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Fructose overload is associated with cardiovascular and metabolic disorders.

During pregnancy, these alterations may affect the maternal environment and

predispose offspring to diseases. Aims: To evaluate the renal morphology and

function of offspring of dams that received fructose overload during pregnancy

and lactation. Methods: Female Wistar rats were divided into the control (C) and

fructose (F) groups. C received food and water ad libitum, and F received food

and D-fructose solution (20%) ad libitum. The D-fructose offer started 1 week

before mating and continued during pregnancy and lactation. The progeny

were designated as control (C) or fructose (F); after weaning, half of the F

received water to drink (FW), and half received D-fructose (FF). Blood pressure

(BP) and renal function were evaluated. The expression of sodium transporters

(NHE3-exchanger, NKCC2 and NCC-cotransporters, and ENaC channels) and

markers of renal dysfunction, including ED1 (macrophage), eNOS, 8OHdG

(oxidative stress), renin, and ACE 1 and 2, were evaluated. CEUA-UNIFESP:

2757270117. The FF group presented with reduced glomerular filtration rate and

urinary osmolarity, increased BP, proteinuria, glomerular hypertrophy,

macrophage infiltration, and increased expression of transporters (NHE3,

NCC, and ENaC), 8OHdG, renin, and ACE1. The FW group did not show

increased BP and renal functional alterations; however, it presented

glomerular hypertrophy, macrophage infiltration, and increased expression

of the transporters (NHE3, NKCC2, NCC, and ENaC), renin, and ACE1. These

data suggest that fructose overload during fetal development alters renal

development, resulting in the increased expression of renin, ACE1, and

sodium transporters, thus predisposing to hypertension and renal dysfunction.
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Introduction

Hypertension is a significant public health problem owing to

its high prevalence and association with cardiovascular and renal

diseases (Mills et al., 2016). This multifactorial disease may

manifest as a result of insults during critical periods of fetal

development (Franco et al., 2003; Rocha et al., 2005; Zandi-Nejad

et al., 2006; Magaton et al., 2007; Thomal et al., 2010; Jones et al.,

2012; Argeri et al., 2016). Studies have shown that during

pregnancy, nutritional restriction (Franco et al., 2003; Zandi-

Nejad et al., 2006; Jones et al., 2012), hyperglycemia (Rocha et al.,

2005; Magaton et al., 2007), and sleep restriction (Thomal et al.,

2010; Argeri et al., 2016) alter fetal growth predisposing to the

development of hypertension in adulthood. Thus, identifying

other conditions that can disturb the intrauterine environment is

essential to prevent the development of arterial hypertension

through fetal programming.

Fructose is widely used in processed foods such as soft drinks,

jellies, cakes, and puddings (Bray et al., 2004; Bray, 2008).

Increased consumption of this sugar has been associated with

arterial hypertension and metabolic dysfunction (glucose

intolerance and increased plasma insulin levels, among others)

(Navarro-Cid et al., 1995; Farah et al., 2006; Cunha et al., 2007;

Brito et al., 2008; De Angelis et al., 2012). These alterations

caused by the high consumption of fructose during pregnancy

can predispose offspring to non-communicable diseases.

Significant alterations in glucose metabolism were observed in

the offspring of rats that consumed large amounts of fructose

during pregnancy and lactation, thus confirming this hypothesis

(Sloboda et al., 2014; Song et al., 2017). Regarding the effects on

the kidneys, changes in the expression of genes involved in renal

morphogenesis were observed in the offspring of rats subjected to

high fructose consumption (Tain et al., 2015b), and altered

expression of enzymes related to oxidative stress (iNOS and

COX-2) was observed in the renal tissue (Sarı et al., 2015).

Several experimental models have evaluated the effects of

maternal high fructose consumption, alone or in combination

with a high sodium and/or high fat diet, or with different doses of

fructose (usually very high doses) (Olatunji et al., 2001; Abdulla

et al., 2011; Tain et al., 2015a; Rodrigo et al., 2016; Saad et al.,

2016; Fauste et al., 2021); however, few have evaluated in detail

the effects on the structural and functional alterations of the

kidneys from the offspring of rats subjected only to fructose

overload.

The present study aimed to evaluate renal function and

morphology and the expression of sodium transporters and

markers of renal dysfunction in the kidneys of offspring of

dams that received fructose overload during pregnancy and

lactation. In addition, half of the offspring of dams that

received fructose until lactation continued to receive fructose

until adulthood.

This experimental group presented a significant increase in

blood pressure, important renal morphology, and functional

changes. The group of offspring exposed to fructose only in

the pre-and perinatal periods did not show many functional

changes, probably due to adaptive processes; however, the

morphological changes found in this group demonstrated that

exposure to fructose during nephron formation could be a threat

to renal integrity, which may lead to future consequences.

Methods

The study was approved by the Ethical Research Committee

of the Universidade Federal de Sao Paulo (protocol 7647020614)

and adhered to international guidelines for the care of animals.

Twelve-week-old female Wistar rats were obtained from the

Centro de Desenvolvimento de Modelos Experimentais Para

Biologia e Medicina (CEDEME) University Animal Breeding

Center. The rats were kept in a temperature-controlled room

(22°C) with lights on from 7 a.m. to 7 p.m.

Summary of the experimental protocol:

1) Female rats were distributed into Control and Fructose

groups;

2) Male and Female rats were caged together for mating;

3) Pregnancy was confirmed by the presence of sperm in vaginal

smears;

4) Weaning occurred 21 days after birth;

5) Renal function and blood pressure were evaluated in the

offspring at 4 months of age.

Experimental design

Female rats were randomly assigned to control or fructose

groups: C, the control group and F, fructose group (subjected to

fructose overload during pregnancy and lactation). Rats in the

control group received food and water ad libitum. The fructose

group received food and drinking solution containing 20%

D-fructose ad libitum (D-Fructose, Labsynth, Diadema-S.P.

Brazil). The amount of fructose offered to dams using different

protocols may vary widely (10%–60%) (Abdulla et al., 2011). The

dose used in the present study was 20% because it is relatively low,

although it has been shown to affect blood pressure (Bernardes et al.,

2018). One week before mating, fructose solution was offered to the

fructose group and continued to be available during pregnancy and

lactation for 24 h/day until weaning. Rats in groups C and F were

divided into pairs and caged overnight with a male to mate, and

vaginal smears were collected the following morning. The presence

of sperm was considered a positive result. After birth, litter size was

standardized to eight pups per litter. The offspring remained with

the dams for 21 days. After weaning, pupswere separated and placed

in collective cages.
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The offspring formed three experimental groups:

C: Male offspring from control dams (eight animals) that

received water to drink.

