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Abstract 

Recurrent dehydration and heat stress cause chronic kidney damage in experimental animals. The 
injury is exacerbated by rehydration with fructose-containing beverages. Fructose may amplify 
dehydration-induced injury by directly stimulating vasopressin release and also by acting as a 
substrate for the aldose reductase-fructokinase pathway, as both of these systems are active 
during dehydration. The role of vasopressin in heat stress associated injury has not to date been 
explored. Here we show that the amplification of renal damage mediated by fructose in thermal 
dehydration is mediated by vasopressin. Fructose rehydration markedly enhanced vasopressin 
(copeptin) levels and activation of the aldose reductase-fructokinase pathway in the kidney. 
Moreover, the amplification of the renal functional changes (decreased creatinine clearance and 
tubular injury with systemic inflammation, renal oxidative stress, and mitochondrial dysfunction) 
were prevented by the blockade of V1a and V2 vasopressin receptors with conivaptan. On the 
other hand, there are also other operative mechanisms when water is used as rehydration fluid 
that produce milder renal damage that is not fully corrected by vasopressin blockade. Therefore, 
we clearly showed evidence of the cross-talk between fructose, even at small doses, and 
vasopressin that interact to amplify the renal damage induced by dehydration. These data may be 
relevant for heat stress nephropathy as well as for other renal pathologies due to the current 
generalized consumption of fructose and deficient hydration habits. 
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Introduction 
Dehydration (preferential water loss over salt 

loss) has commonly been associated with a 
“pre-renal” type of acute kidney injury (AKI), but the 
condition has been viewed as completely reversible 
and not associated with permanent kidney damage. 
Recently, however, there has been increasing evidence 

that recurrent dehydration, especially when related to 
heat stress, can lead to chronic kidney disease 
(CKD)[1]. This fact has been an especial concern in 
Central America, where an epidemic of CKD has 
arisen among manual laborers in the sugarcane fields 
and other outside occupations (termed Mesoamerican 
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Nephropathy) in which the primary risk factor is 
recurrent dehydration and heat stress.[2-4] Indeed, 
recently there has been recognition of epidemics of 
CKD with similar characteristics in other areas of the 
world, including India and Sri Lanka, leading to the 
suggestion that “heat stress nephropathy” might 
represent an emerging and major cause of CKD 
worldwide.[5]  

 Recently an animal model of CKD was 
developed by exposing mice to recurrent heat stress 
and dehydration.[6] Like the epidemics described in 
the literature, the primary histologic finding was 
tubulointerstitial fibrosis, although some glomerular 
ischemia was also observed.[6] The pathophysiologic 
mechanisms included the activation the polyol 
(aldose reductase-sorbitol dehydrogenase) pathway 
induced by heat dehydration [6]. In turn, the fructose 
generated from the polyol pathway can be 
metabolized by fructokinase which is present in the 
proximal tubule, leading to local adenosine 
triphosphate (ATP) depletion, oxidative stress, 
chemokine release, and uric acid generation [7]. In the 
mouse model of dehydration associated CKD, 
endogenously produced fructose was produced in the 
renal cortex, and proximal tubular injury was 
documented, and this was not observed in 
fructokinase deficient mice [6]. These studies led to 
the conclusion that activation of the 
polyol-fructokinase pathway is likely one of the 
mediator systems driving heat stress, 
dehydration-associated CKD. 

Dehydration is also a potent stimulus for the 
release of vasopressin, which in turn aids urinary 
concentration [8]. While vasopressin was initially 
viewed as strictly a beneficial hormone to help 
prevent water loss, it also has been implicated as a 
mediator of renal injury, and acute effects including 
glomerular hyperfiltration and albuminuria have 
been reported.[8-10] Indeed, there is also evidence 
that suppression of vasopressin can slow the 
progression of CKD in a rodent model [11] leading to 
the recognition that vasopressin may also be an 
important mediator for heat stress-associated CKD. 

Interestingly, there is emerging literature linking 
fructose metabolism with vasopressin.[12] For 
example, infusion of hypertonic fructose is known to 
stimulate vasopressin release in humans, whereas this 
is not observed with equimolar glucose.[13]. Recently 
we found that heat stress induces activation of the 
aldose reductase-fructokinase pathway in the 
hypothalamus and that blocking fructose metabolism 
can blunt the rise in vasopressin to heat stress [14]. 
Indeed, fructose can directly stimulate vasopressin 
synthesis in hypothalamic explants, but this is not 
observed if fructose metabolism is blocked [14]. 

Moreover, a sweetened beverage containing fructose 
markedly exacerbated the renal damage induced by 
mild heat dehydration in rats [15]. 

Here we investigated the effect of blocking 
vasopressin receptors V1a and V2 under conditions of 
mild but recurrent heat stress and limited rehydration 
with water or fructose. We report that blocking 
vasopressin receptors V1a and V2 protected against 
renal injury when fructose was provided as a 
rehydration fluid. Moreover, vasopressin also 
regulated the polyol-fructokinase pathway. As far as 
we know, this is the first study to show that 
vasopressin may have a causal role in heat stress 
nephropathy. 

Methods 
All the experiments were conducted according to 

the “Guide for the Care, and Use of Laboratory 
Animals” (National Academy Press, Washington, DC, 
1996) and were approved by the Instituto Nacional de 
Cardiología Ignacio Chávez Research Committee. 

Animal model  
Heat-induced dehydration procedure: Male 

Wistar rats (200-225 g BW) were exposed to 37°C for 
one hour during the morning hours, after receiving a 
dose of vehicle (water) or conivaptan (≈3 mg/kg 
BW/day by intragastric gavage)[16]. Fluid for 
rehydration was provided ad libitum for two hours 
immediately after dehydration. The rest of the day 
and on the weekend the rats received tap water and 
food ad libitum. Rats were allocated to the following 
experimental groups (6-8 for renal hemodynamics 
evaluation and 5 additional animals for renal cortex 
mitochondrial and tissue studies): 

NC= Control (no dehydration, water ad libitum) 

W+V= Dehydration, tap water + vehicle 

W+C= Dehydration, tap water + conivaptan 

F+V= Dehydration, 10% fructose water + vehicle  

F+C= Dehydration, 10% fructose water + conivaptan 

 Rats were weighed before and after dehydration 
procedure. The volume of fluid ingested during 2 h of 
rehydration was measured. The food and water intake 
the rest of the day were also measured. 

