2 and Table S2 show plasma parameters at 
the end of the experiment. In HFr- fed DS rats, both 
enalapril and candesartan significantly decreased the 
HFr- increased triglyceride, but these levels were still 
higher compared with those in the Con group. Enalapril 
significantly decreased the HFr- increased total choles-
terol, and candesartan significantly decreased the HFr- 
increased free fatty acid, but the levels were still higher 
than those in the Con group. Neither enalapril nor 
candesartan affected the HOMA- IR or glucose levels. 
Both enalapril and candesartan significantly decreased 
creatinine clearance to the levels observed in the Con 
group. Candesartan but not enalapril significantly de-
creased uric acid. Both enalapril and candesartan sig-
nificantly increased PRA. In Con- fed DS rats, enalapril 
significantly decreased the total cholesterol, and both 
enalapril and candesartan significantly increased free 

fatty acid. Both enalapril and candesartan significantly 
increased PRA. The RAS inhibitor– increased PRA was 
greater in the Con- fed DS rats compared with the HFr- 
fed DS rats (Table 2 and Table S2).

Renal Histological Characteristics

In HFr- fed DS rats, both enalapril and candesartan 
significantly lowered the HFr- increased IGS, desmin 
immunostaining, media/lumen ratio, and RIV (HFr- 
Ena: P<0.05, P<0.01, P<0.05, and P<0.01; HFr- Can: 
P<0.05, P<0.01, P<0.01, and P<0.01, respectively). 
RAS inhibitors significantly decreased the desmin im-
munostaining to the levels of the Con group. However, 
IGS and the media/lumen ratio were still higher in the 
HFr- Ena and HFr- Can groups compared with the Con 
group (Figure 5B through 5E).

Figure 4. Effects of enalapril and candesartan on blood pressure and urinary parameters in high- 
fructose diet (HFr)– fed Dahl salt- sensitive (DS) rats.
The HFr- fed DS rats were treated with enalapril (HFr- Ena; 10 mg/kg per day) or candesartan (HFr- Can; 
1 mg/kg per day) for 12 weeks. A, The time course of systolic blood pressure among the control diet (Con), 
HFr, HFr- Ena, and HFr- Can groups. Urinary albumin excretion (B) and urinary L- FABP (liver type fatty acid 
binding protein) excretion (C) were compared among the Con (n=6), HFr (n=6), HFr- Ena (n=6), and HFr- 
Can (n=6) groups. Data are presented as mean±SEM. *P<0.05, **P<0.01 compared with the Con group; 
#P<0.05, ##P<0.01 compared with the HFr group.

A B C

Table 2. Effects of Enalapril and Candesartan on Body Weight and Plasma Parameters in High- Fructose– Fed DS Rats

Variable Con- DS Rats (n=6) HFr- DS Rats (n=6) HFr- Ena DS Rats (n=6) HFr- Can DS Rats (n=6)

Body weight, g 398±6 397±6 402±3 393±4

HOMA- IR 0.56±0.04 0.70±0.04* 0.66±0.05 0.62±0.04

Triglyceride, mg/dL 267±27 882±49† 639±50†,§ 618±30†

Total cholesterol, mg/dL 76±1 105±2† 95±3†,‡ 98±4†

Free fatty acid, mEq/L 218±16 386±37† 303±23* 284±18*,‡

Glucose, mg/dL 152±9 194±8† 175±3* 180±2†

Creatinine, mg/dL 0.35±0.02 0.22±0.02† 0.26±0.01† 0.25±0.01†

Uric acid, mg/dL 1.64±0.05 2.13±0.08† 1.89±0.09* 1.46±0.06§

CCr, mL/min 3.03±0.16 3.91±0.27* 3.14±0.13‡ 3.22±0.13‡

Renin activity, ng/mL per h 5.7±0.8 3.0±0.3† 17.1±1.9†,§ 18.0±0.6†,§

Data are presented as mean±SEM. CCr indicates creatinine clearance; Con- DS, control diet– fed DS; DS, Dahl salt sensitive; HFr- Can, high- fructose diet and 
candesartan treatment; HFr- DS, high- fructose– fed DS; HFr- Ena, high- fructose diet and enalapril treatment; and HOMA- IR, homeostasis model assessment 
for insulin resistance.

