[image: image1]Short-term fructose feeding alters tissue metabolic pathways by modulating microRNAs expression both in young and adult rats

		ORIGINAL RESEARCH
published: 16 February 2023
doi: 10.3389/fcell.2023.1101844


[image: image2]
Short-term fructose feeding alters tissue metabolic pathways by modulating microRNAs expression both in young and adult rats
Giuseppe Petito1†, Antonia Giacco2†, Federica Cioffi2, Arianna Mazzoli3, Nunzia Magnacca1, Susanna Iossa3, Fernando Goglia2, Rosalba Senese1* and Antonia Lanni1
1Department of Environmental, Biological and Pharmaceutical Sciences and Technologies, University of Campania “L. Vanvitelli”, Caserta, Italy
2Department of Sciences and Technologies, University of Sannio, Benevento, Italy
3Department of Biology, University of Naples Federico II, Naples, Italy
Edited by:
Anna Santoro, Beth Israel Deaconess Medical Center and Harvard Medical School, United States
Reviewed by:
Chiara Annunziata, Karolinska Institutet (KI), Sweden
Raffaele Teperino, Helmholtz Center München (HZ), Germany
* Correspondence: Rosalba Senese, rosalba.senese@unicampania.it
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Molecular and Cellular Pathology, a section of the journal Frontiers in Cell and Developmental Biology
Received: 18 November 2022
Accepted: 06 February 2023
Published: 16 February 2023
Citation: Petito G, Giacco A, Cioffi F, Mazzoli A, Magnacca N, Iossa S, Goglia F, Senese R and Lanni A (2023) Short-term fructose feeding alters tissue metabolic pathways by modulating microRNAs expression both in young and adult rats. Front. Cell Dev. Biol. 11:1101844. doi: 10.3389/fcell.2023.1101844

Dietary high fructose (HFrD) is known as a metabolic disruptor contributing to the development of obesity, diabetes, and dyslipidemia. Children are more sensitive to sugar than adults due to the distinct metabolic profile, therefore it is especially relevant to study the metabolic alterations induced by HFrD and the mechanisms underlying such changes in animal models of different ages. Emerging research suggests the fundamental role of epigenetic factors such as microRNAs (miRNAs) in metabolic tissue injury. In this perspective, the aim of the present study was to investigate the involvement of miR-122-5p, miR-34a-5p, and miR-125b-5p examining the effects induced by fructose overconsumption and to evaluate whether a differential miRNA regulation exists between young and adult animals. We used young rats (30 days) and adult rats (90 days) fed on HFrD for a short period (2 weeks) as animal models. The results indicate that both young and adult rats fed on HFrD exhibit an increase in systemic oxidative stress, the establishment of an inflammatory state, and metabolic perturbations involving the relevant miRNAs and their axes. In the skeletal muscle of adult rats, HFrD impair insulin sensitivity and triglyceride accumulation affecting the miR-122-5p/PTP1B/P-IRS-1(Tyr612) axis. In liver and skeletal muscle, HFrD acts on miR-34a-5p/SIRT-1: AMPK pathway resulting in a decrease of fat oxidation and an increase in fat synthesis. In addition, liver and skeletal muscle of young and adult rats exhibit an imbalance in antioxidant enzyme. Finally, HFrD modulates miR-125b-5p expression levels in liver and white adipose tissue determining modifications in de novo lipogenesis. Therefore, miRNA modulation displays a specific tissue trend indicative of a regulatory network that contributes in targeting genes of various pathways, subsequently yielding extensive effects on cell metabolism.
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1 INTRODUCTION
Dietary habits have changed worldwide in recent years with a significant increase of fructose intake derived from the consumption of foods with added sugar (Lelis et al., 2020). Numerous studies have provided compelling evidence that excessive use of fructose may cause harmful metabolic events by altering the molecular signaling of tissues (Bray and Popkin, 2014). It has also been suggested that fructose exerts adverse health effects that are similar to consequences of irregular alcohol consumption (Lustig, 2013). Indeed, excessive fructose consumption will adversely affect the liver (Heinz et al., 1968; Tappy and Le, 2010), but other tissues may also endure metabolic impairment, as a consequence of its overconsumption. Large quantities of fructose may be transported out of the liver to enter the systemic circulation thus affecting other metabolically active tissues, such as adipose tissue, kidney, skeletal muscle, testis, and brain (Jones et al., 2011; Francey et al., 2019; Helsley et al., 2020). The fructose-fed rat is an animal model used to study diet-induced metabolic disorders (Tran et al., 2009) and numerous metabolic syndrome features have been observed in rats fed a high fructose diet, including insulin resistance, hyperinsulinemia, hypertriglyceridemia, and hypertension. The adverse effects of fructose feeding are dependent on the amount and duration of fructose consumption (Tran et al., 2009). Adult rats subjected to long-term fructose feeding develop hepatic steatosis (Crescenzo et al., 2013b; DiStefano, 2020), insulin resistance (Crescenzo et al., 2013a), diabetes (Moore and Fielding, 2016), and obesity (Tappy and Le, 2010; Crescenzo et al., 2014) as well as a diminished capacity to repair of mitochondrial DNA damage (Cioffi et al., 2017). However, investigations have also reported unfavorable metabolic outcomes following short-term fructose consumption (Busserolles et al., 2002; Castro et al., 2012; Castro et al., 2015; Cigliano et al., 2018). In addition, most studies on fructose overconsumption have been primarily conducted on adults, albeit children and adolescents being the main consumers of high-fructose foods and sugary beverages. Recently, Crescenzo et al. (2018) showed that after a short period of fructose intake, whole body insulin sensitivity decreased both in young and adult rats, suggesting that fructose-induced insulin resistance affected specific organs with varying severity and onset in rats of different ages. In addition, Mazzoli et al. (2022) recently demonstrated that 3 weeks of fructose overconsumption in young rats caused persistent physiological modifications in metabolically relevant tissues with no reverse response following administration of a control diet.
Since young and adults differ widely in their metabolic and physiological profiles, it is particularly important to understand the metabolic alterations induced by fructose-rich diet in specific organs and the underlying mechanisms of these alterations in animal models of different ages.
Emerging research suggests the fundamental role of epigenetic factors such as microRNAs (miRNAs) in metabolic tissue injury. MiRNAs are small, non-coding, single-stranded, endogenous molecules that are influential in regulating post-transcriptional gene expression by interacting with the 3′ untranslated region (3′UTR) of its target messenger RNA (mRNA) (Vishnoi and Rani, 2017). Increasing evidence suggests that circulating miRNAs are significantly involved in intercellular communication. Such miRNAs are detected in extracellular environments as in biological fluids, and may be classified as extracellular miRNAs. In addition, these miRNAs play an important role in the crosstalk between cells and tissues with subsequent impact on health conditions (Yamada et al., 2013; Chai et al., 2017; Mori et al., 2019). Some miRNAs are involved in the control of metabolic homeostasis and many studies have demonstrated a misregulation of the microRNA network in specific metabolic organs in insulin resistance states, obesity and Non-Alcoholic Fatty Liver Disease (NAFLD) (Chartoumpekis et al., 2012; Sud et al., 2017; Hanouskova et al., 2019; Hochreuter et al., 2022; Macvanin et al., 2022). Despite extensive research on fructose and its implications regarding tissue metabolism, few investigations have addressed the specific roles and molecular mechanisms involved in the association of miRNAs and fructose-induced metabolic alteration.
Herein, we investigate whether miR-122-5p, miR-34a-5p, and miR-125b-5p are related to the impairment of insulin signaling and lipid metabolism, examining modulation of their expression and downstream targets in various tissues of fructose-fed rats. In particular, we determine 1) the miR-122-5p/PTP1B/P-IRS(Tyr612) axis, in which protein tyrosine phosphatase 1B (PTP1B) acts as a negative regulator of insulin signaling cascade and as a direct target of miR-122-5p (Goldstein, 1993; Yang et al., 2012); 2) the miR-34a-5p/SIRT-1: AMPK pathway involved in lipid metabolism via Sirtuin-1 (SIRT-1), a direct target of miR-34a-5p (Yamakuchi et al., 2008; Rezk et al., 2021) and AMP-activated protein kinase (AMPK), a master regulator of cellular energy balance; and 3) the miR-125b-5p and its targets, such as the Sterol regulatory element binding protein 1 (SREBP1c) and Stearoyl-CoA desaturase-1 (SCD1), that are essential to de novo lipogenesis (Cheng et al., 2016; Sud et al., 2017). The aforementioned miRNAs and related pathways were selected due to their specific expression patterns and functions associated with obesity and insulin resistance in human and animal studies (Li et al., 2011; Yang et al., 2012; Zhu and Leung, 2015; Cai et al., 2020). In addition, the goal of the present study is to evaluate the early metabolic disarrangements and events that take place in young and adult animals fed on with fructose and to verify the possibility that miRNAs could mediate crosstalk between cells and tissues. Accordingly, young rats (30 days) and adult rats (90 days) fed a fructose-rich diet for a short time period (2 weeks) were used as animal models, analyzing metabolically relevant peripheral organs such as the liver, skeletal muscle, and white adipose tissue.