FW: Male offspring from fructose dams (subjected to

fructose overload during pregnancy and lactation) (eight

animals) that received water to drink after weaning.

FF: Male offspring from fructose dams (subjected to fructose

overload during pregnancy and lactation) (eight animals)

continued to receive fructose solution to drink after weaning.

All groups received food ad libitum.

At 4 months of age, the animals were weighed, systolic blood

pressure (BP) was measured, and renal function was evaluated.

Measurement of systolic blood pressure

BP was measured using the indirect technique of tail

plethysmography. The rat was placed in an acrylic

containment cylinder with only the tail remaining exposed.

Then, the containment cylinder was placed in a heating

chamber at a constant temperature of 34°C to promote slight

dilatation of the caudal artery. The sphygmomanometer, with a

sensor connected to a recording system, was coupled to the

proximal portion of the rat tail (caudal artery) (tail

plethysmography, IITC Life Science Inc. Woodland Hills, CA,

United States). The cuff was inflated to 220 mmHg and slowly

deflated, and the systolic pressure was recorded. For each rat, at

least three measurements were taken in a row, with the average

being considered the blood pressure value.

Evaluation of renal function—clearance
evaluation

Before the clearance evaluation, the rats were placed in

metabolic cages (Criffa, Barcelona, Spain) for 24 h. Urine

samples were collected to measure protein excretion and

urinary osmolality (Uosm).

For clearance evaluation, the rats were anesthetized with

sodium thiopental (Cristália) at a dose of 60 mg/kg i.p. and

additional doses were administered during the experiment

whenever the anesthetic plane of the animals became superficial.

Initially, a polyethylene tube (PE 260) was inserted into the

trachea of each animal to maintain ventilation. The right carotid

artery was catheterized with PE 20 polyethylene for blood

sampling, and the left external jugular artery was catheterized

with PE 50 polyethylene for infusion of different solutions. A

catheter (PE 260 polyethylene) was inserted into the bladder for

urine sample collection. After the surgical procedure, a

continuous intravenous infusion of 0.9% NaCl and 3%

mannitol at a constant rate of 100 μl/min was administered

through an infusion pump (Harvard PHD 2000) for 30 min.

After this period, a prime dose of inulin (Sigma) of 300 mg/kg

body weight was administered, followed by a maintenance dose

of 5 mg/min per kg body weight, through the infusion pump. The

para-amino hippurate (PAH - Sigma) prime of 6.66 mg/kg of

body weight was dissolved together with the prime dose of inulin,

both being administered in the jugular vein. The maintenance

dose of PAH was 1.33 mg/min per kg of body weight and was

administered together with the maintenance dose of inulin. The

glomerular filtration rate (GFR) and renal plasma flow (RPF)

were evaluated based on the clearance of the respective

substances (inulin and PAH). Blood samples were collected

using heparinized syringes (Liquemine, Roche) and

centrifuged at 5,000 rpm for 10 min (Fanem centrifuge, SP. B-

204-NR), and plasma was separated and stored in a refrigerator

until dosing. Urine samples were collected under mineral oil in

previously weighed glass tubes. After collection, the tubes were

weighed again to calculate urinary flow. Urinary flow values were

normalized per kg. Afterward, the samples were refrigerated in

collection tubes under mineral oil. Plasma and urinary

concentrations of inulin and PAH were determined using a

colorimetric method (Nascimento-Gomes et al., 1997).

The urinary and plasma concentrations of sodium (Na+) and

potassium (K+) were determined using the flame photometry

method (analyzer model 910).

Urinary osmolarity (Uosm) was evaluated using an

osmometer (Advanced 3W2). Proteinuria was evaluated by

the sulfosalicylic acid precipitation method (Nascimento-

Gomes et al., 1997).

Renal morphology

The kidneys were surgically removed under anesthesia

with ketamine (65 mg/kg) and xylazine (6 mg/kg), fixed in

Bouin’s solution (ethanol saturated with picric acid 75%,

formaldehyde 20%, and acetic acid 5%), and embedded in

paraffin. Five-micrometer histological sections were cut and

stained with hematoxylin and eosin. Glomerular area was

evaluated using a light microscope (Nikon H550L) and a

camera. Images were analyzed using an image analysis

software (Nikon, NISElements 3.2, Japan). Encircled areas

were determined using computerized morphometry. Twenty

fields were analyzed on each slide (magnification ×200). For

immunohistochemical analysis, sections were incubated

overnight at 4°C with the following antibodies: anti-CD68

for macrophage identification (anti ED1, 1:500, Serotec,

Sigma-Aldrich, MO, United States); anti-alpha-SM-actin, 1:

1000 (Dako, Glostrup-Denmark); anti-vimentin, 1:500 (Dako,

Glostrup-Denmark); anti- endothelial nitric oxide synthase

(eNOS), 1:250 (Gene-tex, CA, United States) and anti-

8OHdG, 1:150 (Gene-tex, CA, United States); anti-sodium

transporters: sodium-hydrogen exchanger 3 (NHE3), 1:300,

sodium-potassium-chloride cotransporter 2 (NKCC2), 1:300,

sodium-chloride cotransporter (NCC), 1:300, and epithelial
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sodium channel (ENaC), 1:300 (StressMarq Biosciences Inc.

Victoria, BO, Canada); anti-renin, 1:75 (Santa Cruz

Biotechnology, Dallas, TX, United States); anti-angiotensin

converse enzyme 1, 1:400 and 2, 1:500 (Abcam Inc. Waltham -

MA, United States). The reaction product was determined

using a universal immuno-peroxidase polymer (Histofine-

Nichirei Biosciences, Japan) or with Alexa Fluor 488, 1:500

(Invitrogen, Thermo Fisher Scientific, United States). For

quantitative analysis, the percentage of the area was

assessed in 20 consecutive fields for each sample

(×200 magnification). Images were acquired using a

microscope (Eclipse 80i, Nikon, Tokyo, Japan) equipped

with a digital camera (DSRi1, Nikon) and analyzed using

NIS-Elements (Nikon) software.

Statistical analysis

Results are presented as mean ± standard error and were

analyzed by one-way ANOVA. Additionally, Bonferroni’s post

hoc test was used for multiple comparisons between groups

(Prism 6.0, GraphPad). Values of p ≤ 0.05 were considered

significant.

Results

Table 1 presents the results obtained for the body weight,

blood pressure, and renal function parameters of the

experimental groups. There were no significant differences in

body weights between the groups. Fructose intake had a positive

effect on the blood pressure of male offspring of fructose dams

that continued to receive fructose (group FF). The experimental

group also presented a reduced GFR, sodium excretion, Uosm,

increased proteinuria, and urine volume.