*P<0.05, †P<0.01 compared with the Con- DS group.
‡P<0.05, §P<0.01 compared with the HFr- DS group.
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Renal Expression of RAS Components

In HFr- fed DS rats, both enalapril and candesartan 
significantly decreased the HFr- increased renin, ACE, 
and AT1R expressions (HFr- Ena: P<0.05, P<0.05, and 
P<0.01; HFr- Can: P<0.05, P<0.05, and P<0.01, re-
spectively) (Figure 6B, 6C, and 6F), and the levels were 
not different from those in the Con group. Enalapril 
and candesartan also significantly decreased the HFr- 
increased ACE activity (HFr- Ena, P<0.01; HFr- Can, 
P<0.01), and the levels were lower than those in the 
Con group (Figure 6D). Neither enalapril nor candesar-
tan affected the HFr- increased angiotensinogen or (P)
RR expression (Figure 6A and 6E). Both enalapril and 
candesartan further decreased the HFr- decreased 
AT2R expression (HFr- Ena, P<0.01; HFr- Can, P<0.01) 
(Figure 6G). In Con- fed DS rats, both enalapril and can-
desartan significantly increased the renin and (P)RR 
expressions (Con and enalapril treatment, P<0.05 and 
P<0.01; Con and candesartan treatment, P<0.05 and 

P<0.01, respectively) (Figure  S2B and S2E), but de-
creased the ACE and AT2R expressions and the ACE 
activity (Con and enalapril treatment: P<0.05, P<0.01, 
and P<0.01; Con and candesartan treatment: P<0.05, 
P<0.01, and P<0.05, respectively) (Figure  S2C, S2D, 
and S2G).

DISCUSSION
The present study compared the impacts of HFr on 
blood pressure and renal damage between DS and 
DR rats and investigated the role of RAS in the HFr- 
induced hypertension and renal damage in DS rats. 
HFr induced insulin resistance, dyslipidemia, and 
hyperuricemia and increased urinary albumin and 
L- FABP excretion and renal damage in both DS and 
DR rats, but these changes were even greater in DS 
rats compared with DR rats. HFr induced hyperten-
sion and glomerular hyperfiltration in DS rats but not 

Figure 5. Effects of enalapril and candesartan on renal histological characteristics in high- fructose diet (HFr)– fed Dahl 
salt- sensitive (DS) rats.
The HFr- fed DS rats were treated with enalapril (HFr- Ena; 10 mg/kg per day) or candesartan (HFr- Can; 1 mg/kg per day) for 12 weeks. 
A, Representative images of the glomerulus and the renal cortex stained with periodic acid– Schiff (PAS) (top panel), against desmin 
(second panel), against α- smooth muscle actin (α- SMA) (third panel), and Masson trichrome (bottom panel) in the control diet (Con), 
HFr, HFr- Ena, and HFr- Can groups. Index of glomerular sclerosis (IGS) (B), glomerular desmin- positive area (C), media/lumen ratio 
(D), and relative interstitial volume (RIV) (E) were compared among the Con (n=6), HFr (n=6), HFr- Ena (n=6), and HFr- Can (n=6) groups. 
Data are presented as mean±SEM. *P<0.05, **P<0.01 compared with the Con group; #P<0.05, ##P<0.01 compared with the HFr group.
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in DR rats. Although HFr increased PRA in DR rats, it 
decreased PRA in DS rats. HFr increased renal angio-
tensinogen, renin, (P)RR, ACE, and AT1R expression 
and ACE activity in DS rats, whereas it increased only 
ACE expression and activity in the DR rats. RAS inhibi-
tors prevented the HFr- induced hypertension, glomer-
ular hyperfiltration, and renal damage in DS rats. This 
is the first report to show differences in the impacts of 
HFr between DS and DR rats and the effectiveness of 
RAS inhibitors against the HFr- induced hypertension 
and renal damage in DS rats.

Consistent with previous studies,18– 20 insulin resis-
tance and hypertriglyceridemia were observed in Con- 
fed DS rats. Although HFr induced insulin resistance 
and dyslipidemia in both DS and DR rats, it induced 
hypertension and glomerular hyperfiltration in DS rats 
but not in DR rats. High- salt– induced renal injury was 
associated with a marked elevation in glomerular pres-
sure in DS rats, suggesting an impairment in long- term 
autoregulation of renal blood flow and the glomerular 

filtration rate.30 Impaired glomerular filtration rate auto-
regulation in DS rats is thought to result from impaired 
myogenic and tubuloglomerular feedback responses 
in the afferent arterioles.31 The impaired myogenic and 
tubuloglomerular feedback responses may also con-
tribute to the HFr- induced glomerular hyperfiltration in 
DS rats. Future study is necessary to investigate im-
pacts of HFr on autoregulation of glomerular filtration 
rate and tubuloglomerular feedback response in DS 
rats.