2 MATERIALS AND METHODS
2.1 Materials
General reagents were of the highest available grade and were obtained from Sigma Chemical (St. Louis, MO, United States). Precision Plus Protein™ All Blue Prestained Protein Standards were obtained from BioRad (Hercules, CA, United States). Anti-PTP1B, anti-Total OXPHOS complexes cocktail, anti-SIRT-1, anti-Mfn2, anti-GPX4, and anti-PRDX3 antibodies were acquired from Abcam (Cambridge, CA, UK). Anti-P-IRS1 (Ser307), anti-P-AMPKα (Thr172), anti-AMPK-Tot, anti-IRS1, and anti-DRP1 antibodies were obtained from Cell Signaling (Danvers, MA, United States). Anti-P-IRS1(Tyr612) antibody was obtained from Invitrogen (Carlsbad, CA, United States). Anti-FAS, anti-SPOT14, anti-SREBP1c and anti-SOD-2 antibodies were acquired from Santa Cruz Biotechnology (Dallas, TX, United States). Anti-Catalase antibody was obtained from Merck (Darmastadt, DE). Anti-GPX1 antibody was acquired from GeneTex (Irvine, CA, United States). Anti-B-ACTIN antibody was obtained from Bioss Antibodies (Woburn, MA, United States). Secondary antibodies, peroxidase anti-rabbit IgG and peroxidase anti-mouse IgG were obtained from Vector Laboratories (Burlingame, CA, United States). To detect IL-1B, TGF-B, TNF-A, and IL-6 serum levels we used the Enzyme-Linked Immunosorbent Assay-ELISA kits obtained from Invitrogen (Carlsbad, CA, United States). To detect Adiponectin serum levels we used an Enzyme-Linked Immunosorbent Assay-ELISA kits, acquired from Abcam (Cambridge, CA, UK). To detect 8-OHdG we used a DNA/RNA Oxidative Damage ELISA kit obtained from Cayman Chemical Company (Ann Arbor, MI, United States). QIAzol lysis buffer and miRNeasy micro kit were obtained from Qiagen (Hilden, Germany). To synthesize cDNA strands from RNA we used the SuperScript IV reverse Transcriptase for RT-PCR obtained from Invitrogen (Carlsbad, CA, United States). IQ SYBR Green supermix was obtained from Bio-Rad (Hercules, CA, United States). TaqMan® miRNA assays for miR-122-5p, miR-34a-5p, miR-125b-5p, and RNU6B were acquired from Applied Biosystems (Foster City, CA, United States).
2.2 Animals and treatments
Male Sprague-Dawley rats (Rattus norvegicus) (Charles River, Italy), of 30 (young) or 90 (adult) days were housed one per cage in a temperature-controlled room at 23°C ± 1°C under a 12 h dark/light cycle in groups of five to six with unlimited access to water. All animals received humane care according to the criteria reported in the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health. All experimental procedures involving animals were approved by the “Comitato Etico-Scientifico per la Sperimentazione Animale” of the University of Naples Federico II and authorized by the Italian Ministry of Health (260/2015-PR). Every effort was made to minimize animal pain and suffering. Seven days post acclimatization, young and adult rats were divided into four groups of six and treated as follows:
• First group (CY): young rats received a standard diet for 2 weeks;
• Second group (FY): young rats received fructose rich-diet for 2 weeks;
• Third group (CA): adult rats received a standard diet for 2 weeks;
• Fourth group (FA): adult rats received fructose rich-diet for 2 weeks.
Details of the two diets are displayed in Table 1. Each group included six animals. The minimum sample size (n = 6) was calculated using a G* Power Test, developed by the University of Dusseldorf (http://www.gpower.hhu.de/). The power was 0.90, effect size (f) 1.2249, and the α was set at 0.05. On treatment completion, the rats were anesthetized using an intraperitoneal injection of Tiopental sodico (40 mg 100g-1 BW) and decapitated. Blood was collected and centrifuged at 2,000 × g to collect plasma serum, which was divided into aliquots and stored at −20°C. The liver, skeletal muscle and visceral white adipose tissue (vWAT) were excised, weighed and immediately frozen in liquid nitrogen and stored at −80°C for subsequent processing.
TABLE 1 | Diet composition.
[image: Table 1]2.3 Glucose tolerance test
The Glucose tolerance test was performed the day before euthanasia. To this end, rats were fasted for 5 h from 08.00 a.m. A basal, post-absorptive blood sample was obtained from a small tail clip and placed in EDTA–coated tubes and then glucose (2 g/kg body weight) was injected intraperitoneally. Blood samples were collected after 20, 40, 60, 80, 100, and 120 min and placed in EDTA-coated tubes. The blood samples were centrifuged at 2,000 × g for 15 min at 4°C. Plasma glucose concentration was measured using the colorimetric enzymatic method (Pokler Italia, Genova, Italy).
2.4 Immunoassay for 8-OHdG
A competitive ELISA for 8-OHdG was performed using a DNA/RNA Oxidative Damage ELISA kit (Cayman Chemical Company, Ann Arbor, Michigan, United States) according to the manufacturer’s protocol. Serum samples were analyzed in duplicate. Standard 8-OHdG was assayed over a concentration range of 10.3–3,000 pg/mL in duplicate for each experiment.
2.5 Determination of triglycerides, IL-1B, TGF-B, TNF-A, IL-6, and adiponectin serum levels
Serum triglycerides were measured via colorimetric enzymatic method using commercial kit (SGM Italia, RM, Italy). IL-1B, TGF-B, TNF-α, and IL-6 serum levels were measured using an Enzyme-Linked Immunosorbent Assay-ELISA kit, obtained from Invitrogen (Carlsbad, CA, United States). Adiponectin serum levels were determined employing an Enzyme-Linked Immunosorbent Assay- ELISA kit obtained from Abcam (Cambridge, CA, UK).
2.6 Cytochrome oxidase activity on liver and skeletal muscle homogenates
To detect Cytochrome oxidase activity, fragments of liver and skeletal muscle (20 mg) were immersed in ice-cold isolation buffer (100 mM KCl, 50 mM Hepes, 5 mM MgCl2, 1 mM EDTA, 5 mM EGTA, 1 mM ATP pH 7.0.), and then homogenized in a Potter-Elvehjem homogenizer (Heidiolph Instruments, Germany). Aliquots of homogenates were then incubated for 30 min at 0°C after the addition of 1.5 mg/mL lubrol. Samples of tissue homogenates were transferred into calibrated Oxygraph-2 k (O2k, OROBOROS INSTRUMENTS, Innsbruck, Austria) 2 ml-chambers. Measurement of COX activity was performed at 37°C in a medium containing 75 mM Hepes, 30 µM cytochrome c, 10 mM malonate, 4 µM rotenone, 0.5 mM dinitrophenol, 4 mM ascorbate and 0.3 mM N,N,N′,N′-tetramethyl-P-phenylenediamine.
2.7 Preparation of total lysates
Tissue samples of liver, skeletal muscle and vWAT were homogenized in Lysis Buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM Na2H2P2O7, 1 mM b-CH3H7O6PNa2, 1 mM Na3VO4, 1 mM PMSF, 1 mg/mL leupeptin, and 1% (v/v) Triton X-100 (Sigma-Aldrich, St. Louis, MO, United Statesa) using an UltraTurrax homogenizer, and then centrifuged at 16.000 × g in a Beckman Optima TLX Ultracentrifuge (Beckman Coulter S.p.A., Milan, Italy) for 15 min at 4°C. The supernatants were then ultra-centrifuged at 40.000× RPM in a Beckman Optima TLX ultracentrifuge for 20 min at 4°C. The protein concentrations of the supernatants of the centrifuged lysates were determined using the Bio Rad’s DC method (Bio Rad Laboratories, s.r.l., Segrate, Italy).