Plasma testing 
Creatinine (SpinReact. Girona, Spain), and urea 

(Wienner Lab. Rosario, Argentina) were analyzed by 
enzymatic based commercial kits, and sodium 
concentration was analyzed by an autoanalyzer. 
Plasma copeptin was measured by ELISA (Peninsula 
Laboratories. San Carlos, CA, USA), previous reverse 
phase extraction (SepPak cartridges, Waters. Milford, 
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MA). Plasma uric acid was measured by an enzymatic 
based kit (Sekisui Diagnostics. Kent, UK). Markers of 
systemic inflammation included IL-1, IL-6, and 
TGF-beta and were evaluated by ELISA (Abcam. 
Cambridge, MA, USA).  

Urine testing 
Sixteen-hour urine was collected in metabolic 

cages starting during the rehydration period at 4 
weeks. After the 2 h of rehydration period with the 
experimental fluid (water or 10% fructose), bottles 
containing tap water were replaced. The food and 
fluids were provided at libitum during urine 
collection. Urine was analyzed for creatinine, urea, 
and sodium using the same methods as for plasma 
samples.  

N-Acetyl-β-D glucosaminidase (NAG) activity in 
urine samples: NAG activity was measured 
accordingly to published methods [17, 18]. In brief, for 
the determination NAG activity, 4-nitrophenyl-N- 
acetyl-β-D-glucosaminide was used as substrate. One 
unit of enzymatic activity (U) represents the amount 
of enzyme, which hydrolyses one µmol of substrate 
per min at 37°C. The results were expressed as 
U/min. 

Blood pressure 
Systolic blood pressure (SBP) was measured in 

conscious rats by tail-cuff sphygmomanometer 
(XB-1000 Kent Scientific) at week 4[17]. For each rat, 5 
measurements were made, and the average was 
reported. Animals were trained for the procedure 
before starting the experiments. 

Renal hemodynamics 
Rats were anesthetized with sodium 

pentobarbital (30 mg/kg, i.p.), and placed on a 
homeothermic table to maintain the corporal 
temperature at 37°C. Trachea, both jugular veins, both 
femoral arteries and left ureter were catheterized with 
polyethylene tubing PE-240, PE-50, and PE-10, 
respectively. Euvolemic conditions were maintained 
by the infusion of 10 ml/kg of body weight of isotonic 
bovine serum albumin (BSA, 5 mg/dl) during 
surgery, followed by an infusion of isotonic saline. 
Mean arterial pressure (MAP) was continuously 
monitored with a pressure transducer (model 
MLT844, AD Instruments, Colorado Springs, CO, 
USA) and recorded on a data acquisition system 
(Power Lab, AD Instruments. Colorado Springs, CO, 
USA). A 1-mm ultrasound transit-time flow probe 
(TS420, Transonic Systems. Ithaca, NY, USA) filled 
with ultrasonic coupling gel was placed around the 
left renal artery to record renal blood flow (RBF). 
Renal vascular resistance (RVR) was calculated 
according to the formula RVR = MAP/RBF, and renal 

plasma flow (RPF) was calculated according to the 
formula: RPF = RBF X (1 - hematocrit). Capillaries 
with blood were centrifuged (MICRO-MB, Thermo 
Fisher Scientific Inc. Waltham, MA, USA), and the 
hematocrit was obtained in a microcapillary reader. 
At the end of the study, the kidney was washed and 
fixed by perfusion for ketohexokinase (KHK) 
immunohistochemistry. 

In three additional rats of F+V and F+C groups, 
glomerular filtration rate (GFR) was evaluated. In 
those animals, experimental set up was similar as for 
the RBF experiments, but urine samples were taken 
from a bladder cannula (PE-90). In brief, a basal 
plasma sample was obtained, and then rats were 
infused with 5% polyfructosan (Inutest, 
Fresenius-Kabi, Austria), A 60-minute period was 
allowed to reach equilibrium, and plasma and urine 
samples were obtained. After 30 minutes, samples of 
plasma and urine were obtained. Polyfructosan was 
measured colorimetrically at 450 nm according to 
Davidson and Sackner[18] in plasma and urine 
samples to calculate GFR.  

Renal cortex tissue analysis  
Sorbitol, fructose, and uric acid: Sorbitol (Biovision. 

Milpitas, CA, USA), fructose (colorimetric assay) and 
uric acid (Sekisui Diagnostics. Kent, UK), were 
measured in cortical lysates. Sorbitol was measured 
directly from the lysates, fructose was further 
extracted with perchloric acid, and uric acid was 
further extracted as previously described [7]. 

Markers of oxidative stress: In renal cortex 
homogenates, lipid peroxidation (4-HNE) and protein 
carbonyls were evaluated by colorimetric methods. 

Western-blotting: Western blot analyses for 
neutrophil gelatinase-associated lipocalin (NGAL, 
Santa Cruz Biotechnology, Dallas, TX, USA) aldose 
reductase (GeneTex, Irvine, CA, USA), KHK 
(GeneTex, Irvine, CA, USA), xanthine oxidase (Santa 
Cruz Biotechnology, Dallas TX, USA), vasopressin 
receptors V1a (Santa Cruz Biotechnology, Dallas, TX, 
USA) and V2 (Abcam, Cambridge, MA, USA), 
p22phox (Genetex, Irvine, CA, USA), gp91phox 
(Nox2, Genetex- Irvine, CA, USA), Nox4 (Novus, 
Saint Charles, MO, USA) were performed and 
corrected for β-actin (GeneTex, Irvine, CA, USA) for 
renal cortex lysates, and voltage- dependent anion 
carrier (VDAC, Genetex. Irvine, CA, USA) for isolated 
mitochondrial lysates. 