Xu et al reported that HFr increased PRA, renal (P)
RR, and renin expression in parallel with increased 
urinary angiotensin II levels in Sprague- Dawley rats,11 
which suggests that there is an interaction between 
HFr and RAS. The present study assessed impacts 
of HFr on circulatory and renal RAS and revealed that 
HFr decreased PRA in DS rats, whereas it increased 
PRA in DR rats. In contrast to PRA, HFr increased 
renal angiotensinogen, renin, (P)RR, ACE, and AT1R 
expressions and ACE activity in DS rats, whereas HFr 

Figure 6. Effects of enalapril and candesartan on the expression of renin- angiotensin system components in the renal 
cortex of high- fructose diet (HFr)– fed Dahl salt- sensitive (DS) rats.
The HFr- fed DS rats were treated with enalapril (HFr- Ena; 10 mg/kg per day) or candesartan (HFr- Can; 1 mg/kg per day) for 12 weeks. 
Angiotensinogen (AGT) (A), renin (B), angiotensin- converting enzyme (ACE) (C), (pro)renin receptor ([P]RR) (E), angiotensin II type 1 
receptor (AT1R) (F), angiotensin II type 2 receptor (AT2R) (G) protein expressions and ACE activity (D) were compared among the 
control diet (Con) (n=6), HFr (n=6), HFr- Ena (n=6), and HFr- Can (n=6) groups. Top panels in A through C and E through G depict 
representative immunoblots from the different groups. The intensities of each specific protein band were normalized to that of β- actin, 
and the mean intensities of the values for the Con group. Data are presented as mean±SEM. *P<0.05, **P<0.01 compared with the Con 
group; #P<0.05, ##P<0.01 compared with the HFr group.
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increased only the renal ACE expression and activity 
and decreased the renin and AT1R expressions in DR 
rats. DS rats have been reported to have lower PRA 
and renal renin activity compared with DR rats.32 HFr 
increased renal renin expression despite lowering PRA 
in DS rats, suggesting that the HFr- induced renal dam-
age might be attributable to activation of renal RAS. 
Because HFr also induced albuminuria, it is possible 
that glomerular- filtrated angiotensinogen might affect 
the activation of renal RAS in HFr- fed DS rats. To clar-
ify the role of glomerular- filtrated angiotensinogen, we 
further examined the urinary excretion of total angio-
tensinogen in DS rats. Although the urinary total an-
giotensinogen excretion was significantly increased by 
HFr (P<0.05), the HFr- increased urinary total angioten-
sinogen excretion was not decreased by enalapril or 
candesartan (Con, 508±46 ng/d; HFr, 844±108 ng/d; 
HFr- Ena, 737±53  ng/d; HFr- Can, 855±79  ng/d). The 
changes in urinary total angiotensinogen excretion 
were same as the changes in renal angiotensinogen 
expression but not in urine albumin, suggesting that 
effects of HFr on renal RAS might be mainly caused 
by changes in inherent intrarenal RAS than glomerular 
filtration of plasma angiotensinogen. Previous studies 
indicated beneficial roles for the AT2R in controlling 
blood pressure and renal function and the development 
of interstitial fibrosis.33,34 Although HFr decreased the 
renal AT2R expression, RAS inhibitors further reduced 
the HFr- decreased AT2R expression in DS rats, sug-
gesting that AT2R might not mediate the HFr- induced 
hypertension or renal damage.