2.8 Western blot analysis
Total lysates containing 30 μg protein for liver, skeletal muscle and vWAT were loaded in each lane and were electrophoresed on SDS-PAGE gels and transferred to nitrocellulose membrane and membranes were blocked with 5% (w/v) nonfat dry milk (in TBS-T). Primary antibodies were diluted in TBS with 0.01% (v/v) Tween 20 (TBS-T) and 5% (w/v) bovine serum albumin (BSA), while secondary antibodies were diluted in TBS with 0.01% (v/v) Tween 20 (TBS-T) and 5% (w/v) nonfat dry milk. Membranes were probed with the following antibodies: polyclonal anti PTP1B (Abcam- 1:750 dilution), monoclonal anti-Total OXPHOS (Abcam- 1:500 dilution), polyclonal anti SIRT-1 (Abcam- 1:1,000 dilution), polyclonal anti P-AMPKα (Thr172) (Cell Signaling- 1:1,000 dilution), polyclonal anti AMPKα (Cell Signaling- 1:1,000 dilution), monoclonal anti IRS1 (Cell Signaling- 1:500 dilution), monoclonal anti P-IRS1 (Tyr612) (Invitrogen- 1:1,000 dilution), monoclonal anti P-IRS1 (Ser307) (Cell Signaling- 1:1,000 dilution), monoclonal anti FAS (Santa Cruz Biotechnology- 1:1,000 dilution), monoclonal anti SREBP1c (Santa Cruz Biotechnology- 1:1,000 dilution), monoclonal anti SPOT14 (Santa Cruz Biotechnology- 1:1,000 dilution), polyclonal anti PGC1α (Millipore- 1:1,000 dilution), monoclonal anti Mfn2 (Abcam- 1:1,000 dilution), monoclonal anti DRP1 (Cell Signaling- 1:1,000 dilution), monoclonal anti Catalase (Merck- 1:750 dilution), monoclonal anti SOD-2 (Santa Cruz Biotechnology- 1:500 dilution), polyclonal anti GPX1 (GeneTex- 1:1,000 dilution), monoclonal anti GPX4 (Abcam- 1:1,000 dilution), polyclonal anti PRDX-3 (Abcam- 1:1,000 dilution) and monoclonal anti B-ACTIN antibody (Bioss Antibodies- 1:1,000 dilution). As secondary antibodies we used peroxidase anti rabbit IgG (Vector Laboratories- 1:2,000–1:4,000–1:10,000 dilution) and peroxidase anti-mouse IgG (Vector Laboratories- 1:4,000 dilution). Horseradish peroxidase-conjugated secondary antibodies were used for signal detection by enhanced chemiluminescence using the Chemi Doc system and related software (Hercules, CA, United States of America).
2.9 miRNA isolation from serum and RT-qPCR
Total RNA, including small RNAs, were isolated from 100 uL of serum using QIAzol extraction method followed by column purification with a miRNeasy Mini kit (QIAGEN) in accordance with the manufacturer’s protocol. 400 µL of QIAzol and 80 µL of chloroform were added to 100 µL of serum, followed by centrifugation for 15 min at 12.000 × g at 4°C. 300 µL of the RNA containing aqueous phase was transferred into a new tube. RNA was precipitated with 450 uL of 100% (v/v) ethanol and loaded on miRNeasy purification columns. 700 µL of the sample was pipetted into an RNeasy MinElute spin column and centrifuged for 15 s at ≥8,000 × g at room temperature. 700 µL of Buffer RWT was added to the column and centrifuge for 15 s at ≥ 8,000 × g to rinse the column and discard the flow-through. 500 µl of buffer RPE was into columns and centrifuged for 15 s at ≥ 8,000 × g. The flow-through was discarded. Following the centrifugation, the RNeasy MinElute spin columns were placed into a new tube and were centrifuged for 5 min at ≥8,000 × g. Purified RNA was eluted from the column matrix with 20 µL of RNase free water. miRNA and total RNA yield was quantified using a Nanodrop1000 device (Thermofisher, United States). miR-122-5p and miR-34a-5p were quantified along with RNU6B (reference transcript) by RT-qPCR with TaqMan® miRNA assays from Applied Biosystems, in accordance with the manufacturer’s protocol. The expression levels were normalized to a reference gene (RNU6B) by using the 2−ΔΔCT method. Analyses were performed on six independent experiments, each in triplicate.
2.10 miRNA and total RNA isolation from liver, skeletal muscle and vWAT and RT-qPCR
Liver, skeletal muscle and vWAT samples were homogenized using a polytron in an appropriate volume of QIAzol lysis buffer (QIAGEN, Hilden, Germany). miRNA and RNA were extracted by the miRNeasy mini kit (QIAGEN). Total RNA (1 µg) was used to synthesize cDNA strands in a 20-µL-reaction volume using the SuperScript IV reverse Transcriptase for RT-PCR (Invitrogen). 50µM of random hexamers, 10 mM of dNTP mix and 1 µg of total RNA were combined and heated at 65°C for 5 min and then incubated on ice for at least 1 min. Annealed RNA was combined with RT reaction mix and incubated at 23°C for 10 min, 50°C–55°C for 10 min and 80°C for 10 min. Real-Time quantitative RT-PCR (QRT-PCR) was conducted with 50 nM gene-specific primers, IQ SYBR Green supermix (Bio-Rad), and cDNA samples (2 µL) in a total volume of 25 µL. A melting curve analysis was completed following amplification from 55°C to 95°C to ensure product identification and homogeneity. The mRNA expression levels were repeated in triplicate and were normalized to a reference gene (B-ACTIN, GAPDH and Alpha-TUBULIN, stable under specific experimental conditions) by using the 2−ΔΔCT method. PCR primers were designed by using the Primer 3 program (Untergasser et al., 2012), and synthesized and verified by sequencing at Eurofins Genomics (Ebersberg, Germany). miR-122-5p, miR-34a-5p, and miR-125b-5p were quantified along with RNU6B (reference transcript) by RT-qPCR with TaqMan® miRNA assays from Applied Biosystems, in conformity with the manufacturer’s protocol. The expression levels were normalized to a reference gene (RNU6B) by using the 2−ΔΔCT method. The analyses were performed on six independent experiments, each in triplicate.
Primers used were as follows:
PTPN1 forward: 5′- CTG​ACA​CCT​GCC​TCT​TAC​TG-3′
PTPN1 reverse: 5′-CAC​TTG​ACT​GGG​CTC​TGC-3′
SCD1 forward: 5′-CAG​TTC​CTA​CAC​GAC​CAC​CAC​TA-3′
SCD1 reverse: 5′-GGA​CGG​ATG​TCT​TCT​TCC​AGA​T-3′
DGAT-1 forward: 5′-GGA​CAA​AGA​CCG​GCA​GAC​CA-3′
DGAT-1 reverse: 5′-CAG​CAT​CAC​CAC​GCA​CCA​AT-3′
AGPAT-1 forward: 5′-CCT​CGA​CCT​GCT​TGG​AAT​GAT​GG-3′
AGPAT-1reverse: 5′-CAC​CTC​GGA​CAT​GAC​ACT​GAT​AGC-3′
SIRT-1 forward: 5′-AGC​ATC​ACA​CGC​AAG​CTC​TA-3′
SIRT-1 reverse: 5′-GTG​CCA​ATC​ATG​AGG​TGT​TG-3′
SREBP1c forward: 5′–GGC​CCT​GTG​TGT​ACT​GGT​CT-3′
SREBP1c reverse: 5′-AGC​ATC​AGA​GGG​AGT​GAG​GA-3′
SREBP2 forward: 5′-GCA​ACA​ACA​GCA​GTG​GCA​GAG-3′
SREBP2 reverse: 5′-TGA​GGG​AGA​GAA​GGT​AGA​CAA​TGG-3′
ChREBP forward: 5′-CAG​GAT​GCA​GTC​CCT​GAA​AT-3′
ChREBP reverse: 5′-GAG​GTG​GCC​TAG​GTG​GTG​TA-3′
FAS forward: 5′-CAC​GGC​GGC​AGC​AGG​AAC​AG -3′
FAS reverse: 5′-AGC​ACT​CTC​AGA​CAG​GCA​CTC​AG-3′
HMGCoA red forward: 5′-CGACAGCA GAGCAGATTTG-3′
HMGCoA red reverse: 5′-TGG​ACT​GGA​GAC​GGA​TGT​AGA​G-3′
ACC forward: 5′-GAC​GTT​CGC​CAT​AAC​CAA​GT-3′
ACC reverse: 5′-CTG​CAG​GTT​CTC​AAT​GCA​AA-3′
SPOT14 forward: 5′-CTG​AGG​AAG​ACA​GGC​TTT​CG-3′
SPOT14 reverse: 5′-TTC​TGG​GTC​AGG​TGG​GTA​AG-3′
INSIG1 forward: 5′-GGT​TCT​CGG​GTC​ATT​TCA​GA-3′
INSIG1 reverse: 5′-AGG​GTG​TAG​TGG​AGG​GTG​TG-3′
B-ACTIN forward: 5′-GGA​GAT​TAC​TGC​CCT​GGC​TCC​TA-3′
B-ACTIN reverse: 5′-GAC​TCA​TCG​TAC​TCC​TGC​TTG​CTG-3′
GAPDH forward: 5′-GCA​CCG​TCA​AGG​CTG​AGA​AC-3′
GAPDH reverse: 5′-TGG​TGA​AGA​CGC​CAG​TGG​A-3′
Alpha-TUBULIN forward: 5′-CCA​CTC​ATT​CCC​TCC​TTG​AA-3'
Alpha-TUBULIN reverse: 5′-ATG​GCT​CCA​TCA​AAC​CTC​AG-3'
2.11 Statistical analysis
All results were analyzed with the GraphPad Prism 9 software system (GraphPad Software, San Diego, CA, United States). Data were expressed as the mean ± SEM and were normally distributed. The statistical significance of the differences between experimental groups was determined using two-way ANOVA followed by the Tukey post-hoc test. Differences were considered statistically significant at p < 0.05.