KHK immunohistochemistry: A private 
independent Laboratory of Pathology processed the 
immunohistochemistry, morphometry analysis was 
done by one of the authors (V. Soto, 
Nephropathologist) in a blinded fashion. The renal 
expression of KHK was evaluated using an anti-KHK 
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antibody (Genetex, Irvine, CA, USA) by 
morphometry. For each slide 30 non-overlapping 
fields of renal cortex were digitalized (X400) using a 
microscope (Olympus BX51). Each area was captured 
by a digital camera (Vr-Evolution, Media 
Cybernetics). The images were processed using 
Image-Pro-Plus, version 7.2 (Image-Pro INC, Media 
Cybernetics). Taking advantage of the software color 
recognition capabilities and the positive signal in a 
brown color that provided the indirect 
immunoperoxidase technique, the number of total 
brown pixels was quantified as the percentage of the 
total area of each field. A mean of 30 fields, evaluated 
in each slide, was obtained.  

Respiration measurements and complexes I, II, 
III and IV activities determinations in isolated 
mitochondria obtained from renal cortex 

Rats were euthanized at the end of the 4 weeks 
by deep anesthesia and abdominal aortae 
exsanguination. Both kidneys were washed by 
perfusion with cold PBS and the right kidney excised, 
divided into cortex and medulla, frozen in liquid 
nitrogen, and stored until further processing. The left 
kidney was used to prepare renal cortical 
mitochondria for measuring mitochondrial 
respiration, mitochondrial complexes, and aconitase 
activities and for western-blotting of Nox4, p22phox 
and gp91phox subunits using the constitutive 
mitochondrial protein VDAC1 as load control. 

Mitochondria isolation: Mitochondria were 
isolated from one-third of the renal cortex of the right 
kidney that was sectioned with surgical scissors and 
washed with 20 mM sucrose buffer. Tissue was placed 
in a cold glass Dounce homogenizer with a 
tight-fitting B pestle, and tissue homogenate was 
generated by several strokes of the B pestle. The 
homogenate was then centrifuged at 3,000 rpm (rotor 
radius 8 cm), 4°C to clean off remaining blood and fat. 
Mitochondria were subsequently isolated by 
differential centrifugation at 10,000 rpm (rotor radius 
8 cm) with 12% and 24% percoll (Sigma-Aldrich. St 
Louis, MO, USA). Mitochondrial button was 
suspended in sucrose buffer without EDTA for 
protein quantification and assay of mitochondrial 
respiration 

Mitochondrial oxygen consumption: Was 
determined using a micro Clark-type oxygen 
electrode (Strathkelvin Instruments. North 
Lanarkshire, Scotland). The experiments were carried 
out in 1.5ml of the basic medium, containing 125 mM 
KCl,10 mM HEPES and 3 mM KH2PO4, pH=7.3). To 
assess mitochondrial respiration driven by 
malate-glutamate substrates (10 mM), to produce 
NADH and feed the respiration chain in Complex I, 

15 µg of freshly obtained mitochondria were added to 
the reaction mixture. State 4 respiration (not coupled 
to ATP synthesis) was then measured. To evaluate 
State 3 (respiration coupled to ATP synthesis), 2 µL of 
adenosine diphosphate (ADP, 4.4 mg/mL) was 
added. Oxygen consumption was also evaluated 
using succinate plus rotenone (10mM succinate, 1 
μg/ml rotenone) and 30 µg of freshly obtained 
mitochondria. Respiratory control indexes (RC) were 
calculated as the ratio between the State 3 and the 
State 4 rates. 

Mitochondrial complexes I (NADH–ubiquinone 
oxidoreductase), II (succinate–ubiquinone 
oxidoreductase), III (ubiquinol–cytochrome C 
oxidoreductase) and IV (cytochrome c oxidase) 
activities were also evaluated in renal cortex isolated 
frozen and thawed mitochondria accordingly to 
methods previously reported [19].  

ATP content: Renal cortical ATP levels were 
measured by bioluminescence using a commercial kit 
(Roche Molecular Biochemicals, Mannheim, 
Germany) accordingly to the manufacturer 
instructions. 

Mitochondrial western-blotting: Western-blotting 
of Nox4, p22phox and gp91phox subunits using the 
constitutive mitochondrial protein VDAC1 as load 
control. 

Aconitase activity determination in mitochondria: 
Aconitase activity inhibition is a reliable marker of 
superoxide levels both in vivo and in-vitro. Aconitase 
activity was measured in frozen and thawed 
mitochondria using a commercial kit (Cayman 
Chemical, Ann Arbor, MI, USA). 

Statistical Analysis  
Statistical analysis was performed using 

one-way ANOVA followed by multiple comparisons 
of selected pairs by T-tests with the Bonferroni 
correction. The following comparisons were 
performed: NC vs. W+V; W+V vs. W+C; W+V vs. 
F+V and F+V vs. F+C. All values presented were 
expressed as the mean ±SD. Significance was defined 
as P ≤ 0.05. 

Results 
 Fluid consumption, caloric intake, and body weight 

loss induced by heat exposure (Table 1): Rats rehydrated 
with fructose drank more fluid compared to water 
rehydrated rats. Caloric intake from fructose 
amounted to 8% of overall calories, which is similar or 
lower than that observed among subjects ingesting a 
typical Western diet [20]. Conivaptan treatment 
increased total fluid intake regardless of the fluid 
used for rehydration. Overall weight loss from the 
procedure was 4% of BW. 
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Table 1: Mean body weight loss induced by heat exposure and 
mean fluids consumption.  

Parameter/Group NC W+V W+C F+V F+C 
Mean total water 
intake (mL) 

38±3 40±4 46±5b 46±5b 52±7c 

DBW loss (% BW) NA 3.6±0.3 3.6±0.5 3.7±0.5 4.3±0.4c 
Mean 
rehydration fluid 
(mL/2 h) 

NA 8.8±1.7 10.1±1.8 14.7±5.8b 14.4±5.9 

Total Kcal/d 81±8 69±9 67±4 74±5 72±3 
Mean Kcal 
fructose (Kcal/d) 

   6±0.3 6±0.2 

Final BW 318±21 291±23 282±17 273±11 273±16 
NC:Normal control , W+V: Water+Vehicle, W+C: Water+CVN , F+V: 
Fructose+Vehicle , F+C: Fructose+CVN,. DBW: Delta body weight, . a=p<0.05 vs 
NC; b= p<0.05 vs W+V; c=p<0.05 vs F+V. 