The morphological parameters of the kidneys are shown in

Figure 1. Fructose intake during pregnancy caused a reduction in

the number of nephrons (Figure 1A), glomerular enlargement

(Figure 1B), and increased kidney cross-sectional area

(Figure 1C). The treatment also increased macrophage

infiltration (Figure 1D), vimentin (Figure 1F), and 8-OHdG

expression (Figure 1G), but reduced the expression of eNOS

(Figure 1H). Alpha-SM-actin and vimentin are proteins poorly

expressed in the normal kidney. In renal injury these proteins are

expressed by myofibroblasts after the epithelial-mesenchymal

transition (EMT) (Sato and Yanagita, 2017). The expression of

vimentin in EMT seems to play a modulator role in this process

(Wang et al., 2018). Additionally, the production of pro-

inflammatory cytokines and chemokines by myofibroblasts

favors inflammation (Sato and Yanagita, 2017).

The expression of renal sodium transporters is shown in

Figure 2. Increased expression of all evaluated transporters was

observed in the FW group. The FF group showed an increased

expression of NHE3, NCC, and βENaC. The expression levels of

the renin-angiotensin-system (RAS) components: renin,

angiotensin-converting enzymes (ACE) 1, and ACE2, are

shown in Figure 3. The expression levels of renin (Figure 3B)

and ACE1 (Figure 3F) significantly increased in the FW and FF

groups. Figures 3A,C–E show the representative illustrations of

the histological sections.

Discussion

The impact of high fructose consumption during pregnancy

and lactation on blood pressure, renal morphology, and function

in offspring was evaluated in the present study. The most

significant changes were observed in the FF group (offspring

of fructose dams that continued to receive fructose after

weaning). These animals presented with elevated BP and

TABLE 1 Body weight, blood pressure and renal function parameters from the experimental groups.

Parameters C (n=8) FW (n=8) FF (n=8) ANOVA

Body weight (g) 407 ± 10.3 427 ± 12.8 446 ± 12.3 p = 0.0853

Kidney weight (g) 3.5 ± 0.12 3.9 ± 0.17 3.7 ± 0.11 p = 0.6309

Systolic blood pressure (mmHg) 121 ± 2.2 126 ± 1.3 137 ± 1.5*# p < 0.0001

Urinary volume (mL/24h) 12.1 ± 1.1 11.9 ± 0.6 39.3 ± 5.6*# p = 0.0215

Urine osmolarity (mOsm/L) 1617 ± 117 1108 ± 147* 348,2 ± 39*# p = 0.0306

Proteinuria (mg/24h) 5.5 ± 0.55 5.1 ± 0.22 9.7 ± 1.10*# p = 0.0004

Na+ excretion (µEq/min/kg) 1.12 ± 0.14 0.74 ± 0.12 0.40 ± 0.07* p = 0.0010

K+ excretion (µEq/min/kg) 0.99 ±0.08 4.10 ± 0.29* 1.72 ± 0.52# p < 0.0001

GFR (mL/min/kg) 7.8 ± 0.63 7.0 ± 0.66 4.9 ± 0.54* p = 0.0085

RPF (mL/min/kg) 16.0 ± 0.97 15.2 ± 1.26 15.8 ± 1.66 p = 0.2555

Differences statistically significant when p < 0.05 (bold); vs. control (C) * and vs. FW# using ANOVA followed by Bonferroni. Values are means ± standard error, n = number of animals.
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functional alterations, such as a reduction in glomerular filtration

rate, urinary osmolarity, and increased urinary protein excretion.

The morphological alterations found in FF were glomerular

hypertrophy, macrophage infiltration, increased expression of

renal sodium transporters (NHE3, NCC, and ENaC), and

increased expression of renin, ACE1, and the DNA stress

marker (8-OHdG). The FW group (offspring from fructose

dams that received water to drink after weaning) did not

show increased BP or renal functional alterations; however,

they presented glomerular hypertrophy, macrophage

infiltration, increased expression of renal sodium transporters

(NHE3, NKCC2, NCC, and ENaC), and increased expression of

renin and ACE1. These changes are a consequence of an altered

intrauterine environment and may have repercussions in the

future.

The elevation of BP resulting from the consumption of

fructose remains the focus of many studies. Chronic activation

of the sympathetic nervous system (SNS) is one of the

mechanisms responsible for this effect. In fructose-fed mice

with a chronic record of BP by radiotelemetry, spectral

analysis of the heart rate and pressure showed that

sympathetic modulation to the heart and vessels was

increased, confirming autonomic imbalance (De Angelis et al.,

2012). In another study, the use of the α1-adrenergic receptor

antagonist prazosin in fructose-fed rats prevented the

development of hypertension and normalized norepinephrine

levels, confirming the participation of SNS in the increase in BP

in this experimental model (Tran et al., 2014). Furthermore, in

rats treated with fructose, along with the elevation of BP, there

was a significant increase in the sympathetic activity of the renal

FIGURE 1
Kidney morphological parameters and expression of markers of renal dysfunction: Number of glomeruli/mm2 (A); glomerular area (B); kidney
cross 398 sectional area (C); macrophages (D) and expression of α-SMA (E), vimentin (F), 8-399 OHdG (G) and eNOS (H). Significance level: ANOVA
followed by Bonferroni; values are means ± standard error, 5–6 animals per group. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
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nerve (SNRA), and renal denervation of these rats resulted in the

normalization of BP values (Soncrant et al., 2018). The factors

triggering sympathetic activation by fructose are not yet well

defined. It is speculated that this sugar is involved in the central

nervous system and the effects of increased insulinemia (Klein

and Kiat, 2015; Spagnuolo et al., 2020).

Moreover, it is known that the increased sympathetic activity

stimulates the renal release of renin and activates the RAS, which

also favors the elevation of BP (DiBona, 2000; DiBona, 2001; Sata

et al., 2018). Fructose overload seems to alter the expression of

RAS components and increase the production of angiotensin II

in the kidneys (Yokota et al., 2018) and heart (Froogh et al.,

2020). In addition to the effects on BP, an imbalance in RAS

during fetal development can alter kidney formation, resulting in

reduced nephron number (Yosypiv, 2021). In the present study,

maternal fructose overload caused reduced nephron numbers in

both the FW and FF groups. This alteration may be related to

changes in RAS during pregnancy. However, maternal fructose

can also alter fetal development by reducing placental growth

(Asghar et al., 2016) and increasing fetal oxidative stress because

fructose crosses the placental barrier and reaches the fetal blood

circulation (Liu et al., 2021). However, further experiments are

necessary to confirm the role of these mechanisms in the present

experimental model.