Consistent with the previous studies that reported 
that RAS inhibitors prevented HFr- induced insulin re-
sistance, dyslipidemia, and blood pressure elevation in 
Sprague- Dawley and Wistar rats,13– 16,35 both enalapril 
and candesartan prevented HFr- induced hyperten-
sion, albuminuria, glomerular hyperfiltration, and renal 
damage in DS rats. Sugimoto et al23 reported that 
enalapril or candesartan did not attenuate the increase 
in blood pressure or change PRA during a high- salt 
diet (8% NaCl) in DS rats and that the RAS inhibitors 
greatly reduced blood pressure and increased PRA 
after switching from the high- salt diet to a low- salt diet 
(0.3% NaCl). This suggests that the RAS was involved 
in the control of blood pressure in salt- depleted DS 
rats. The present study shows that the RAS inhibitors 
greatly reduced blood pressure and increased PRA in 
the HFr- fed DS rats as well as in the salt- depleted DS 
rats.23 However, the RAS inhibitor– induced increase in 
PRA was lower in the HFr- fed DS rats compared with 
the Con- fed DS rats. Fructose is reported to stimu-
late sodium reabsorption in the proximal tubules and 
thick ascending limbs and sensitize the proximal tu-
bules to angiotensin II.9,10 Long- term treatment with 
hydrochlorothiazide (2– 5 mg/kg per day) for 12 weeks 
prevented the HFr- induced hypertension, glomerular 

hyperfiltration, and podocyte injury, partially inhibited 
the HFr- induced albuminuria, glomerular sclerosis, and 
arteriolar thickening, but did not affect the HFr- induced 
interstitial fibrosis in DS rats (Figure S3 and Table S3). 
Thus, the HFr- induced hypertension, glomerular hy-
perfiltration, and glomerular damages might be medi-
ated by sodium reabsorption in addition to renal RAS 
activation in DS rats.

Because enalapril and candesartan decreased 
SBP in DS rats, it is possible that the antihyperten-
sive effects of RAS inhibitors might contribute to the 
renal protective effects. Thus, an additional experiment 
was performed. Long- term treatment with hydrala-
zine (4 mg/kg per day) for 12 weeks decreased blood 
pressure to similar levels as the RAS inhibitors but did 
not significantly prevent the HFr- induced albuminuria, 
glomerular hyperfiltration, and renal damage in the 
HFr- fed rats (Figure  S3 and Table  S3). These results 
suggest that the renal protective effects of RAS inhib-
itors might be independent of their antihypertensive 
effects in DS rats.

Under the control diet, the plasma insulin concen-
tration was 6.5 times higher in DS rats and DR rats 
(2.05±0.22 and 2.21±0.11 ng/mL, respectively) than in 
Sprague- Dawley rats (0.33±0.05  ng/mL), which was 
reported in our previous report.36 HFr increased the 
plasma insulin concentration by 20% and 10% in DS 
rats and DR rats (2.72±0.13 and 2.26±0.13  ng/mL), 
respectively, whereas HFr increased the plasma in-
sulin concentration by 7- fold in Sprague- Dawley rats 
(2.18±0.34 ng/mL).36 HFr also increased the SBP by 30 
and 50 mm Hg in Sprague- Dawley rats and DS rats, 
respectively, but did not change the SBP in DR rats. 
The 7- fold increase in the plasma insulin concentration 
might cause the HFr pressor response in Sprague- 
Dawley rats.36 In addition, it is also possible the 20% 
increase in the plasma insulin concentration might af-
fect the pressor response of HFr in DS rats, because 
DS rats have an exaggerated chloride reabsorption 
in the Henle loop and the thick ascending limb,37,38 
where insulin stimulates chloride reabsorption,39,40 and 
insulin administration increased blood pressure in DS 
rats.37– 39,41

HFr increased plasma triglyceride and free fatty acid 
in both DR and DS rats. It is possible that dyslipidemia 
and renal metabolism of fatty acid might affect the HFr- 
induced renal damage in DS rats, because we previ-
ously reported that HFr increased triglyceride content 
in the kidney of Sprague- Dawley rats.36 However, lipid- 
lowering treatment with fibrate for 12  weeks did not 
ameliorate the HFr- induced hypertension or albumin-
uria in DS rats despite normalizing plasma triglycerides 
and free fatty acid (data not shown).

Uric acid is a related product of fructose metabo-
lism, and it plays an important role in hypertension and 
renal damage.4,42 Previous studies indicate that uric 
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acid increases blood pressure and is correlated with 
renal RAS activation in humans and rats.43,44 However, 
plasma uric acid levels were not different between the 
HFr- DR and HFr- DS rats. In addition, candesartan but 
not enalapril significantly decreased plasma uric acid, 
although the antihypertensive and renal protective ef-
fects of both drugs were similar. We further examined 
the activity of xanthine oxidase, an enzyme that me-
tabolizes hypoxanthine to xanthine and uric acid. HFr 
increased the xanthine oxidase activity in the kidney of 
both DR and DS rats, but this renal activity was lower in 
the HFr- DS rats compared with the HFr- DR rats (data 
not shown). These results suggest that uric acid and 
xanthine oxidase might have minimal effects on the 
HFr- induced hypertension or renal damage in DS rats.