 
 
 
Plasma vasopressin (copeptin) levels and V1a and V2 

receptors expression (Fig 1): Heat stress was associated 
with an increase in plasma copeptin (vasopressin). 
Rehydration with fructose resulted in higher plasma 
copeptin levels compared to water rehydrated rats. 
Blockade of V1a and V2 receptors with conivaptan 
had no effect on copeptin levels.  

On the other hand, renal cortex expression of 
vasopressin receptors V1a and V2 was increased by 
thermal dehydration and amplified by fructose. 
Conivaptan was able to prevent the overexpression of 
vasopressin receptors in both water and fructose 
rehydrated animals (Fig 1). 

Conivaptan treatment blocked renal damage 
induced by thermal dehydration 

Renal functional parameters (Fig 2A) and blood 
pressure (Fig 2B): Decreased renal blood flow with 
increased renal vascular resistance was observed only 
in F+V rats. Those parameters were corrected by the 
treatment with conivaptan. Creatinine clearance 
(CrCl) showed a significant decrement in W+V 
compared to NC; this effect was further amplified in 
F+V group. Conivaptan treatment prevented this 
effect only in F+C group. We also observed similar 
values of CrCl in the groups subjected to renal 
hemodynamic studies: NC=1.31±0.07 mL/min; 
W+V= 1.02±0.16 mL/min, p=0.0001; W+C= 1.03±0.11 
mL/min, p=ns vs W+V; F+V= 0.64±0.07 mL/min, 
p=0.0001 vs W+V; F+C= 0.99±0.16 mL/min, p=0.0001 
vs F+V. Also, when whole GFR was measured using 
the marker polyfructosan in both groups of fructose 
rehydrated rats (n= 3, each), we observed a similar 
tendency: F+V = 1.4±1 mL/min, and F+C = 2.6±0.6.  

A significant increment in systolic blood 
pressure was noticed only in F+V group; this effect 
was partially alleviated by conivaptan treatment 
(NC= 123±3 mmHg; W+V= 128±9 mmHg; W+C= 
125±12 mmHg; F+V= 156±12 mmHg; F+C= 137±6 
mmHg; p<0.05 W+V vs F+V and p<0.05 F+V vs F+C). 

Similar findings were observed in plasma sodium 
concentration (NC= 138±2 mEq/L; W+V= 141±2 
mEq/L; W+C= 140±2 mEq/L; F+V= 147±2 mEq/L; 
F+C= 143±2 mEq/L; p<0.05 W+V vs F+V and p<0.05 
F+V vs F+C) 

 
 

 
Fig 1. Markers of vasopressin activation. A) Plasma copeptin (a stable vasopressin 
surrogate) measured at 4 weeks of follow-up in blood samples took in fully-hydrated 
state. B) Renal cortex expression of V1a and V2 vasopressin receptors. NC:Normal 
control , W+V: Water+Vehicle, W+C: Water+ Conivaptan , F+V: Fructose+Vehicle 
, F+C: Fructose+Conivaptan. *= p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 
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Fig 2. Conivaptan treatment blocked renal damage induced by thermal dehydration. A) Renal hemodynamic parameters (renal blood flow and renal vascular resistance) 
and creatinine clearance (CrCl) evaluated at the end of 4 weeks of follow-up. B) Systolic blood pressure measured at the end of the follow-up.C) Markers of tubular damage. 
N-acetyl-beta-D-glucosaminidase (NAG) urine excretion and neutrophil gelatinase-associated lipocalin (N-GAL) renal cortex expression. NC:Normal control , W+V: 
Water+Vehicle, W+C: Water+ Conivaptan, F+V: Fructose+Vehicle , F+C: Fructose+ Conivaptan. *= p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 

 
Markers of tubular injury (Fig. 2C): Urine 

N-Acetyl-β-D glucosaminidase (NAG) activity was 
increased in W+V compared to NC. This alteration 
was amplified in F+V group. Treatment with 
conivaptan partially prevented this effect. Also, we 
found an increased expression of neutrophil 
gelatinase-associated lipocalin (NGAL) in the renal 
cortex of W+V rats in comparison to NC. This marker 
of proximal tubule injury was also further increased 
in F+V group. Conivaptan treatment in fructose 
rehydrated rats prevented this effect. 

Conivaptan treatment prevented the 
overactivation of polyol-fructokinase pathway 
induced by thermal dehydration 

Recurrent heat-induced dehydration induces an 
abnormal activation of the polyol-fructokinase 
pathway [6, 21]. Therefore, we studied the effects of 
conivaptan treatment on the activation of this 
pathway (Figure 3). Renal cortex sorbitol 
concentration was significantly greater in W+V 
chronically dehydrated rats compared to NC rats, and 
conivaptan treatment did not modify this response 
(Fig 3A). Aldose reductase expression was also 
increased in those groups, and conivaptan partially 
prevented this effect (Fig 3B). Fructose rehydration 
further increased sorbitol concentration in renal 
cortex and significantly increased aldose reductase 

expression. In this condition, conivaptan partially 
prevented those effects (Figs 3A and 3B). 

Renal cortex fructose concentration had a mildly, 
but significant, increment in W+V compared to NC 
group, in agreement with an increase in sorbitol 
dehydrogenase (SDH) expression and despite that 
KHK expression remained without changes. 
Conivaptan treatment partially prevented SDH 
overexpression and did not modify the other effects. 
In both groups that received fructose as rehydration 
fluid, there was a further increment in the 
concentration of renal cortex fructose. In F+V group a 
significant increment in SDH and KHK expression 
was also observed, and conivaptan treatment 
prevented this effect (Figs 3C and 3D). Moreover, 
KHK immunohistochemistry provided similar results 
in independent rats (Fig 4).  