In addition to the reduction in nephron number, the FWand FF

groups presented glomerular hypertrophy. According to Brenner

et al. (Brenner et al., 1988; Brenner et al., 1996; Brenner and

Mackenzie, 1997), in individuals with fewer nephrons, glomerular

hypertrophy is a compensatory mechanism to increase glomerular

ultrafiltration. This increase in glomerular filtration can be classified

as “relative glomerular hyperfiltration” because it occurs in a reduced

number of nephrons. In both conditions: “absolute” and “relative”

glomerular hyperfiltration, there may be structural damage to the

glomeruli. The increase in glomerular capillary hydraulic pressure,

causes stretch in the capillary wall, and creates tensile stress and

shear stress, leading to changes in the glomerular basement

membrane that aggravate over time. Other factors also contribute

to glomerular damage (Cortinovis et al., 2022). Together with

glomerular enlargement, renal hypertrophy was observed in both

the FF and FW groups, as evidenced by the increase in the renal

cross-sectional area. In the FWgroup, we could infer that glomerular

hypertrophy contributed to maintaining GFR close to the control

group values. However, in FF, fructose intake caused further

changes, resulting in a reduced GFR. Additionally, the FF group

showed increased proteinuria, which is a sign of glomerular damage

(Singh et al., 2009). The experimental group also exhibited increased

urinary flow and reducedUosm. These changes are indeed related to

higher water intake due to the sweet taste of fructose. The FW group

FIGURE 2
Expressions of renal sodium transporters: sodium-hydrogen exchanger 3 (NHE3) (A), sodium-potassium-chloride cotransporter (NKCC2) (B),
sodium-chloride cotransporter (NCC) (C), and epithelial sodium channel (α and β ENaC) (D,E). Significance level: ANOVA followed by Bonferroni;
values are means ± standard error, 5–6 animals per group. * p ≤ 0.05; ** p ≤ 0.01; ***p ≤ 0.001; **** p ≤ 0.0001.
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also had lower Uosm than the C group, suggesting a deficit in the

mechanism of urinary concentration. Using a fetal programming

model,Madsen et al. (2010) demonstrated that changes in the RAAS

during nephrogenesis modify the vascular architecture of the

medulla, impairing the urinary concentration mechanism

(Madsen et al., 2010). We intend to investigate the alterations in

medullar morphology in the present experimental model.

Another functional alteration observed in FF is a reduction in

sodium excretion. Sodium retention has been identified as a

factor leading to arterial hypertension in animals treated with

fructose (Soleimani and Alborzi, 2011). To evaluate the role of

renal sodium transporters in the observed results, the expression

of these proteins was assessed (Figure 2). Increased expression of

NHE3, NCC, and ENaC was observed in the FF group,

confirming their participation in sodium retention induced by

high fructose intake. Nonetheless, in this group (FF),

NKCC2 expression did not increase. In these animals, the

higher water intake must have reduced vasopressin secretion,

which, under normal conditions, exerts a stimulatory effect on

NKCC2 (Xue and Tang, 2016); thus, in the absence of this

stimulus, NKCC2 expression was not augmented. However,

this group received fructose until the end of the experimental

period; therefore, the alterations of the transporters may be due

to the direct effect of fructose in addition to the effect of maternal

fructose intake. Similar results were observed in rats treated with

fructose by Xu et al. (2017) and Ares et al. (2019) and may be

linked to changes in the renal expression of RAS components (Xu

et al., 2017; Ares et al., 2019; Xu et al., 2021). In the FW group, the

expression of all sodium transporters, including NKCC2,

increased. This confirms that the fetal environment, under the

influence of fructose, modifies kidney development and function,

possibly due to alterations in RAS. To further understand these

FIGURE 3
Renal expressions of renin, ACE1 and ACE2. Representative photomicrographs and quantitative analysis of the renin (A–B) (original
magnification ×200; by immunohistochemistry); ACE1 expression in the cortex (C–D) and outer medulla (E–F); and ACE2 (G–H) (original
magnification ×400; by immunofluorescence). Signficance level: ANOVA followed by Bonferroni; values are means ± standard error, 5–6 animals
per group. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
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effects, Seong et al. (2019) evaluated the serum concentration and

expression of RAS components in the renal tissue of the offspring

of mice treated with fructose during pregnancy and lactation.

These authors observed increased serum concentrations of renin,

angiotensin II, and aldosterone, higher blood pressure values in

the offspring (first generation), and increased mRNA expression

of the angiotensin II type 1b receptor (AT1b) and NCC sodium

transporter. In a similar experimental protocol, Koo et al. (2021)

confirmed the increase in blood pressure in the offspring;

however, they did not observe augmented serum

concentrations of renin, angiotensin II, and aldosterone, nor

altered mRNA expression of RAS components or sodium

transporters in these mice (Koo et al., 2021). Thus, the effects

of maternal fructose intake during pregnancy on the expression

of RAS components in the kidneys of offspring are still not

defined.

To evaluate the effect of maternal fructose intake during

pregnancy on the expression of RAS components in the

kidneys of the offspring, we evaluated the expression of ACE1,

ACE2, and renin. Increased renin expression was observed in both

FF and FW; this expression was located mainly in tubular cells. In

addition to its synthesis and release by juxtaglomerular cells, renin

is also produced by the principal cells of the connecting tubules

and collecting ducts in rat, mouse, and human kidneys

(Hackenthal et al., 1990; Rohrwasser et al., 1999; Prieto-

Carrasquero et al., 2004). In experimental models with high

levels of angiotensin II (ANG II), juxtaglomerular renin is

suppressed, although its expression increases in the distal

nephron (Gonzalez et al., 2017). Renin produced in the late

nephron segments may act on angiotensinogen delivered from

proximal segments, generating angiotensin I, which, under the

action of ACE1 existing in the collecting duct, may contribute to

the increase in the generation of ANG II (Casarini et al., 1997;

Casarini et al., 2001). In hypertensive rats (Goldblatt model),

increased ACE1 expression, in association with elevated renin

activity in the late segments of the nephron, resulted in augmented

ANG II content, suggesting an additional mechanism for the

increase in intrarenal ANG II in this experimental model

(Prieto et al., 2011). We also observed an increased expression

of ACE1, mainly in the outer medulla, in the FW and FF groups.

This increase could have contributed to the increase in intrarenal

ANG II production in this experimental model; however,

additional experiments are needed to confirm this hypothesis.

Thus, exposure to fructose during fetal development appears to

positively modulate renin andACE1 expression, possibly related to

the increased production of intrarenal ANG II, contributing to the

observed renal changes in this experimental model.