3 RESULTS
3.1 Short-term fructose feeding impairs insulin signaling and induces an inflammatory state in young and adult rats without affecting body weight gain
Following 2 weeks of dietary treatment, body weight gain and tissue weight were measured. The results revealed no increase in body weight gain in rats fed on HFrD compared to the control diet. No differences were observed regarding weight of liver, skeletal muscle, and vWAT in FY or FA rats with the exception of FA vWAT, which increased significantly compared with CA. Serum triglycerides were significantly elevated in FY and FA compared to the control group (Table 2). An increase was observed in the serum levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG), an oxidized derivative of the guanine base considered as a marker of systemic oxidative stress (Cheng et al., 1992; Grollman and Moriya, 1993; Di Minno et al., 2016), in FY and FA compared to control rats (Figure 1A). Young and adult rats fed on HFrD showed an increase in serum levels of Transforming growth factor beta (TGF-B), Interleukin-1 beta (IL-1B), Tumor necrosis factor alpha (TNF-A) and Interleukin-6 (IL-6), with lower serum adiponectin levels in relation to the rats fed on control diet (Figure 1B). These data highlight an increase in systemic oxidative stress, the establishment of an inflammatory state and the impairment of insulin signaling induced by fructose. The impairment of glycemic homeostasis was confirmed by performing the oral glucose tolerance test (OGTT) (Figure 1C). Adult rats fed on HFrD (FA) showed a reduced glucose tolerance compared to CA and FY animals and showed a significantly higher area under the curve (AUC) value of plasma glucose in comparison to both CA and FY groups (Figure 1C).
TABLE 2 | Body weight gain, liver weight, skeletal muscle weight, vWAT weight and serum triglycerides levels in CY, FY, CA, and FA rats.
[image: Table 2][image: Figure 1]FIGURE 1 | (A) 8-OHdG serum levels (pg/ml) detected by a competitive Enzyme Linked-Immunosorbent Assay (ELISA). (B) IL-1B, TGF-B, TNF-A, IL-6 and ADIPONECTIN serum levels (pg/ml) detected by a competitive Enzyme Linked-Immunosorbent Assay (ELISA). (C) Whole body glucose homeostasis in young and adult rats fed a control or fructose-rich diet for 2 weeks. The day before euthanasia, rats were fasted for 6 h, fasting blood samples were collected and then rats received an intraperitoneal injection of glucose (2 g/kg b.w.). Aliquots of blood were taken at 20, 40, 60, 80, 100, and 120 min after injection and used for the determination of plasma glucose concentration. The area under the curve (AUC) of plasma glucose during glucose load was calculated with the trapezoid method. Values are the means ± SEM of six different rats (n = 6). Values with different symbols are significantly different: *p < 0.05 vs. CY, #p < 0.05 vs. CA; $p < 0.05 vs. FY and CA (p < 0.05, Tukey post-test). CY: young rats receiving a standard diet for 2 weeks; FY: young rats receiving a fructose-rich diet for 2 weeks; CA: adult rats receiving a standard diet for 2 weeks; FA: adult rats receiving a fructose-rich diet for 2 weeks. Two-way ANOVA p results: (A) Diet effect = 0.0345, age effect = 0.0569. (B) Diet effect = 0.0041 and age effect = 0.2175 for IL-1B, diet effect = 0.0018 and age effect = 0.8068 for TGF-B, diet effect = 0.0019 and age effect= <0.0001 for TNF-A, diet effect = 0.0451 and age effect = 0.0845 for IL-6; diet effect = 0.0014 and age effect = 0.0001 for ADIPONECTIN. (C) Diet effect = 0.0012, age effect = 0.00013.
3.2 Short term fructose intake modulates miR-122-5p and miR-34a-5p expression
As shown in Figure 2, miR-122-5p expression levels are significantly reduced in the liver and skeletal muscle of FY and FA rats, conversely, miRNA expression was significantly upregulated in adipose tissue concerning FY and FA groups when compared with CY and CA rats. In addition, miR-122-5p expression levels were significantly reduced in serum of the FY group when compared to CY animals but were markedly increased in FA rat serum in relation to the CA group.
[image: Figure 2]FIGURE 2 | RT-qPCR analysis of miR-122-5p and miR-34a-5p in serum, liver, skeletal muscle and vWAT samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. Values are the means ± SEM of six different rats (n = 6). Values with different symbols are significantly different: *p < 0.05 vs. CY; #p < 0.05 vs. CA; $p < 0.05 vs. FY and CA (p < 0.05, Tukey post-test). CY: young rats receiving a standard diet for 2 weeks; FY: young rats receiving a fructose-rich diet for 2 weeks; CA: adult rats receiving a standard diet for 2 weeks; FA: adult rats receiving a fructose-rich diet for 2 weeks. Two-way ANOVA p results: diet effect = 0.0013 and age effect = 0.0695 for serum miR-122-5p, diet effect = 0.0007 and age effect = 0.5406 for serum miR-34a-5p, diet effect = 0.0008 and age effect = 0.0768 for hepatic miR-122-5p, diet effect= <0.0001 and age effect = 0.5336 for hepatic miR-34a-5p, diet effect = 0.0004 and age effect = 0.0156 for skeletal muscle miR-122-5p, diet effect = 0.0006 and age effect = 0.2473 for skeletal muscle miR-34a-5p, diet effect = 0.0113 and age effect = 0.6392 for white adipose tissue miR-122-5p, diet effect = 0.0013 and age effect= <0.0001 for white adipose tissue miR-34a-5p.
Alternatively, miR-34a-5p expression levels were significantly increased in liver, skeletal muscle and serum of FY and FA rats, but were downregulated in adipose tissue of these animals (Figure 2). Furthermore, remarkable alterations in the liver and in the vWAT were also observed between young and adult animals fed on HFrD, suggesting age-related effects induced by fructose overconsumption (Figure 2).
3.3 Fructose administration impairs insulin signaling and lipid metabolism in liver and skeletal muscle by targeting miR-122-5p and miR-34a-5p
First, we analyzed the miR-122-5p/PTP1B/P-IRS-1 (Tyr612) axis. Our results showed that, in rats fed on HFrD regardless of age, the expression levels of hepatic and skeletal muscle miR-122-5p were significantly decreased when compared with rats fed on standard diet (CY and CA) (Figure 2). PTP1B protein levels and PTPN1 mRNA expression levels were significantly upregulated in the liver of FA animals compared to the CA group while, in skeletal muscle, only PTPN1 mRNA expression levels were notably increased (Figures 3A, B, D). PTP1B catalyzes IRS1 de-phosphorylation, thus we measured the protein levels of P-IRS1(Tyr612). The results revealed that these protein levels were significantly reduced in liver and skeletal muscle of FY rats (Figures 3B, E). It is noteworthy to report differing results in liver and skeletal muscle of FA group; in skeletal muscle the P-IRS1(Tyr612) protein levels were remarkably decreased compared to both CA animals and FY animals (Figure 3E). In the liver of FA, however, the P-IRS1(Tyr612) a slight decrease was observed in the protein levels in relation to the CA animals (not significant) (Figure 3B). To better analyze insulin sensitivity in the liver, we measured the P-IRS1(Ser307) protein levels, being Ser307 phosphorylation related to insulin-resistance (Paz et al., 1996; Paz et al., 1999). The outcomes revealed that in liver of FY and FA animals the P-IRS1(Ser307) protein levels were markedly increased in relation to the control groups (Figure 3B).
[image: Figure 3]FIGURE 3 | (A,D,G) RT-qPCR analysis of PTPN1 in liver, skeletal muscle and vWAT samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. (B) Western blot images and densitometry of PTP1B, P-IRS1(Tyr612), and P-IRS1(Ser307) in liver samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. (C,F,I) RT-qPCR analysis of DGAT-1 and AGPAT-1 in liver, skeletal muscle and vWAT samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. (E,H) Western blot images and densitometry of PTP1B and P-IRS1(Tyr612) in skeletal muscle and vWAT samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. Values are the means ± SEM of six different rats (n = 6). Representative blots are shown. Values with different symbols are significantly different *p < 0.05 vs. CY; #p < 0.05 vs. CA; $p < 0.05 vs. FY and CA; **p < 0.05 vs. FY (p < 0.05, Tukey post-test). CY: young rats receiving a standard diet for 2 weeks; FY: young rats receiving a fructose-rich diet for 2 weeks; CA: adult rats receiving a standard diet for 2 weeks; FA: adult rats receiving a fructose-rich diet for 2 weeks. Two-way ANOVA p results: (A) Diet effect = 0.1963, age effect = 0.0504. (B) Diet effect = 0.2387 and age effect = 0.0108 for PTP1B, diet effect = 0.003 and age effect = 0.0069 for P-IRS1(Tyr612), diet effect = 0.0056 and age effect = 0.009 for P-IRS1(Ser307). (C) Diet effect = 0.0012 and age effect = 0.0392 for DGAT-1, diet effect = 0.0058 and age effect = 0.5955 for AGPAT-1. (D) Diet effect= <0.0001, age effect= <0.0001. (E) Diet effect = 0.7581 and age effect = 0.8143 for PTP1B, diet effect = 0.0001 and age effect = 0.0151 for P-IRS1 (Tyr612). (F) Diet effect = 0.0009 and age effect = 0.0015 for DGAT-1, diet effect= <0.0001 and age effect = 0.0010 for AGPAT-1. (G) Diet effect = 0.0953, age effect = 0.0327. (H) Diet effect = 0.0833 and age effect = 0.0417 for PTP1B, diet effect = 0.0021 and age effect = 0.0008 for P-IRS1(Tyr612). (I) Diet effect = 0.0085 and age effect = 0.0096 for DGAT-1, diet effect = 0.1423 and age effect = 0.1239 for AGPAT-1.