This study had several limitations. We used Dahl- 
Iwai S rats, in which salt sensitivity is relatively weak 
compared with Dahl SS/Jr rats. Future study is neces-
sary to examine whether the HFr- induced hypertension 
and organ damage are further exaggerated in Dahl SS/
Jr rats. We measured SBP using the tail- cuff method, 
which is not the most accurate method. Blood pres-
sure measurement via telemetry might be more accu-
rate. Plasma and intrarenal angiotensin II levels were 
not examined. Although sodium reabsorption affects 
the HFr- induced hypertension and renal damage,45 tu-
bular sodium transport was not examined. In addition, 
the HFr- induced renal dysfunction and damage were 
reported to be associated with oxidative stress, alter-
ations in metabolism of nitric oxide system, and a proin-
flammatory condition in Sprague- Dawley rats.8 Further 
studies are required to investigate other mechanisms of 
the HFr- induced hypertension and renal damages.

In summary, HFr- induced blood pressure elevation 
and renal damage were exaggerated in DS rats com-
pared with DR rats. Although it suppressed circulatory 
RAS, HFr activated renal RAS in DS rats, and RAS in-
hibitors attenuated the HFr- induced hypertension and 
renal damage in DS rats. These results suggest that 
the HFr- induced hypertension and renal damage were 
mediated by renal RAS activation and that they could 
be controlled by RAS inhibitors. Excessive fructose in-
take may be associated with a higher risk of developing 
hypertension and renal damage in salt- sensitive peo-
ple compared with salt- resistant people. In contrast 
to the low effectiveness of RAS inhibitors in high- salt– 
induced hypertension, RAS inhibitors may be effective 
drugs against the HFr- induced hypertension and renal 
damage regardless of salt sensitivity.
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SUPPLEMENTAL MATERIAL



Diet InteractionStrain

Urinary albumin excretion <0.05 n.s.           <0.05

Urinary L-FABP excretion <0.05             <0.05 n.s.

Index of glomerular sclerosis <0.05       <0.05 n.s.

Desmin positive area     <0.05             <0.05        <0.05

Media/lumen ratio <0.05                 <0.05            <0.05

Relative interstitial volume            <0.05     <0.05     <0.05

Angiotensinogen n.s n.s. n.s.

Renin   n.s. <0.05 <0.05

TableS1. Impacts of diet and rat strain on urinary parameters, renal histology and expression of renal RAS components

n.s. no significance.

Angiotensin II type 1 receptor n.s <0.05 <0.05

Angiotensin II type 2 receptor n.s. <0.05 <0.05

(Pro)renin receptor           <0.05 <0.05 n.s.

Angiotensin converting enzyme <0.05         <0.05 n.s.

Angiotensin converting enzyme activity <0.05 <0.05         <0.05 



Con Con-Ena Con-Can

Triglyceride (mg/dL) 267 ± 27                          226 ± 33                           259 ± 18

Total cholesterol (mg/dL)           76 ± 1                               57 ± 2** 74 ± 2

Free fatty acid (mEq/L) 218 ± 16                          325 ± 11**                       292 ± 20*

Glucose (mg/dL)                         152 ± 9                            175 ± 4                              173 ± 3

Creatinine (mg/dL)                   0.35 ± 0.02                     0.33 ± 0.01                        0.32 ± 0.01

Uric acid (mg/dL) 1.64 ± 0.05                     1.43 ± 0.10                        1.36 ± 0.04**

CCr (ml/min)                             3.03 ± 0.16                     2.95 ± 0.11                        3.16 ± 0.09

Table S2. Effects of enalapril and candesartan on body weight and plasma parameters in control diet-fed Dahl 
salt-sensitive rats 

Con, control diet-fed Dahl salt-sensitive rats(n=6) ; Con-Ena, enalapril-treated and control diet-fed Dahl salt-
sensitive rats(n=6) ; Con-Can, candesartan-treated and control diet-fed Dahl salt-salt sensitive rats(n=6) . 
HOMA-IR, homeostasis model assessment for insulin resistance; CCr, creatinine clearance. Data are presented as 
means±SE. *P<0.05, **P<0.01 compared with the Con group.