Other changes observed in the kidneys of FW and FF rats

included increased macrophage infiltration, increased

expression of the oxidative stress marker 8OHdG, and

reduced expression of the endothelial nitric oxide (NO)

synthase enzyme. Dietary fructose is absorbed by

enterocytes and reaches the blood stream. In the liver, it is

initially phosphorylated by ketohexokinase (KHK), and then

undergoes the action of several enzymes, giving rise to uric

acid (Choi et al., 2010). In renal epithelial cells, fructose

triggers proinflammatory pathways by inducing MCP-1

production, mediated by KHK, and MCP-1 production can

also be induced by uric acid and reactive oxygen species

(ROS). ROS production can come from two main sources:

NADPH oxidase and xanthine oxidoreductase (Cirillo et al.,

2009). Fructose-induced uric acid production can also cause

uncoupling of eNOS and reduce the availability of NO

(Nakagawa and Kang, 2021). Our results confirmed that

high fructose intake increased macrophage migration to the

kidneys, augmented ROS production, and decreased NO

synthase enzyme expression, which may be associated with

uric acid production but may also be related to the

upregulation of RAS components. Further experiments are

necessary to confirm this hypothesis.

Conclusion

Fructose overload during pregnancy impacted the fetal

environment, causing kidney morphological changes in the

offspring, such as reduction in the number of nephrons and

glomerular hypertrophy observed in adulthood. Maintaining

fructose overload accentuated the effect on renal function,

raising blood pressure, reducing glomerular filtration rate and

increasing proteinuria. The enhanced expression of RAS

components in the final segments of the nephron possibly

contributed to the renal alterations observed in this

experimental model.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary materials, further

inquiries can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by the Ethical

Research Committee (CEUA) of the Universidade Federal de Sao

Paulo (protocol 7647020614).

Author contributions

RA, EN, DL, and GG. conceived and designed the study; DL

and RA performed the experiments; EN, DL, and GG analyzed

the data and interpreted the results of the experiments; DL

prepared the figures; RA performed the histological analysis.

Frontiers in Physiology frontiersin.org08

Argeri et al. 10.3389/fphys.2022.969048

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.969048


DL and GG drafted, edited, and revised the manuscript. All

authors approved the final version of the manuscript.

Funding

This study was supported by the Fundação de Amparo à

Pesquisa de São Paulo—(FAPESP, 2018/03511-0).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphys.

2022.969048/full#supplementary-material

References

Abdulla, M. H., Sattar, M. A., and Johns, E. J. (2011). The relation between
fructose-induced metabolic syndrome and altered renal haemodynamic and
excretory function in the rat. Int. J. Nephrol. 2011, 934659. doi:10.4061/2011/
934659

Ares, G. R., Kassem, K. M., and Ortiz, P. A. (2019). Fructose acutely stimulates
NKCC2 activity in rat thick ascending limbs by increasing surface
NKCC2 expression. Am. J. Physiol. Ren. Physiol. 316, F550–F557. doi:10.1152/
ajprenal.00136.2018

Argeri, R., Nishi, E. E., Volpini, R. A., Palma, B. D., Tufik, S., and Gomes, G. N.
(2016). Sleep restriction during pregnancy and its effects on blood pressure and
renal function among female offspring. Physiol. Rep. 4, e12888. doi:10.14814/phy2.
12888

Asghar, Z. A., Thompson, A., Chi, M., Cusumano, A., Scheaffer, S., Al-Hammadi,
N., et al. (2016). Maternal fructose drives placental uric acid production leading to
adverse fetal outcomes. Sci. Rep. 6, 25091. doi:10.1038/srep25091

Bernardes, N., Da Silva Dias, D., Stoyell-Conti, F. F., De Oliveira Brito-Monzani,
J., Malfitano, C., Caldini, E. G., et al. (2018). Baroreflex impairment precedes
cardiometabolic dysfunction in an experimental model of metabolic syndrome: role
of inflammation and oxidative stress. Sci. Rep. 8, 8578. doi:10.1038/s41598-018-
26816-4

Bray, G. A. (2008). Fructose: should we worry? Int. J. Obes. 32 (7), S127–S131.
doi:10.1038/ijo.2008.248

Bray, G. A., Nielsen, S. J., and Popkin, B. M. (2004). Consumption of high-
fructose corn syrup in beverages may play a role in the epidemic of obesity. Am.
J. Clin. Nutr. 79, 537–543. doi:10.1093/ajcn/79.4.537

Brenner, B. M., Garcia, D. L., and Anderson, S. (1988). Glomeruli and blood
pressure. Less of one, more the other? Am. J. Hypertens. 1, 335–347. doi:10.1093/
ajh/1.4.335

Brenner, B. M., Lawler, E. V., and Mackenzie, H. S. (1996). The hyperfiltration
theory: a paradigm shift in nephrology. Kidney Int. 49, 1774–1777. doi:10.1038/ki.
1996.265

Brenner, B. M., and Mackenzie, H. S. (1997). Nephron mass as a risk factor for
progression of renal disease. Kidney Int. Suppl. 63, S124–S127.

Brito, J. O., Ponciano, K., Figueroa, D., Bernardes, N., Sanches, I. C., Irigoyen, M.
C., et al. (2008). Parasympathetic dysfunction is associated with insulin resistance in
fructose-fed female rats. Braz J. Med. Biol. Res. 41, 804–808. doi:10.1590/s0100-
879x2008005000030

Casarini, D. E., Boim, M. A., Stella, R. C., Krieger-Azzolini, M. H., Krieger, J. E.,
and Schor, N. (1997). Angiotensin I-converting enzyme activity in tubular fluid
along the rat nephron. Am. J. Physiol. 272, F405–F409. doi:10.1152/ajprenal.1997.
272.3.F405

Casarini, D. E., Plavinik, F. L., Zanella, M. T., Marson, O., Krieger, J. E., Hirata, I.
Y., et al. (2001). Angiotensin converting enzymes from human urine of mild
hypertensive untreated patients resemble the N-terminal fragment of human
angiotensin I-converting enzyme. Int. J. Biochem. Cell Biol. 33, 75–85. doi:10.
1016/s1357-2725(00)00072-8

Choi, H. K., Willett, W., and Curhan, G. (2010). Fructose-rich beverages and risk
of gout in women. Jama 304, 2270–2278. doi:10.1001/jama.2010.1638

Cirillo, P., Gersch, M. S., Mu, W., Scherer, P. M., Kim, K. M., Gesualdo, L., et al.
(2009). Ketohexokinase-dependent metabolism of fructose induces
proinflammatory mediators in proximal tubular cells. J. Am. Soc. Nephrol. 20,
545–553. doi:10.1681/ASN.2008060576

Cortinovis, M., Perico, N., Ruggenenti, P., Remuzzi, A., and Remuzzi, G. (2022).
Glomerular hyperfiltration. Nat. Rev. Nephrol. 18, 435–451. doi:10.1038/s41581-
022-00559-y