Furthermore, miR-122-5p targets the 3′-UTR of Diacylglycerol O-Acyltransferase 1 (DGAT-1) and 1-Acyl-sn-Glycerol-3-Phosphate Acyltransferase Alpha (AGPAT-1), two genes involved in triglyceride synthesis (Chai et al., 2017). Our results showed that the mRNA expression levels of these two genes were significantly higher in liver of FA compared to CA and FY animals and in skeletal muscle of both FY and FA rats in comparison to the control groups and in relation to each other (Figures 3C, F).
In adipose tissue, the expression of miR-122-5p was significantly increased both in FY than in FA rats as compared to the control groups (Figure 2). Despite the increase in miR-122-5p expression, the PTP1B levels were unaltered in FY animals and significantly increased in FA rats compared to CA group (Figures 3G, H). In addition, the levels of P-IRS1 (Tyr612) were significantly reduced in FY and FA compared to the control groups (Figure 3H). The increase in miR-122-5p expression resulted in a decrease in DGAT-1 and AGPAT-1 expression levels in FY and FA groups (Figure 3I). Subsequently, we investigated the functional role of the miR-34a-5p/SIRT-1: AMPK pathway. Our results demonstrated that in animals fed on HFrD, the expression levels of miR-34a-5p were significantly increased in liver and skeletal muscle of FY and FA rats compared with CY and CA animals (Figure 2). Hepatic and skeletal muscle SIRT-1 expression levels and protein levels were unchanged in FY rats, in relation to CY, while in FA rats such levels were significantly downregulated in comparison to CA group (Figures 4A, B, D, E). P-AMPK levels were considerably reduced in both FY and FA in respect of the control groups (Figures 4B, E). Furthermore, in skeletal muscle, both SIRT-1 and P-AMPK protein levels were significantly reduced in FA rats when compared to FY animals (Figure 4E). Activation of the miR-34a-5p/SIRT-1:AMPK pathway has been shown to cause mitochondrial dynamic dysfunction (Simao et al., 2019), we thus measured Peroxisome Proliferator-Activated Receptor-gamma Coactivator (PGC1-α), implicated in mitochondrial biogenesis, Mitofusin-2 (Mnf2) and Dynamin-Related Protein 1 (DRP1) protein levels, involved in mitochondrial fusion and fission, both in liver and in skeletal muscle.
[image: Figure 4]FIGURE 4 | (A,D,G) RT-qPCR analysis of SIRT-1 in liver, skeletal muscle and vWAT samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. (B,E,H) Western blot images and densitometry of SIRT-1 and P-AMPKα in liver, skeletal muscle and vWAT samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks; (C,F) Western blot images and densitometry of PGC1-α, Mfn2 and DRP1in liver and skeletal muscle samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. Values are the means ± SEM of six different rats (n = 6). Representative blots are shown. Values with different symbols are significantly different *p < 0.05 vs. CY; #p < 0.05 vs. CA; $p < 0.05 vs. FY and CA (p < 0.05, Tukey post-test). CY: young rats receiving a standard diet for 2 weeks; FY: young rats receiving a fructose-rich diet for 2 weeks; CA: adult rats receiving a standard diet for 2 weeks; FA: adult rats receiving a fructose-rich diet for 2 weeks. Two-way ANOVA p results: (A) Diet effect = 0.007, age effect = 0.6905. (B) Diet effect = 0.0007 and age effect = 0.6905 for SIRT-1, diet effect = 0.0002 and age effect = 0.1032 for P-AMPKα. (C) Diet effect = 0.0808 and age effect = 0.0712 for PGC1-α, diet effect = 0.1345 and age effect = 0.5612 for Mfn2, diet effect = 0.0512 and age effect = 0.0459 for DRP1. (D) Diet effect = 0.0008, age effect = 0.0412. (E) Diet effect = 0.0006 and age effect = 0.0123 for SIRT-1, diet effect = 0.0008 and age effect = 0.0219 for P-AMPKα. (F) Diet effect = 0.0002 and age effect = 0.0758 for PGC1-α, diet effect= <0.0001 and age effect = 0.0008 for Mfn2, diet effect = 0.0006 and age effect = 0.2349 for DRP1. (G) Diet effect = 0.0453, age effect = 0.6193. (H) Diet effect = 0.0014 and age effect = 0.7093 for SIRT-1, diet effect = 0.0013 and age effect= <0.0001 for P-AMPKα.
Our findings revealed that in liver of FY rats, the levels of PGC1-α, Mnf2, and DRP1 increased by approximately about 8%, 28%, and 16%, respectively (not significant) when compared with CY animals (Figure 4C). In liver of FA animals, the levels of PGC1-α increased by approximately 18% (not significant), Mnf2 levels reduced by approximately 4% (not significant) and DRP1 levels significantly decreased by approximately 11% in comparison to CA (Figure 4C).
Conversely, in skeletal muscle of both FY and FA, the PGC1-α, Mnf2, and DRP1 protein levels were more than two-fold higher in relation to the control groups (Figure 4F).
In vWAT, we observed a diverse regulation of miR-34a-5p expression. In fact, in adipose tissue, miR-34a-5p expression levels were significantly decreased in HFrD-fed animals (Figure 2) with its downstream target SIRT-1 significantly increased both in FY and FA (Figures 4G, H). The P-AMPK levels were reduced in FY and FA in comparison to the control groups and to each other (Figure 4H).
3.4 Effect of fructose administration on respiratory chain complexes, cytochrome oxidase (COX) activity and antioxidant enzymes in liver and skeletal muscle
To further evaluate mitochondrial modifications elicited by short-term fructose overconsumption, we examined respiratory chain complexes (CI-CV), cytochrome oxidase (COX) activity and antioxidant enzymes in the liver and skeletal muscle. In the liver of FY and FA rats, the protein levels of respiratory chain complexes CIII and CV were slightly reduced and the COX activity was increased in FY and FA group by approximately 6% and 14% (not significantly), respectively (Figure 5C). In skeletal muscle, the protein levels of subunits of respiratory chain complexes CI–CV were unaltered considering the experimental groups (Figures 5A, B) and the COX activity was reduced in FY and FA group by approximately 7% and 21% (not significantly), respectively.
[image: Figure 5]FIGURE 5 | (A,B) Western blot images and densitometry of CI–CV respiratory chain complex in liver and skeletal muscle samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. (C) Activity of cytochrome oxidase in liver and skeletal muscle homogenates of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. (D,E) Western blot images and densitometry of CATALASE, SOD-2, GPX1, GPX4, and PRDX-3 in liver and skeletal muscle samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. Values are the means ± SEM of six different rats (n = 6). Representative blots are shown. Values with different symbols are significantly different *p < 0.05 vs. CY; #p < 0.05 vs. CA; $p < 0.05 vs. FY and CA; **p < 0.05 vs. FY (p < 0.05, Tukey post-test). CY: young rats receiving a standard diet for 2 weeks; FY: young rats receiving a fructose-rich diet for 2 weeks; CA: adult rats receiving a standard diet for 2 weeks; FA: adult rats receiving a fructose-rich diet for 2 weeks. Two-way ANOVA p results: (A) Diet effect = 0.2567 and age effect = 0.4561 for CI-NDUFB8, diet effect = 0.3409 and age effect = 0.6548 for CII-SDHB, diet effect = 0.8769 and age effect = 0.5123 for CIII-UQCRC2, diet effect = 0.7845 and age effect = 0.1287 for CIV-MTCO1, diet effect = 0.6521 and age effect = 0.0945 for CV-ATP5A. (B) Diet effect = 0.0912 and age effect = 0.5148 for CI-NDUFB8, diet effect = 0.5986 and age effect = 0.3243 for CII-SDHB, diet effect = 0.5412 and age effect = 0.8921 for CIII-UQCRC2, diet effect = 0.9921 and age effect = 8,832 for CIV-MTCO1, diet effect = 0.4432 and age effect = 0.5513 for CV-ATP5A. (C) Liver: Diet effect = 0.3524, age effect = 0.2345; Skeletal muscle: diet effect = 0.3145, age effect = 0.2697. (D) Diet effect = 0.0100 and age effect = 0.4941 for CATALASE, diet effect = 0.0337 and age effect= <0.0001 for SOD-2, diet effect = 0.0042 and age effect = 0.1415 for GPX1, diet effect = 0.0007 and age effect = 0.0071 for GPX4, diet effect = 0.2150 and age effect = 0.0057 for PRDX-3. (E) Diet effect = 0.0406 and age effect = 0.2060 for CATALASE, diet effect = 0.0409 and age effect = 0.0003 for SOD-2, diet effect = 0.7215 and age effect = 0.0189 for GPX1, diet effect = 0.8024 and age effect = 0.1526 for GPX4, diet effect = 0.6392 and age effect = 0.0625 for PRDX-3.