Body weight(g) 398 ± 6                             392 ± 7                              395 ± 5

Renin activity (ng/mL/hr) 5.7 ± 0.8                    50.0 ± 5.6** 59.7 ± 4.3**



Con HFr-HydHFr

Triglyceride (mg/dL) 267 ± 27                    882 ± 49** 595 ± 67**##                    816 ± 53 **

Total cholesterol (mg/dL)           76 ± 1                      105 ± 2** 89 ± 2 **##                         97 ± 5 **

Free fatty acid (mEq/L) 218 ± 16                    386 ± 37** 235 ± 19 ##                         292 ± 22 *

Glucose (mg/dL)                         152 ± 9                      194 ± 8** 185 ± 5 ** 183 ± 6 ** 

Creatinine (mg/dL)                   0.35 ± 0.02                0.22 ± 0.02** 0.27 ± 0.01** 0.25 ± 0.01 **

Uric acid (mg/dL) 1.64 ± 0.05                2.13 ± 0.08** 1.65 ± 0.06 ## 1.88 ± 0.06 *

CCr (ml/min)                             3.03 ± 0.16                3.91 ± 0.27* 4.43 ± 0.43* 2.93 ± 0.19 #

Table S3. Effects of hydralazine and hydrochlorothiazide on body weight and  plasma parameters in high 
fructose-fed Dahl salt-sensitive rats 

Con, control diet-fed Dahl salt-sensitive rats (n=6) ; HFr, high fructose -fed Dahl salt-sensitive rats (n=6) ; 
HFr-Hyd, hydralazine-treated and high fructose-fed Dahl salt-sensitive rats (n=6) ; HFr-HCTZ, hydrochlorothiazide
-treated and high fructose-fed Dahl salt-sensitive rats (n=6). CCr, creatinine clearance; n.d., not determined. 
Data are presented as means±SE. *P<0.05, **P<0.01 compared with the Con group; #P<0.05, ##P<0.01 
compared with the HFr group.

Body weight(g) 398 ± 6                      397 ± 6                        372 ± 6 *#                          383 ± 5

HFr-HCTZ

HOMA-IR 0.56 ± 0.04               0.70 ± 0.04* 0.69 ± 0.02* n.d.



Figure S1. Effects of enalapril (Ena) and candesartan (Can) of Control diet-fed DS rats.

A

(A) systolic blood pressure, (B) urine albumin excretion and (C)urinary liver type-fatty acid binding protein(L-FABP) excretion were 
examined in the control group(Con)(n=6) , Con-Ena(n=6) ,and Con-Can(n=6)  groups. Data are presented as means ± SE . *P<0.05, 
**P<0.01 compared with the Con group.

B C



Figure S2. Effects of enalapril(Ena)  and candesartan(Can) on the expression of renin-angiotensin system(RAS) components in the renal cortex of control diet(Con)-fed DS 
rats.
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(A)Angiotensinogen(AGT), (B) renin, (C) angiotensin converting enzyme(ACE), (E) (pro)renin receptor((P)RR), (F) angiotensin II 

type 1 receptor(AT1R), (G)angiotensin II type 2 receptor(AT2R) protein expression was examined by western blot analysis, and 

(D)renal ACE activity was examined in the Con (n=6), Con-Ena (n=6) ,and Con-Can (n=6) groups. Top panels depict 

representative immunoblots from the different groups. The intensities of each specific protein band were normalized to that of 

β-actin, and the mean intensities of the values for the Con group. Data are presented as means ± SE. *P<0.05, **P<0.01 

compared with the Con group.



Figure S3. Effects of Hydralazin(Hyd) and hydrochlorothiazide (HCTZ) of high fructose diet (HFr)-fed DS rats.

A B C

D E F G



(A) systolic blood pressure, (B) urine albumin excretion and (C) urinary liver type fatty acid binding protein(L-FABP), (D) 
glomerular sclerosis, (E)podocyte injury, (F) arteriolar thickening, and (G) interstitial fibrosis were examined in the 
control(Con) (n=6), HFr (n=6), HFr-Hyd (n=6) and HFr-HCTZ (n=6) groups. . Data are presented as means ± SE. *P<0.05, 
**P<0.01 compared with the Con group; #P<0.05, ##P<0.01 compared with the HFr group.
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