Cunha, T. S., Farah, V., Paulini, J., Pazzine, M., Elased, K. M., Marcondes, F. K.,
et al. (2007). Relationship between renal and cardiovascular changes in a murine
model of glucose intolerance. Regul. Pept. 139, 1–4. doi:10.1016/j.regpep.2006.
11.023

De Angelis, K., Senador, D. D., Mostarda, C., Irigoyen, M. C., and Morris, M.
(2012). Sympathetic overactivity precedes metabolic dysfunction in a fructose
model of glucose intolerance in mice. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 302, R950–R957. doi:10.1152/ajpregu.00450.2011

DiBona, G. F. (2000). Neural control of the kidney: functionally specific renal
sympathetic nerve fibers. Am. J. Physiol. Regul. Integr. Comp. Physiol. 279,
R1517–R1524. doi:10.1152/ajpregu.2000.279.5.R1517

DiBona, G. F. (2001). Peripheral and central interactions between the renin-
angiotensin system and the renal sympathetic nerves in control of renal function.
Ann. N. Y. Acad. Sci. 940, 395–406. doi:10.1111/j.1749-6632.2001.tb03693.x

Farah, V., Elased, K. M., Chen, Y., Key, M. P., Cunha, T. S., Irigoyen, M. C., et al.
(2006). Nocturnal hypertension in mice consuming a high fructose diet. Auton.
Neurosci. 130, 41–50. doi:10.1016/j.autneu.2006.05.006

Fauste, E. A.-O., Panadero, M. I., Donis, C. A.-O., Otero, P., and Bocos, C. A.-O.
(2021). Pregnancy is enough to provoke deleterious effects in descendants of
fructose-fed mothers and their fetuses. Nutrients 13, 3667. doi:10.3390/nu13103667

Franco, M., Nigro, D., Fortes, Z. B., Tostes, R. C. A., Carvalho, M. H. C., Lucas, S.
R. R., et al. (2003). Intrauterine undernutrition—renal and vascular origin of
hypertension. Cardiovasc. Res. 60, 228–234. doi:10.1016/s0008-6363(03)00541-8

Froogh, G., Kandhi, S., Duvvi, R., Le, Y., Weng, Z., Alruwaili, N., et al. (2020). The
contribution of chymase-dependent formation of ANG II to cardiac dysfunction in
metabolic syndrome of young rats: roles of fructose and EETs. Am. J. Physiol. Heart
Circ. Physiol. 318, H985–H993. doi:10.1152/ajpheart.00633.2019

Gonzalez, A. A., Lara, L. S., and Prieto, M. C. (2017). Role of collecting duct renin
in the pathogenesis of hypertension. Curr. Hypertens. Rep. 8, 62. doi:10.1007/
s11906-017-0763-9

Hackenthal, E., Paul, M., Ganten, D., and Taugner, R. (1990). Morphology,
physiology, and molecular biology of renin secretion. Physiol. Rev. 70, 1067–1116.
doi:10.1152/physrev.1990.70.4.1067

Jones, J. E., Jurgens, J. A., Evans, S. A., Ennis, R. C., Villar, V. A., and Jose, P. A.
(2012). Mechanisms of fetal programming in hypertension. Int. J. Pediatr. 2012,
584831. doi:10.1155/2012/584831

Frontiers in Physiology frontiersin.org09

Argeri et al. 10.3389/fphys.2022.969048

https://www.frontiersin.org/articles/10.3389/fphys.2022.969048/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.969048/full#supplementary-material
https://doi.org/10.4061/2011/934659
https://doi.org/10.4061/2011/934659
https://doi.org/10.1152/ajprenal.00136.2018
https://doi.org/10.1152/ajprenal.00136.2018
https://doi.org/10.14814/phy2.12888
https://doi.org/10.14814/phy2.12888
https://doi.org/10.1038/srep25091
https://doi.org/10.1038/s41598-018-26816-4
https://doi.org/10.1038/s41598-018-26816-4
https://doi.org/10.1038/ijo.2008.248
https://doi.org/10.1093/ajcn/79.4.537
https://doi.org/10.1093/ajh/1.4.335
https://doi.org/10.1093/ajh/1.4.335
https://doi.org/10.1038/ki.1996.265
https://doi.org/10.1038/ki.1996.265
https://doi.org/10.1590/s0100-879x2008005000030
https://doi.org/10.1590/s0100-879x2008005000030
https://doi.org/10.1152/ajprenal.1997.272.3.F405
https://doi.org/10.1152/ajprenal.1997.272.3.F405
https://doi.org/10.1016/s1357-2725(00)00072-8
https://doi.org/10.1016/s1357-2725(00)00072-8
https://doi.org/10.1001/jama.2010.1638
https://doi.org/10.1681/ASN.2008060576
https://doi.org/10.1038/s41581-022-00559-y
https://doi.org/10.1038/s41581-022-00559-y
https://doi.org/10.1016/j.regpep.2006.11.023
https://doi.org/10.1016/j.regpep.2006.11.023
https://doi.org/10.1152/ajpregu.00450.2011
https://doi.org/10.1152/ajpregu.2000.279.5.R1517
https://doi.org/10.1111/j.1749-6632.2001.tb03693.x
https://doi.org/10.1016/j.autneu.2006.05.006
https://doi.org/10.3390/nu13103667
https://doi.org/10.1016/s0008-6363(03)00541-8
https://doi.org/10.1152/ajpheart.00633.2019
https://doi.org/10.1007/s11906-017-0763-9
https://doi.org/10.1007/s11906-017-0763-9
https://doi.org/10.1152/physrev.1990.70.4.1067
https://doi.org/10.1155/2012/584831
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.969048


Klein, A. V., and Kiat, H. (2015). The mechanisms underlying fructose-induced
hypertension: a review. J. Hypertens. 33, 912–920. doi:10.1097/HJH.
0000000000000551

Koo, S., Kim, M., Cho, H. M., and Kim, I. (2021). Maternal high-fructose intake
during pregnancy and lactation induces metabolic syndrome in adult offspring.
Nutr. Res. Pract. 15, 160–172. doi:10.4162/nrp.2021.15.2.160

Liu, S., Zhang, H., Yan, B., Zhao, H., Wang, Y., Gao, T., et al. (2021). Maternal
high-fructose consumption provokes placental oxidative stress resulting in
asymmetrical fetal growth restriction in rats. J. Clin. Biochem. Nutr. 69, 68–76.
doi:10.3164/jcbn.21-19