As reported in Figure 5C, in liver, the protein levels of antioxidant enzymes such as catalase (CAT), superoxide dismutase 2 (SOD-2), glutathione peroxidase 1 (GPX1), glutathione peroxidase 4 (GPX4) and peroxiredoxin 3 (PRDX-3) were significantly increased in FY and FA rats compared to their control groups (Figure 5D). In skeletal muscle, the protein levels of SOD-2 were markedly increased in FY animals compared to CY group and in FA rats compared to FY animals. The protein levels of CAT were considerably increased in FA animals compared to their control group and GPX1 levels were decreased in FA group compared to FY animals. The protein levels of GPX4, and PRDX-3 remained unmodified albeit with a mild increase in animals treated with fructose (Figure 5E).
3.5 Fructose administration stimulates de novo lipogenesis in liver by targeting miR-125b-5p
Short-term HFrD significantly decreases the expression levels of miR-125b-5p in liver and vWAT of young and adult when compared to control groups fed on standard diet. In addition, a significant increase in miR-125b-5p was observed in FA when compared to FY rats (Figures 6A, E). The expression levels of SCD1, SREBP1c, SREBP2 (Sterol Regulatory Element-Binding Protein 2) and INSIG1 (Insulin induced gene 1), all target of miR-125b-5p, were significantly increased in liver of FA compared to CA and FY animals (Figure 6B). The expression levels of ChREBP (Carbohydrate-Responsive Element-Binding Protein) were markedly upregulated in liver of FY compared to CY rats. The enhanced hepatic lipogenesis observed in HFrD-fed rats was also confirmed by the increased expression levels of numerous other genes involved in fatty acid biosynthesis as Fatty Acid Synthase (FAS), 3-Hydroxy-3-Methylglutaryl Coenzyme A (HMG-CoA), SPOT14 and Acetyl-CoA Carboxylase (ACC) (Figure 6C). In addition, the protein levels of SREBP1c, FAS and SPOT14, the major transcription factors that regulate genes involved in fatty acid synthesis (Porstmann et al., 2005) were significantly increased in both FY and FA rats compared to CY and CA animals (Figure 6D) and compared to each other. In vWAT, however, the expression levels of miR-125b-5p target genes showed a trend to decrease (Figure 6F) except for SCD1 whose expression was significantly increased in FY and FA animals compared with the control group (Figure 6F). Conversely, SREBP1c expression levels were reduced in FA compared to CA and FY groups and ChREBP expression levels were significantly decreased in FA group compared to FY rats (Figure 6F). Conversely, ChREBP expression levels were significantly increased in FA rats compared to CA animals (Figure 6F).
[image: Figure 6]FIGURE 6 | (A,E) RT-qPCR analysis of miR-125b-5p in liver and vWAT samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. (B) RT-qPCR analysis of miR-125b-5p target genes in liver samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. (C) RT-qPCR analysis of genes involved in fatty acid biosynthesis in liver samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. (D) Western blot images and densitometry of SREBP1c, SPOT14 and FAS in liver samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks; (F) RT-qPCR analysis of SCD1, SREBP1c, SREBP2, and ChREBP in vWAT samples of young and adult rats fed on with a control or fructose-rich diet for 2 weeks. Values are the means ± SEM of six different rats (n = 6). Representative blots are shown. Values with different symbols are significantly different *p < 0.05 vs. CY; #p < 0.05 vs. CA; $p < 0.05 vs. FY and CA; **p < 0.05 vs. FY (p < 0.05, Tukey post-test). CY: young rats receiving a standard diet for 2 weeks; FY: young rats receiving a fructose-rich diet for 2 weeks; CA: adult rats receiving a standard diet for 2 weeks; FA: adult rats receiving a fructose-rich diet for 2 weeks. Two-way ANOVA p results: (A) diet effect = 0.0001, age effect = 0.0001. (B) Diet effect = 0.0019 and age effect = 0.0115 for SREBP1c, diet effect = 0.0392 and age effect = 0.0065 for SREBP2, -diet effect = 0.0085 and age effect = 0.0096 for ChREBP, -diet effect = 0.0007 and age effect = 0.0295 for INSIG1, diet effect = 0.0034 and age effect = 0.0021 for SCD1. (C) Diet effect = 0.0028 and age effect = 0.0179 for FAS, diet effect = 0.0013 and age effect = 0.0080 for HMGCoA red, diet effect = 0.0010 and age effect = 0.0039 for SPOT14, diet effect = 0.0007 and age effect = 0.0047 for ACC, (D) diet effect = 0.0023 and age effect = 0.0453 for SREBP1c, diet effect= <0.0001 and age effect= <0.0001 for SPOT14, diet effect= <0.0001 and age effect= <0.0001 for FAS. (E) Diet effect = 0.0002, age effect= <0.0001. (F) Diet effect = 0.0034 and age effect = 0.0021 for SCD1, diet effect = 0.0203 and age effect = 0.0072 for SREBP1c, diet effect = 0.8215 and age effect = 0.3303 for SREBP2, diet effect = 0.6845 and age effect = 0.0028 for ChREBP.
4 DISCUSSION
A substantial worldwide increase in metabolic diseases in children and adolescents (DiStefano and Shaibi, 2021) requires in-depth studies on behalf of the scientific community to better understand the cellular mechanisms triggered by the excessive abuse of certain nutrients. In this perspective, herein, we investigated the involvement of miR-122-5p, miR-34a-5p, and miR-125b-5p and effects induced by fructose-overconsumption in young and adult rats, adding further knowledge as regards the molecular mechanisms underlying fructose-related metabolic alterations. We specifically focused on the early alterations and events occurring in young and adult rats, to highlight different age-dependent responses. Furthermore, among the many identified miRNAs involved in metabolism and metabolic diseases, miR-122-5p, miR-34a-5p, and miR-125b-5p possess specific expression patterns and functions associated with obesity, insulin resistance and inflammatory states (Li et al., 2011; Yang et al., 2012; Zhu and Leung, 2015; Cai et al., 2020). In fact, numerous studies have shown that miR-122-5p and miR-34a-5p expression levels are dysregulated and modulated in the development of NAFLD, Non-alcoholic steatohepatitis (NASH), and Hepatocellular carcinoma (HCC) (Tian et al., 2013; Gori et al., 2014; Tessitore et al., 2016; Hochreuter et al., 2022). As the result of miR-122-5p deletion, mice showed steatosis, fibrosis, and HCC, suggesting that this miRNA plays an essential role in NAFLD initiation and progression (Tsai et al., 2012). In addition, miR-122-5p could also play an active role in the diagnosis of NAFLD, since its plasma levels are higher in diabetic patients with NAFLD than in diabetics without this disease (Ye et al., 2018). Recently, a clinical study have examined the differential effects of circulating miRNAs, including miR-34a-5p and miR-122-5p, on histopathology and some clinical factors associated with NAFLD (Ezaz et al., 2020). Thus, herein, we aimed to clarify what occurs during the early stages of fructose administration in the three metabolic tissues.
Our findings suggest that both young and adult rats fed on HFrD exhibit an increase in systemic oxidative stress, the establishment of an inflammatory state, metabolic perturbations in liver, skeletal muscle and vWAT and that the assayed miRNAs and their target genes may play a critical role in impaired glucose and lipid homeostasis. Adult rats show a greater susceptibility to impaired insulin signaling when compared to young animals, while both young and adult rats fed on HFrD increase hepatic de novo lipogenesis (DNL), which leads to an excess of fat accumulation and mitochondrial dynamic dysfunction. In addition, liver and skeletal muscle of young and adult rats exhibit an imbalance in antioxidant enzyme. The modulation of studied miRNA levels shows a tissue-specific trend, similar in liver and skeletal muscle and dissimilar in vWAT. Such trends imply that miRNAs could act as endocrine factors connecting different compartments, with the circulatory system enabling a crosstalk between the various tissues (a schematic representation is displayed in Figure 7).
[image: Figure 7]FIGURE 7 | MiRNAs tissue trend in serum, liver, skeletal muscle, and vWAT in young and adult rats fed on HFrD (2 weeks). The modulation of studied miRNA levels shows a tissue-specific pattern, similar in the liver and skeletal muscle and conversely in vWAT. The results suggest miRNAs may serve as endocrine factors connecting different compartments and the circulatory system could allow for the specific type of crosstalk between tissues. The outcomes demonstrate that both young and adult rats fed on HFrD exhibit impaired glucose and lipid metabolism. In adult rats, this impairment is more pronounced than in young animals (The figure was created with Biorender.com).