Renal cortex uric acid and xanthine oxidase 
expression were also increased in W+V group in 
comparison to NC. Conivaptan treatment had a 
partial effect since it did not modify uric acid 
concentration but it prevented the overexpression of 
xanthine oxidase. Fructose rehydration induced a 
further increment in uric acid and xanthine oxidase 
expression in the renal cortex. Again, conivaptan 
treatment had a partial effect and significantly 
reduced xanthine oxidase overexpression without 
modifying uric acid concentration (Figs 3E and 3F). 
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Fig 3. Conivaptan treatment prevented the overactivation of polyol-fructokinase pathway induced by thermal dehydration. Renal cortex sorbitol (A), fructose (C) and 
uric acid (G) concentrations were significantly increased by dehydration (W+V); rehydration with 10% fructose amplified these effects (F+V). Conivaptan treatment prevented 
the rise in cortical sorbitol in fructose-rehydrated rats (A). In parallel, aldose reductase (B) sorbitol dehydrogenase (D), KHK (E) and xanthine oxidase (F) renal cortex 
expressions were significantly increased by fructose rehydration. Conivaptan treatment in fructose rehydrated rats (F+C) fully prevented KHK overexpression and had a partial 
effect on aldose reductase, sorbitol dehydrogenase and xanthine oxidase. NC:Normal control , W+V: Water+Vehicle, W+C: Water+ Conivaptan , F+V: Fructose+Vehicle , F+C: 
Fructose+ Conivaptan *= p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 



Int. J. Biol. Sci. 2017, Vol. 13 
 

 
http://www.ijbs.com 

968 

 
Fig. 4. Conivaptan treatment prevented the overexpression of KHK by immunohistochemistry (magnification X200). It was confirmed by IMHC that thermal 
dehydration induces the overexpression of KHK in renal proximal tubules (identified by the presence of luminal brush border), and this effect is amplified by rehydration with 
fructose. Conivaptan treatment prevented this overactivation. NC:Normal control , W+V: Water+Vehicle, W+C: Water+ Conivaptan , F+V: Fructose+Vehicle , F+C: Fructose+ 
Conivaptan. **=p<0.01, ***=p<0.001. 

 

Potential mechanisms by which conivaptan 
exerted protection in the renal damage 
induced by thermal dehydration 

We next analyzed the mechanism likely involved 
in the protective effect exerted by conivaptan. There is 
evidence that fructose and uric acid induce renal 
damage through the increment of oxidative stress 
mediated by Nox enzymes [22]. This effect has been 

demonstrated to alter mitochondrial function, 
therefore inducing greater oxidative stress in a vicious 
circle. 

Markers of renal cortex oxidative stress (Fig 5): 
Dehydrated rats that received water as rehydration 
fluid developed mild renal cortex oxidative stress as 
shown by the increase in lipid peroxidation and 
protein carbonylation (W+V vs. NC, p= 0.001). 
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Conivaptan treatment prevented lipid peroxidation in 
this condition (W+V vs W+C, p= 0.01) (Fig 5A). Also, 
the expression of gp91phox was increased in W+V 
(p=0.01 vs. NC), and conivaptan treatment reduced 
the expression of gp91phox and Nox4 (W+C vs. W+V, 
p=0.05) (Fig 5B). 

Fructose rehydration induced a further 
increment in renal cortex oxidative stress. Therefore, 

lipid peroxidation and protein carbonylation were 
significantly increased (F+V vs. W+V, p=0.001). 
Conivaptan treatment prevented this effect (F+V vs 
F+C, p=0.001) (Fig 5A). In agreement with those data, 
fructose consumption also induced a significant 
overexpression of p22phox, gp91phox, and Nox4 in 
the renal cortex. Conivaptan treatment prevented the 
overexpression of pro-oxidant enzymes (Fig 5B). 

 
Fig 5. Renal cortex markers of oxidative stress. A) Thermal dehydration was associated with increased renal oxidative stress that was further augmented by fructose 
rehydration. Conivaptan prevented the rise in oxidative stress. B) Fructose rehydration also significantly increased the expression of p22-phox, gp91-phox and Nox4 and 
conivaptan treatment prevented those changes as well. NC:Normal control , W+V: Water+Vehicle, W+C: Water+ Conivaptan , F+V: Fructose+Vehicle , F+C: Fructose+ 
Conivaptan. *= p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 
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Markers of systemic inflammation (Table 2): Thermal 
dehydration induced a significant increment of 
plasma IL-1 beta, IL-6, and TNF-alpha in both groups 
that were rehydrated with water. Rehydration with 
fructose further increased the cytokines plasma 
concentration. In this case, conivaptan treatment 
prevented the additional increment of plasma 
cytokines to values similar to water rehydrated 
groups. 

 

Table 2: Markers of systemic inflammation.  

Parameter/Group NC W+V W+C F+V F+C 
IL-1 beta 
pg/mL 

11±0.6 19±1.5a 18±2.2 60±2.7b 24±1.3c 

IL-6 
pg/mL 

188±7 270±14a 256±21 585±17b 320±11c 

TNF-alpha 
pg/mL 

35±1 60±1a 58±3 79±1b 64±1c 

NC:Normal control , W+V: Water+Vehicle, W+C: Water+CVN , F+V: 
Fructose+Vehicle , F+C: Fructose+CVN. IL-1: Interleukine 1, IL-6: Interleukine 6 , 
TNF-alpha: Tumor necrosis factor alpha. a=p<0.05 vs NC; b= p<0.05 vs W+V; 
c=p<0.05 vs F+V. 

 

Table 3: Mitochondrial function.  