Madsen, K., Marcussen, N., Pedersen, M., Kjaersgaard, G., Facemire, C., Coffman,
T. M., et al. (2010). Angiotensin II promotes development of the renal
microcirculation through AT1 receptors. J. Am. Soc. Nephrol. 21, 448–459.
doi:10.1681/ASN.2009010045

Magaton, A., Gil, F. Z., Casarini, D. E., Cavanal, M. D., and Gomes, G. N. (2007).
Maternal diabetes mellitus - early consequences for the offspring. Pediatr. Nephrol.
22, 37–43. doi:10.1007/s00467-006-0282-4

Mills, K. T., Bundy, J. D., Kelly, T. N., Reed, J. E., Kearney, P. M., Reynolds, K.,
et al. (2016). Global disparities of hypertension prevalence and control: a systematic
analysis of population-based studies from 90 countries. Circulation 134, 441–450.
doi:10.1161/CIRCULATIONAHA.115.018912

Nakagawa, T., and Kang, D. H. (2021). Fructose in the kidney: from physiology to
pathology. Kidney Res. Clin. Pract. 40, 527–541. doi:10.23876/j.krcp.21.138

Nascimento-Gomes, G., Zaladek Gil, F., and Mello-Aires, M. (1997). Alterations
of the renal handling of H+ in diabetic rats. Kidney Blood Press. Res. 20, 251–257.
doi:10.1159/000174154

Navarro-Cid, J., Maeso, R., Perez-Vizcaino, F., Cachofeiro, V., Ruilope, L. M.,
Tamargo, J., et al. (1995). Effects of losartan on blood pressure, metabolic
alterations, and vascular reactivity in the fructose-induced hypertensive rat.
Hypertension 26, 1074–1078. doi:10.1161/01.hyp.26.6.1074

Olatunji, B., IiNwachukwu D Fau - Adegunloye, B. J., and Adegunloye, B. J.
(2001). Blood pressure and heart rate changes during pregnancy in fructose-fed
Sprague-Dawley rats. Afr. J. Med. Med. Sci. 30 (3), 187–190.

Prieto, M. C., Gonzalez-Villalobos, R. A., Botros, F. T., Martin, V. L., Pagan, J.,
Satou, R., et al. (2011). Reciprocal changes in renal ACE/ANG II and ACE2/ANG 1-
7 are associated with enhanced collecting duct renin in Goldblatt hypertensive rats.
Am. J. Physiol. Ren. Physiol. 300, F749–F755. doi:10.1152/ajprenal.00383.2009

Prieto-Carrasquero, M. C., Harrison-Bernard, L. M., Kobori, H., Ozawa, Y.,
Hering-Smith, K. S., Hamm, L. L., et al. (2004). Enhancement of collecting duct
renin in angiotensin II-dependent hypertensive rats. Hypertension 44, 223–229.
doi:10.1161/01.HYP.0000135678.20725.54

Rocha, S. O., Gomes, G. N., Forti, A. L., Do Carmo Pinho Franco, M., Fortes, Z. B.,
De Fatima Cavanal, M., et al. (2005). Long-term effects of maternal diabetes on
vascular reactivity and renal function in rat male offspring. Pediatr. Res. 58,
1274–1279. doi:10.1203/01.pdr.0000188698.58021.ff

Rodrigo, S., Rodriguez, L., Otero, P., Panadero,M. I., Garcia, A., Barbas, C., et al. (2016).
Fructose during pregnancy provokes fetal oxidative stress: the key role of the placental
heme oxygenase-1. Mol. Nutr. Food Res. 60, 2700–2711. doi:10.1002/mnfr.201600193

Rohrwasser, A., Morgan, T., Dillon, H. F., Zhao, L., Callaway, C. W., Hillas, E.,
et al. (1999). Elements of a paracrine tubular renin-angiotensin system along the
entire nephron. Hypertension 34, 1265–1274. doi:10.1161/01.hyp.34.6.1265

Saad, A. F., Dickerson, J., Kechichian, T. B., Yin, H., Gamble, P., Salazar, A., et al.
(2016). High-fructose diet in pregnancy leads to fetal programming of
hypertension, insulin resistance, and obesity in adult offspring. Am. J. Obstet.
Gynecol. 215, 378. doi:10.1016/j.ajog.2016.03.038

Sarı, E., Yeşilkaya, E., Bolat, A., Topal, T., Altan, B., Fidancı, K., et al. (2015).
Metabolic and histopathological effects of fructose intake during pregestation,
gestation and lactation in rats and their offspring. J. Clin. Res. Pediatr.
Endocrinol. 7, 19–26. doi:10.4274/jcrpe.1776

Sata, Y., Head, G. A., Denton, K., May, C. N., and Schlaich, M. P. (2018). Role of
the sympathetic nervous system and its modulation in renal hypertension. Front.
Med. 5, 82. doi:10.3389/fmed.2018.00082

Sato, Y., and Yanagita, M. (2017). Resident fibroblasts in the kidney: a major driver of
fibrosis and inflammation. Inflamm. Regen. 37, 17. doi:10.1186/s41232-017-0048-3

Seong, H. Y., Cho, H. M., Kim, M., and Kim, I. (2019). Maternal high-
fructose intake induces multigenerational activation of the renin-angiotensin-
aldosterone system. Hypertension 74, 518–525. doi:10.1161/
HYPERTENSIONAHA.119.12941

Singh, N. P., Ingle, G. K., Saini, V. K., Jami, A., Beniwal, P., Lal, M., et al. (2009).
Prevalence of low glomerular filtration rate, proteinuria and associated risk factors
in north India using cockcroft-gault and modification of diet in renal disease
equation: an observational, cross-sectional study. BMC Nephrol. 10, 4. doi:10.1186/
1471-2369-10-4

Sloboda, D. M., Li, M., Patel, R., Clayton, Z. E., Yap, C., and Vickers, M. H. (2014).
Early life exposure to fructose and offspring phenotype: implications for long term
metabolic homeostasis. J. Obes. 2014, 203474. doi:10.1155/2014/203474

Soleimani, M., and Alborzi, P. (2011). The role of salt in the pathogenesis of
fructose-induced hypertension. Int. J. Nephrol. 2011, 392708. doi:10.4061/2011/
392708

Soncrant, T., Komnenov, D., Beierwaltes, W. H., Chen, H., Wu, M., and Rossi, N.
F. (2018). Bilateral renal cryodenervation decreases arterial pressure and improves
insulin sensitivity in fructose-fed Sprague-Dawley rats. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 315, R529–R538. doi:10.1152/ajpregu.00020.2018

Song, A., Astbury, S., Hoedl, A., Nielsen, B., Symonds, M. E., and Bell, R. C.
(2017). Lifetime exposure to a constant environment amplifies the impact of a
fructose-rich diet on glucose homeostasis during pregnancy. Nutrients 9, E327.
doi:10.3390/nu9040327