Short-term high fructose intake is sufficient to create systemic oxidative stress status and systemic low-grade metabolic inflammation that precedes the development of obesity. No increase was observed in body weight following high-fructose intake for 2 weeks. Nevertheless, the serum levels of 8-OHdG were higher in FY and FA with a more prominent increase in FY. Enhanced whole body oxidative stress likewise contributes to occurrence and aggravation of inflammation (Zhang et al., 2019; Ma et al., 2022). In fact, the present study reported a noteworthy rise in the expression levels of TGF-B and other key markers of systemic inflammation, namely IL-1B, TNF-A, and IL-6 in fructose-fed rats. In addition, an age-dependent increase in systemic inflammation was evident in both control and fructose-fed rats, in line with the biological phenomenon of “inflamm-aging” (Fougere et al., 2016).
The fructose overconsumption induces a condition of a systemic insulin-resistance both in young and adult rats. The aforementioned metabolic dysfunctions are more pronounced in adult rats suggesting that they are more susceptible to impairment in glucose homeostasis. Subsequently, to further acquire knowledge of the potential mechanisms involved in the effects of fructose on insulin sensitivity and lipid metabolism, we evaluated the involvement of miR-122-5p, miR-34a-5p, and miR-125b-5p and their downstream effectors in liver, skeletal muscle and vWAT.
miR-122-5p is the most abundant miRNA in hepatocytes accounting for approximately 70% of total adult liver miRNAs (Jopling, 2012) and it has been associated to metabolic hepatic homeostasis (Ceccarelli et al., 2013; Su et al., 2018; Dong et al., 2019b; Kalaki-Jouybari et al., 2020). Numerous metabolic processes are regulated by miR-122-5p, including cholesterol biosynthesis, fatty acid synthesis, and oxidation (Li et al., 2011). Interestingly, miR-122-5p is released from the liver under normal conditions, mainly via hepatic exosomes, a mechanism modulated by statins (Gallo et al., 2012; Huang et al., 2013). One of its direct downstream targets is PTP1B, a negative regulator of insulin signaling (Goldstein, 1993; Haeusler and Accili, 2008). In mice fed a high fat diet (HFD), miR-122-5p repression results in hepatic insulin resistance through the activation of PTP1B (Yang et al., 2012). In addition, a reduced expression of miR-122-5p was observed in weaned offspring (day 28) of mice fed a HFD compared to a standard chow diet (Benatti et al., 2014). Our results show that the miR-122-5p expression levels were significantly downregulated in the liver and in the skeletal muscle and upregulated in the vWAT of animals fed on HFrD. In the serum, miR-122-5p expression levels showed a different trend in young and adult rats fed on HFrD. The incongruent events occurring in FA regarding increased serum levels in miR-122-5p and decreased levels in liver are compliant with the outcomes of Baranova et al. (2019). A reduced liver secretion of miR-122-5p has been reported as the result of a decreased intra-hepatic production while miRNA production and secretion by adipose gland are able to enhance and maintain liver function. Our data suggest that the increased production of miR-122-5p by vWAT, may constitute effective counteraction to prevent early detrimental effects induced by fructose overconsumption. In this perspective, miR-122-5p could act as an “endocrine mediator” connecting different tissues.
miR-122-5p/PTP1B/P-IRS(Tyr612) axis plays a role in the alteration of insulin signaling induced by fructose overconsumption in skeletal muscle and vWAT of FA rats. In the liver of FA the increased P-IRS levels on Serine 307 confirms the impaired insulin response and insulin resistance occurring in the liver. In the FY group, the insulin signaling pathway impairment is apparently unrelated to the axis examined. In addition, the downregulation of miR-122-5p in liver and skeletal muscle of rats fed on HFrD yields a significant increase of the DGAT-1 and AGPAT-1 expression levels causing increased serum levels of triglycerides.
Fructose consumption, also affects miR-34a-5p/SIRT-1: AMPK pathway in liver and skeletal muscle of FY and FA rats inducing a decrease in fatty acid oxidation thus resulting in an increase in fat accumulation. miR-34a-5p is remarkably elevated in the liver of diet-induced animal models of NAFLD (Choi et al., 2013; Ding et al., 2015). The level of miR-34a-5p is increased in the liver of streptozotocin-induced diabetic mice and diet-induced obese mice compared with those of normal C57BL/6 mice (Li et al., 2009). Furthermore, miR-34a−/− mice are susceptible to diet-induced obesity (Lavery et al., 2016). In 2021, Xu et al. (2021) have demonstrated that, in hepatocytes, miR-34a-5p expression aggravates NAFLD induced by high-fat/cholesterol/fructose diets and that its deletion attenuates the development and progression of NAFLD. SIRT-1 is a direct target of miR-34a-5p (Castro et al., 2013; Dong et al., 2019a; Hua et al., 2021) and plays a beneficial role in regulating hepatic lipid metabolism through the deacetylation of certain transcriptional factors (Ding et al., 2017). Moreover, mice overexpressing SIRT-1 show elevated levels of AMPK, an indicator of metabolic status (Viollet et al., 2006; Ruderman et al., 2010). Recently, it has also been reported that in skeletal muscle the activation of the miR-34a/SIRT-1: AMPK pathway leads to mitochondrial dynamic dysfunction (Simao et al., 2019). Our results indicate that miR-34a-5p expression levels underline a tissue-specific regulation. In fact, in liver, skeletal muscle and serum, the miRNA expression levels are significantly increased in animals fed on HFrD while in vWAT the miR-34a-5p levels are significantly decreased in FY and FA when compared with their control group. Recently, skeletal muscle and adipose tissue have been shown to secrete miR-34a-5p that could act as an endocrine or paracrine mediator of inflammation and aging (Fulzele et al., 2019; Pan et al., 2019; Alfonzo et al., 2022). In our experimental conditions, the marked increase of miR-34a-5p, especially in skeletal muscle of both FY and FA groups, associated to its enhancement in serum levels suggest that miR-34a-5p could act as a mediator of inflammation.
In liver and skeletal muscle of FY and FA rats, the increase in miR-34a-5p levels leads to a reduction in SIRT-1 levels and in P-AMPK levels indicating a decrease of fat oxidation and an increase in fat synthesis. It is known that SIRT-1 affects mitochondrial function and dynamics, and as mitochondrial dysfunction characterizes many metabolic diseases, we evaluated the protein levels of PGC1-α, Mnf2 and DRP1, involved in biogenesis, fission and fusion, respectively. The results showed that 2 weeks of fructose overconsumption in young and adult animals were insufficient to alter mitochondrial dynamics in skeletal muscle, where an increase in biogenesis, fission and fusion was noted. In liver of adult rats, an increase in PGC1-α suggesting an enhanced biogenesis was evident. Conversely, the protein levels of Mnf2 and DRP1 in FA rats decreases indicating a reduction in fission and fusion. Considering that mitochondrial fission is an effector of ROS production in metabolic excesses (Galloway et al., 2014), the reduction in Mnf2 levels could counteract the progression of hepatic steatosis. To verify and confirm alteration in mitochondrial homeostasis, in the liver and skeletal muscle, we analyzed the oxidative stress. The mild decreased expression of certain respiratory chain complexes (CIII and CV) in FY and FA rats could impair ATP synthesis in the liver. This impairment may give rise to several vicious cycles involving ROS. Moreover, the increased lipogenesis and the decreased fatty acid β-Oxidation, lead to fat accumulation and insulin signaling impairment in the liver. In addition, the protein levels of key enzymes in protecting cells from oxidative damage, are increased in FY and FA animals promoting antioxidant defense, albeit insufficient to counter systemic oxidative stress. In the skeletal muscle, we observed a similar condition with an imbalance of antioxidant machinery.
In vWAT, miR-34a-5p levels were significantly decreased in FY and FA animals and the SIRT-1 expression levels and protein levels were increased. During normal eating conditions, SIRT-1 in adipose tissue protects against inflammation and obesity, and prevents metabolic dysfunction during dietary stress (Chalkiadaki and Guarente, 2012). In our study, we observed that in vWAT the increase in the SIRT-1 expression levels likely act to counteract the condition of insulin-resistance and inflammation that is established by the fructose overconsumption. Despite the increase in SIRT-1 levels, the P-AMPK levels were significantly decreased in vWAT of both FY and FA rats, highlighting a reduction in fat oxidation.
Finally, the miR-125b-5p was also seen to be modulated by HFrD. This miRNA is known to play an important role in DNL (Xie et al., 2009; Cheng et al., 2016) and miR-125b-5p knockout mice exhibit fat accumulation and insulin resistance induced by a high-fat diet (Sud et al., 2017; Wei et al., 2020). miR-125b-5p was downregulated in the liver of adult mice fed on HFrD for 4 weeks (Sud et al., 2017). The targets of this miRNA are the different key genes involved in insulin signaling, insulin resistance, fatty acid, triglyceride, lipoprotein and cholesterol biosynthesis and NAFLD. Cai et al. (2020) demonstrated that miR-125b-5p expression was reduced in NAFLD clinical samples, high cholesterol diet fed mice and the cell-model of NAFLD. We analysed the miR-125b-5p axis in liver and vWAT for their cooperative role played in lipid metabolism control. Our results show that short-term HFrD sufficed in significantly decreasing the miR-125b-5p expression levels in the liver and the vWAT of FY and FA rats compared to CY and CA animals and compared to each other. In the liver all the target genes of miR-125b-5p, were considerably expressed in FY and FA rats suggesting an increase in hepatic lipogenesis. The enhanced hepatic lipogenesis was also confirmed by the increased levels of several proteins involved in fatty acid biosynthesis.