Parameter/Group NC W+V W+C F+V F+C 
RCR M/G 4.3±0.2 3.9±0.3a 4.0±0.2 3.6±0.3b 3.6±0.3 
RCR S/R 3.4±0.3 3.1±0.1 3.2±0.3 2.5±0.2b 3.4±0.3c 
Complex I 
activity 
nM/min/mg 
prot 

98±7 76±9a 69±9 22±3b 70±7c 

Complex II 
activity 
nM/min/mg 
prot 

348±39 251±26a 186±36b 52±4b 136±15c 

Complex III 
activity 
nM/min/mg 
prot 

23±3 20±3 20±4 22±1 21±6 

Complex IV 
activity 
nM/min/mg 
prot 

35±3 9±1a 9±2a 9±2 9±1 

[ATP] renal 
cortex 
nmol/mg prot 

21±6 14±3a 14±2 10±0.3a 18±5c 

NC:Normal control , W+V: Water+Vehicle, W+C: Water+CVN , F+V: 
Fructose+Vehicle , F+C: Fructose+CVN. RCR: Respiratory control rate, M/G: 
Malate/Glutamate substrates, S/R: Succinate/rotenone substrates, ATP: Adenosin 
triphosphate. a=p<0.05 vs NC; b= p<0.05 vs W+V; c=p<0.05 vs F+V. 

 
 
Mitochondrial function (Table 3): No changes in RC 

were noticed between W+V, W+C and NC 
mitochondria oxidizing either malate/glutamate or 
succinate plus rotenone, in spite of the substantial 
decrement in complex I and complex II activities in 
W+V rats compared to NC (-23%, p<0.001 and -28%, 
p<0.001, respectively). Conivaptan treatment did not 
modify complex I activity compared to W+V group, 
but significantly reduced the activity of complex II 
(74% of W+V, p<0.001). Fructose used as rehydration 
fluid affected further mitochondrial function, 

reducing respiratory control index when using 
malate-glutamate or succinate plus rotenone. 
Accordingly, the activities of complex I and II were 
significantly reduced compared to W+V (Complex I, 
-71%, p<0.001; complex II, -79%, p<0.001). Conivaptan 
treatment partially rescued the activity of both 
complexes. Complex III activity remained unchanged 
in all the experimental groups, whereas complex IV 
activity was equally susceptible to dehydration (W+V 
and F+V) with or without conivaptan (W+C and 
F+C). In agreement with previous results, ATP renal 
content was significantly decreased in heat-exposed 
rats, and further decreased in rats rehydrated with 
fructose. Conivaptan treatment prevented the fall of 
ATP content induced both by dehydration and 
fructose rehydration. 

Markers of mitochondrial oxidative stress (Fig 6): As 
the increase in oxidative stress negatively impacts 
mitochondrial function, we also evaluated aconitase 
activity and the expression of various Nox enzymes in 
mitochondrial fractions. 

In support with the data previously presented, 
we found a significant reduction in aconitase activity 
in W+V group compared to NC (p<0.01) (Fig 6A). In 
parallel, p22phox expression was also increased; 
gp91phox and Nox4 expressions were not altered. 
Conivaptan treatment in rats that received water as 
rehydration fluid significantly reduced Nox4 
expression (p<0.001) (Fig 6B). 

Fructose rehydration further decreased aconitase 
activity (p<0.001 vs. W+V) (Fig 6A) and in 
concurrence, significantly increased the expression of 
p22phox, gp91phox, and NOX4 in mitochondrial 
fractions obtained from renal cortex. Conivaptan 
treatment suppressed the increment in these 
mitochondrial oxidative stress markers (Fig 6B). 

Discussion 
Here we demonstrated that reduced CrCl, 

tubular injury, oxidative stress and mitochondrial 
dysfunction could be induced by mild chronic 
recurrent heat stress and limited rehydration with a 
fructose-containing beverage in physiologically 
relevant amounts. The renal injury associated with 
fructose rehydration resulted in higher serum 
vasopressin (copeptin) levels and could be prevented 
by conivaptan, an inhibitor of the V1a and V2 
receptors. Conivaptan also blocked the upregulation 
of the polyol-fructokinase pathway and V1a and V2 
receptors induced by heat stress and fructose 
rehydration. In contrast, water rehydrated animals 
had less renal injury, and in this situation, conivaptan 
treatment was only partially effective. These studies 
suggest a synergistic effect of fructose with 
vasopressin pathways. 
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Fig 6. Renal cortex isolated mitochondria markers of oxidative stress. Thermal dehydration decreased the activity of the mitochondrial aconitase, and this was further 
reduced by fructose rehydration. Conivaptan prevented the decrement in aconitase activity in fructose-rehydrated rats. In parallel, fructose rehydration significantly increased the 
protein expression of mitochondrial p22-phox and Nox-4. Conivaptan treatment also prevented the overregulation of these proteins as well. 

 

Role of vasopressin in renal injury induced by 
thermal dehydration when fructose beverage 
was provided as a rehydration fluid 

Fructose-containing beverages produced greater 
renal damage in comparison to rehydration with tap 
water in a model of mild dehydration induced by 
thermal stress [21]. Here we document similar 
findings. A strength of this model is that the 
dehydration is mild (representing ≈4 % of total body 
weight) and is in the range observed in humans with 
modest exercise in hot environments. We document 
that vasopressin is an important mediator in this 
pathological process since conivaptan prevented the 
decrement in CrCl and also the increment in markers 
of tubular damage (NAG and NGAL). Moreover, 

renal damage was documented after only 3 cycles of 
thermal dehydration and rehydration with fructose in 
parallel with the rise in plasma copeptin (vasopressin) 
and KHK overexpression. Conivaptan prevented 
these early changes, suggesting that renal injury is 
slow and likely cumulative (Supplementary 
materials).  

In addition, we found a significant decrement of 
RPF accompanied by an increase in RVR and a 
significant decrement of GFR in the F+V group. These 
changes were prevented by conivaptan, documenting 
a pivotal role for vasopressin in mediating heat 
stress-induced renal disease when fructose is 
provided as a rehydration fluid. We hypothesized 
that the fructose-dependent renal vasoconstriction has 
a perpetuating and aggravating effect on renal 



Int. J. Biol. Sci. 2017, Vol. 13 
 

 
http://www.ijbs.com 

972 

function. A key aspect is that the amount of fructose 
administered was relatively low (≈8% of daily kCal) 
and was limited to 2 hours each day following the 
dehydration procedure in contrast to other studies 
where rats also developed renal cortical 
vasoconstriction but received higher concentrations of 
fructose ad libitum [23, 24]. Given that one 12 oz 
serving of sweetened beverage (150 kCal) provides 
approximately 6-8% of daily kCal requirements in 
normal adults [25], our studies may be relevant to 
potential injurious mechanisms induced by 
sweetened drinks in the dehydrated state. 