Spagnuolo, M. S., Iossa, S., and Cigliano, L. (2020). Sweet but bitter: focus on
fructose impact on brain function in rodent models. Nutrients 13, E1. doi:10.3390/
nu13010001

Tain, Y. L., Lee, W. C., Leu, S., Wu, K., and Chan, J. (2015a). High salt exacerbates
programmed hypertension in maternal fructose-fed male offspring. Nutr. Metab.
Cardiovasc. Dis. 25, 1146–1151. doi:10.1016/j.numecd.2015.08.002

Tain, Y. L., Wu, K. L., Lee, W. C., Leu, S., and Chan, J. Y. (2015b). Maternal
fructose-intake-induced renal programming in adult male offspring. J. Nutr.
Biochem. 26, 642–650. doi:10.1016/j.jnutbio.2014.12.017

Thomal, J. T., Palma, B. D., Ponzio, B. F., Franco Mdo, C., Zaladek-Gil, F., Fortes,
Z. B., et al. (2010). Sleep restriction during pregnancy: hypertension and renal
abnormalities in young offspring rats. Sleep 33, 1357–1362. doi:10.1093/sleep/33.10.
1357

Tran, L. T., Macleod, K. M., and Mcneill, J. H. (2014). Selective alpha(1)-
adrenoceptor blockade prevents fructose-induced hypertension. Mol. Cell.
Biochem. 392, 205–211. doi:10.1007/s11010-014-2031-5

Wang, Z., Divanyan, A., Jourd’heuil, F. L., Goldman, R. D., Ridge, K. M.,
Jourd’heuil, D., et al. (2018). Vimentin expression is required for the
development of EMT-related renal fibrosis following unilateral ureteral
obstruction in mice. Am. J. Physiol. Ren. Physiol. 315, F769–f780. doi:10.1152/
ajprenal.00340.2017

Xu, C., Lu, A., Lu, X., Zhang, L., Fang, H., Zhou, L., et al. (2017). Activation
of renal (Pro)Renin receptor contributes to high fructose-induced salt
sensitivity. Hypertension 69, 339–348. doi:10.1161/HYPERTENSIONAHA.
116.08240

Xu, L., Hu, G., Qiu, J., Fan, Y., Ma, Y., Miura, T., et al. (2021). High fructose-
induced hypertension and renal damage are exaggerated in dahl salt-sensitive rats
via renal renin-angiotensin system Activation. J. Am. Heart Assoc. 10, e016543.
doi:10.1161/JAHA.120.016543

Xue, H., and Tang, X. (2016). Effect of vasopressin on Na(+)-K(+)-2Cl(-)
cotransporter (NKCC) and the signaling mechanisms on the murine late distal
colon. Eur. J. Pharmacol. 771, 241–246. doi:10.1016/j.ejphar.2015.11.051

Yokota, R., Ronchi, F. A., Fernandes, F. B., Jara, Z. P., Rosa, R. M., Leite, A. P. O.,
et al. (2018). Intra-renal angiotensin levels are increased in high-fructose fed rats in
the extracorporeal renal perfusion model. Front. Physiol. 9, 1433. doi:10.3389/fphys.
2018.01433

Yosypiv, I. V. (2021). Renin-angiotensin system in mammalian kidney
development. Pediatr. Nephrol. 36, 479–489. doi:10.1007/s00467-020-04496-5

Zandi-Nejad, K., Luyckx, V. A., and Brenner, B. M. (2006). Adult hypertension
and kidney disease: the role of fetal programming. Hypertension 47, 502–508.
doi:10.1161/01.HYP.0000198544.09909.1a

Frontiers in Physiology frontiersin.org10

Argeri et al. 10.3389/fphys.2022.969048

https://doi.org/10.1097/HJH.0000000000000551
https://doi.org/10.1097/HJH.0000000000000551
https://doi.org/10.4162/nrp.2021.15.2.160
https://doi.org/10.3164/jcbn.21-19
https://doi.org/10.1681/ASN.2009010045
https://doi.org/10.1007/s00467-006-0282-4
https://doi.org/10.1161/CIRCULATIONAHA.115.018912
https://doi.org/10.23876/j.krcp.21.138
https://doi.org/10.1159/000174154
https://doi.org/10.1161/01.hyp.26.6.1074
https://doi.org/10.1152/ajprenal.00383.2009
https://doi.org/10.1161/01.HYP.0000135678.20725.54
https://doi.org/10.1203/01.pdr.0000188698.58021.ff
https://doi.org/10.1002/mnfr.201600193
https://doi.org/10.1161/01.hyp.34.6.1265
https://doi.org/10.1016/j.ajog.2016.03.038
https://doi.org/10.4274/jcrpe.1776
https://doi.org/10.3389/fmed.2018.00082
https://doi.org/10.1186/s41232-017-0048-3
https://doi.org/10.1161/HYPERTENSIONAHA.119.12941
https://doi.org/10.1161/HYPERTENSIONAHA.119.12941
https://doi.org/10.1186/1471-2369-10-4
https://doi.org/10.1186/1471-2369-10-4
https://doi.org/10.1155/2014/203474
https://doi.org/10.4061/2011/392708
https://doi.org/10.4061/2011/392708
https://doi.org/10.1152/ajpregu.00020.2018
https://doi.org/10.3390/nu9040327
https://doi.org/10.3390/nu13010001
https://doi.org/10.3390/nu13010001
https://doi.org/10.1016/j.numecd.2015.08.002
https://doi.org/10.1016/j.jnutbio.2014.12.017
https://doi.org/10.1093/sleep/33.10.1357
https://doi.org/10.1093/sleep/33.10.1357
https://doi.org/10.1007/s11010-014-2031-5
https://doi.org/10.1152/ajprenal.00340.2017
https://doi.org/10.1152/ajprenal.00340.2017
https://doi.org/10.1161/HYPERTENSIONAHA.116.08240
https://doi.org/10.1161/HYPERTENSIONAHA.116.08240
https://doi.org/10.1161/JAHA.120.016543
https://doi.org/10.1016/j.ejphar.2015.11.051
https://doi.org/10.3389/fphys.2018.01433
https://doi.org/10.3389/fphys.2018.01433
https://doi.org/10.1007/s00467-020-04496-5
https://doi.org/10.1161/01.HYP.0000198544.09909.1a
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.969048

	Effects of maternal fructose intake on the offspring’s kidneys
	Introduction
	Methods
	Summary of the experimental protocol:
	Experimental design
	Measurement of systolic blood pressure
	Evaluation of renal function—clearance evaluation
	Renal morphology
	Statistical analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