We also confirmed a rise in blood pressure in 
dehydrated rats rehydrated with fructose and this 
effect was prevented by conivaptan (Fig 2B). The 
effect of vasopressin receptors dual inhibition on 
blood pressure was previously reported in 
spontaneously hypertensive rats (SHR) rats, in which 
this treatment prevented the rise in blood pressure 
when initiated before the onset of hypertension[26]. 
Moreover, chronic activation of the V2 receptor 
induces increased sodium reabsorption that 
eventually may contribute to developing systemic 
hypertension [27]. Fructose rehydration was 
associated with a significantly higher vasopressin 
secretion, a higher expression of the V2 receptor in 
kidney cortex and a rise in plasma sodium in 
comparison to water rehydrated rats, suggesting that 
sodium reabsorption was enhanced in this group. In 
W+V rats, the increase in systemic vasopressin was 
75% lower in comparison to fructose rehydration 
(F+V). Accordingly, the elevation in plasma sodium 
was of less magnitude in this group (W+V=141 vs. 
F+V=147 mEq/L, p<0.05). In addition, fructose intake 
is also associated with the development of systemic 
hypertension by mechanisms dependent and 
independent of its metabolism by fructokinase (such 
as oxidative stress and inflammation) [28]. Treatment 
with conivaptan in fructose rehydrated rats resulted 
in a significant reduction in V2 receptor expression 
and plasma sodium (F+V=147 vs F+C=143 mEq/L, 
p<0.05), suggesting that V2 receptor blockade 
prevented the stimulation of sodium reabsorption. 
Moreover, conivaptan treatment also significantly 
reduced fructokinase overregulation and oxidative 
stress. Thus, the attenuation of sodium reabsorption 
and the prevention of fructokinase overregulation 
afforded by conivaptan likely conferred an 
antihypertensive effect in fructose rehydrated rats. 

As we showed [21], rehydration with water also 
was associated with a lower CrCl in comparison to 
non-dehydrated control rats, but this was not related 
to renal vasoconstriction suggesting an increase in 
efferent resistance mediated by a local vasoconstrictor 
probably.  

Crosstalk between vasopressin and aldose 
reductase-fructokinase pathways.  

Fructose stimulates vasopressin secretion 
directly [13, 14], and we recently showed that this 
effect is mediated through fructokinase in 
hypothalamic explants [14]. Consistent with those 
findings, F+V rats had significantly higher levels of 
copeptin in comparison to W+V. 

While rehydration with fructose amplified the 
effects of vasopressin, we also found evidence for 
cross-talk between vasopressin and the endogenous 
polyol-fructokinase pathway. Indeed, thermal 
dehydration induced activation of the 
polyol-fructokinase pathway in the kidney and this 
was increased when fructose was provided as part of 
the rehydration fluid. Moreover, the blockade of 
vasopressin V1a and V2 receptors has an inhibitory 
effect on the activation of this pathway. Therefore, 
conivaptan prevented the overexpression of aldose 
reductase, sorbitol dehydrogenase and xanthine 
oxidase in water rehydrated animals and in fructose 
rehydrated rats KHK overexpression was also 
suppressed by conivaptan treatment. This latter effect 
was noteworthy since the increase in renal fructose 
load induces the upregulation of its metabolic 
pathway[29]; thus, the fact that the blockade of 
vasopressin receptors was able to suppress this 
response suggest a strong link between both 
metabolic pathways, which likely is also present in 
other pathological situations.  

Sorbitol concentration in renal tissue mirrored 
the effect on aldose reductase. However, fructose and 
uric acid concentrations remained high even in the 
setting of vasopressin receptors blockade. This 
apparent paradox might be related to the fact that 
exogenous fructose could have accumulated in renal 
tissue, and then further metabolized to uric acid. 
Another possibility is that fructokinase and xanthine 
oxidase had a compensatory increase in their 
enzymatic activities since conivaptan effectively 
prevented their overexpression.  

So far it is not clear how vasopressin can regulate 
the polyol pathway. However, long-term systemic 
vasopressin might increase plasma osmolarity at least 
through two different pathways: 1) Increased sodium 
reabsorption [27], and 2) Preferential partition of 
extracellular water in the interstitial compartment 
[30]. As aldose reductase, the rate-limiting enzyme in 
the polyol pathway is particularly regulated by the 
transcription factor activated by tonicity 
TonEBP/NFAT5; then chronic vasopressin activation 
might indirectly overregulate this pathway by 
increasing plasma osmolarity. 
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Mechanisms involved in the protective effect 
of conivaptan 

Conivaptan treatment conferred more benefit in 
fructose rehydrated rats: Vasopressin secretion is 
stimulated by dehydration due to osmotic 
mechanisms [31]. Accordingly, we observed that in 
dehydrated rats rehydrated with water (W+V) there 
was a significant rise in systemic copeptin 
(vasopressin). The importance of the present studies is 
that we confirmed that fructose is an additional and 
potent stimulus for vasopressin secretion [6, 13, 14]. 
An intriguing finding was that conivaptan conferred 
more benefit in fructose rehydrated rats, in which 
systemic vasopressin levels were markedly high. An 
explanation for this apparent paradox is that although 
conivaptan blocks both V1a and V2 receptors, it more 
potently inhibits the V2 receptor [32]. Moreover, it has 
been regarded that V1a receptor activation attenuates 
V2 receptor actions, therefore providing a protective 
effect in the long term [27]. As fructose rehydration 
induced a stronger vasopressin secretion (copeptin) 
compared to water (this and other studies [6, 13, 14]), 
it is possible that the higher levels of systemic 
vasopressin were able to activate V1a receptor 
partially, therefore conferring a superior protection in 
comparison to rats that received water as rehydration 
fluid, in which the levels of systemic vasopressin were 
much lower, likely allowing conivaptan to inhibit 
both receptors fully. 

Oxidative stress: Conivaptan was able to 
prevent the further increase in renal oxidative stress 
caused by rehydration with fructose in dehydrated 
rats. It has been shown that increased levels of 
vasopressin-stimulated vascular superoxide 
production through activation of the V1a receptor [33, 
34]. Fructose and UA also increase renal oxidative 
stress via activation of NOX-4 [22]. In our 
experimental model, conivaptan in addition to 
inhibiting V1a receptor also induced its 
downregulation. Also, conivaptan prevented KHK 
and XO overexpression; these effects might contribute 
to maintaining NOX4 expression in normal levels. 
Therefore, the combination of these effects likely 
provided an antioxidant effect.  

As expected, the effect in W+V rats was less 
evident. Thus, we found a mild increase in oxidative 
stress lesser in comparison to F+V rats. Also, 
conivaptan had a partial effect on oxidative stress 
markers, thus, normalized the lipid peroxidation and 
decreased the expression of Nox4 and Gp91-phox. 

Systemic inflammation: We documented a 
significant increase of systemic inflammatory 
cytokines in all dehydrated groups, and this effect 
was accentuated in fructose rehydrated rats. Thermal 
exposure induces an acute and delayed inflammatory 

response in which IL-1beta, IL-6, and TNF-alpha are 
consistently high in the circulation [35, 36]. The 
observation that cytokines were higher with fructose 
rehydration also implicates direct effects of fructose 
[37]. On the other hand, vasopressin has an 
immunomodulatory role [38], and it is plausible that 
might contribute to preserving a systemic 
inflammatory state. Thus, in animals rehydrated with 
fructose we found higher levels of plasma copeptin 
and systemic cytokines. The observation that 
conivaptan also blocked the amplification of cytokines 
by fructose again identifies an important cross-talk 
between the fructose and vasopressin pathways 

Mitochondrial alterations: Mitochondria are 
both, the primary sources of ROS and also susceptible 
to oxidative stress [39]. Moreover, fructose and UA 
augment mitochondrial oxidative stress [40, 41]. 
Therefore, we determined if mitochondria were 
involved in the increased oxidative stress due to 
dehydration and rehydration with the different 
beverages. Fructose rehydration decreased 
respiratory control rate when using either 
malate-glutamate or succinate plus rotenone. In 
agreement with this data, complexes I and II activities 
were significantly reduced. The electrons that leak at 
different sites from the respiratory chain react with 
O2, producing superoxide radical. The main sites of 
physiological ROS synthesis remain to be definitively 
determined, but it is agreed that superoxide generated 
by complexes I and II is released on the matrix side 
[42]. Previous reports have described similar 
alterations in mitochondria isolated from tissues 
exposed acutely and chronically to hyperthermia 
[43-45]. In the present studies, although we did not 
measure the activity of mitochondrial ATP-synthase, 
and ATP content results from the sum of 
mitochondrial synthesis and glycolysis, the cortical 
content of ATP showed parallel changes in 
respiratory control rate values, which indicate that 
defective substrate oxidation might account for 
diminished ATP synthesis at the level of complexes I 
and II. 

Formerly it was reported that the mitochondrial 
stress induced by hyperthermia, in addition, to 
producing similar responses to oxidative stress, is also 
a stimulus to enhance oxidative stress [46, 47]. 
Therefore, we evaluated aconitase activity since this 
enzyme is very sensitive to oxidative stress-induced 
damage [48]. We found that aconitase activity was 
decreased in dehydrated rats, and this was further 
reduced in fructose rehydrated animals, implicating 
inactivation of the enzyme mediated by oxidative 
stress. In our studies, we found a significant 
increment in renal tissue oxidative stress in 
heat-exposed rats, evaluated as lipid peroxidation 
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(4-HNE) and protein carbonylation, and this effect 
was enhanced by fructose rehydration. In this regard, 
4-HNE has been shown to be toxic to mitochondrial 
function and significantly reduces the activity of 
aconitase [49].  

Increased expression of mitochondrial p22phox 
and Nox4enzymes are found in states of increased 
oxidative stress [50] therefore, we evaluated the 
expression of these enzymes in mitochondrial lysates. 
We found increased expression of both proteins in 
mitochondrial lysates of heat-dehydrated rats that 
received fructose as a rehydration fluid. Confocal 
microscopy has shown significant co-localization of 
Nox4 and p22phox with mitochondrial F1F0-ATP 
synthase [50]. Moreover, upregulation of 
mitochondrial Nox4 promotes oxidative stress and 
mitochondrial dysfunction in cardiomyocytes and 
renal cells [50, 51], and part of this effect likely is 
mediated by Nox4 inactivation of complex I [52]. In 
the present study, we found a decreased activity of 
complex I and increased expression of NOX4 in 
mitochondria; those findings were in concert with 
increased oxidative stress. Collectively these results 
suggest that increased oxidative stress induced 
functional alterations in renal cortex mitochondria, 
therefore the reduction of oxidative stress 
accomplished by conivaptan provided benefit in 
fructose rehydrated rats. 

In summary, we document the importance of the 
type of rehydration fluid in a mild model of heat 
stress-induced renal damage. Specifically, 
rehydration with even small amounts of fructose can 
induce impaired renal function and tubular injury 
associated with oxidative stress, systemic 
inflammation, and mitochondrial dysfunction. The 
mechanism by which fructose induces renal injury is 
by stimulating vasopressin, and blocking vasopressin 
receptors with conivaptan protects against the renal 
injury largely. We also document a major crosstalk 
between vasopressin and fructose metabolism. These 
studies have important implications for the 
mechanisms by which heat stress induces renal injury, 
of the importance of the type of rehydration, and also 
on the growing recognition of the interaction of 
fructose and vasopressin in disease. 
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