In the vWAT, despite the reduction in miR-125b-5p in FY and FA rats, the expression levels of the miRNA target genes showed a trend to decrease, suggesting a reduction in DNL. This may be associated with pathophysiological events, such as obesity and insulin resistance, whereby the balance of DNL between hepatocytes and adipocyte is impeded (Song et al., 2018) diversely to physiological conditions in which DNL in hepatocytes and adipoctyes is synergistically regulated.
In conclusion, our findings highlight a strict involvement of some miRNAs in the metabolic dysregulations induced by short-term fructose overconsumption. A better understanding of dietary factors and modulation of miRNA expression levels and their targets could contribute to determine the molecular mechanisms underlying the metabolic diseases to identify novel therapeutic targets. These findings imply the need to reduce sugar consumption particularly during adolescence. In this perspective, our study lacked animal models consuming fructose on a long-term basis, thus presenting a limitation in the inability to assess miRNA modification over time. Additionally, in the light of developments herein, we hypothesize the potential of miR-122-5 p and miR34a-5p to mediate inter-tissue communication, hence, future studies would address the time course of exosomial secretion and content in young animals in response to long-term fructose consumption. Therefore, it is challenging to evaluate biological processes occurring in different tissues focusing on how miRNA secretion drives the pathogenesis of metabolic disorders and whether fructose overconsumption is able to increase the risk of metabolic disease.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation and further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by “Comitato Etico-Scientifico per la Sperimentazione Animale” of the University of Naples Federico II and authorized by Italian Health Minister (260/2015-PR).
AUTHOR CONTRIBUTIONS
Data curation, GP, RS, FC, and AG; Funding acquisition, SI, FG, and AL; Investigation, GP, NM, AM, RS, FC, and AG; Methodology, GP, RS, FC, and AG; Resources, SI, FG, and AL; Supervision, RS, FC, SI, FG, and AL; Writing—Original Draft, GP, RS, AG, and FC; Writing—Review and Editing, SI, RS, FC, FG, and AL.
FUNDING
This research was financially supported by a grant from the University of Campania “L. Vanvitelli” and by the VALERE project from the University of Campania “L. Vanvitelli.”
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.
REFERENCES
 Alfonzo, M. C., Al Saedi, A., Fulzele, S., and Hamrick, M. W. (2022). Extracellular vesicles as communicators of senescence in musculoskeletal aging. JBMR Plus 6, e10686. doi:10.1002/jbm4.10686
 Baranova, A., Maltseva, D., and Tonevitsky, A. (2019). Adipose may actively delay progression of NAFLD by releasing tumor-suppressing, anti-fibrotic miR-122 into circulation. Obes. Rev. 20, 108–118. doi:10.1111/obr.12765
 Benatti, R. O., Melo, A. M., Borges, F. O., Ignacio-Souza, L. M., Simino, L. A., Milanski, M., et al. (2014). Maternal high-fat diet consumption modulates hepatic lipid metabolism and microRNA-122 (miR-122) and microRNA-370 (miR-370) expression in offspring. Br. J. Nutr. 111, 2112–2122. doi:10.1017/S0007114514000579
 Bray, G. A., and Popkin, B. M. (2014). Dietary sugar and body weight: Have we reached a crisis in the epidemic of obesity and diabetes?: Health be damned! Pour on the sugar. Diabetes Care 37, 950–956. doi:10.2337/dc13-2085
 Busserolles, J., Rock, E., Gueux, E., Mazur, A., Grolier, P., and Rayssiguier, Y. (2002). Short-term consumption of a high-sucrose diet has a pro-oxidant effect in rats. Br. J. Nutr. 87, 337–342. doi:10.1079/BJNBJN2002524
 Cai, Q., Chen, F., Xu, F., Wang, K., Zhang, K., Li, G., et al. (2020). Epigenetic silencing of microRNA-125b-5p promotes liver fibrosis in nonalcoholic fatty liver disease via integrin α8-mediated activation of RhoA signaling pathway. Metabolism 104, 154140. doi:10.1016/j.metabol.2020.154140
 Castro, M. C., Francini, F., Schinella, G., Caldiz, C. I., Zubiria, M. G., Gagliardino, J. J., et al. (2012). Apocynin administration prevents the changes induced by a fructose-rich diet on rat liver metabolism and the antioxidant system. Clin. Sci. (Lond) 123, 681–692. doi:10.1042/CS20110665
 Castro, M. C., Massa, M. L., Arbelaez, L. G., Schinella, G., Gagliardino, J. J., and Francini, F. (2015). Fructose-induced inflammation, insulin resistance and oxidative stress: A liver pathological triad effectively disrupted by lipoic acid. Life Sci. 137, 1–6. doi:10.1016/j.lfs.2015.07.010
 Castro, R. E., Ferreira, D. M., Afonso, M. B., Borralho, P. M., Machado, M. V., Cortez-Pinto, H., et al. (2013). miR-34a/SIRT1/p53 is suppressed by ursodeoxycholic acid in the rat liver and activated by disease severity in human non-alcoholic fatty liver disease. J. Hepatol. 58, 119–125. doi:10.1016/j.jhep.2012.08.008
 Ceccarelli, S., Panera, N., Gnani, D., and Nobili, V. (2013). Dual role of microRNAs in NAFLD. Int. J. Mol. Sci. 14, 8437–8455. doi:10.3390/ijms14048437
 Chai, C., Rivkin, M., Berkovits, L., Simerzin, A., Zorde-Khvalevsky, E., Rosenberg, N., et al. (2017). Metabolic circuit involving free fatty acids, microRNA 122, and triglyceride synthesis in liver and muscle tissues. Gastroenterology 153, 1404–1415. doi:10.1053/j.gastro.2017.08.013
 Chalkiadaki, A., and Guarente, L. (2012). High-fat diet triggers inflammation-induced cleavage of SIRT1 in adipose tissue to promote metabolic dysfunction. Cell Metab. 16, 180–188. doi:10.1016/j.cmet.2012.07.003
 Chartoumpekis, D. V., Zaravinos, A., Ziros, P. G., Iskrenova, R. P., Psyrogiannis, A. I., Kyriazopoulou, V. E., et al. (2012). Differential expression of microRNAs in adipose tissue after long-term high-fat diet-induced obesity in mice. PLoS One 7, e34872. doi:10.1371/journal.pone.0034872
 Cheng, K. C., Cahill, D. S., Kasai, H., Nishimura, S., and Loeb, L. A. (1992). 8-Hydroxyguanine, an abundant form of oxidative DNA damage, causes G----T and A----C substitutions. J. Biol. Chem. 267, 166–172. doi:10.1016/s0021-9258(18)48474-8
 Cheng, X., XI, Q. Y., Wei, S., Wu, D., Ye, R. S., Chen, T., et al. (2016). Critical role of miR-125b in lipogenesis by targeting stearoyl-CoA desaturase-1 (SCD-1). J. Anim. Sci. 94, 65–76. doi:10.2527/jas.2015-9456
 Choi, S. E., Fu, T., Seok, S., Kim, D. H., Yu, E., Lee, K. W., et al. (2013). Elevated microRNA-34a in obesity reduces NAD+ levels and SIRT1 activity by directly targeting NAMPT. Aging Cell 12, 1062–1072. doi:10.1111/acel.12135
 Cigliano, L., Spagnuolo, M. S., Crescenzo, R., Cancelliere, R., Iannotta, L., Mazzoli, A., et al. (2018). Short-term fructose feeding induces inflammation and oxidative stress in the Hippocampus of young and adult rats. Mol. Neurobiol. 55, 2869–2883. doi:10.1007/s12035-017-0518-2
 Cioffi, F., Senese, R., Lasala, P., Ziello, A., Mazzoli, A., Crescenzo, R., et al. (2017). Fructose-rich diet affects mitochondrial DNA damage and repair in rats. Nutrients 9, 323. doi:10.3390/nu9040323
 Crescenzo, R., Bianco, F., Coppola, P., Mazzoli, A., Cigliano, L., Liverini, G., et al. (2013a). Increased skeletal muscle mitochondrial efficiency in rats with fructose-induced alteration in glucose tolerance. Br. J. Nutr. 110, 1996–2003. doi:10.1017/S0007114513001566
 Crescenzo, R., Bianco, F., Coppola, P., Mazzoli, A., Valiante, S., Liverini, G., et al. (2014). Adipose tissue remodeling in rats exhibiting fructose-induced obesity. Eur. J. Nutr. 53, 413–419. doi:10.1007/s00394-013-0538-2
 Crescenzo, R., Bianco, F., Falcone, I., Coppola, P., Liverini, G., and Iossa, S. (2013b). Increased hepatic de novo lipogenesis and mitochondrial efficiency in a model of obesity induced by diets rich in fructose. Eur. J. Nutr. 52, 537–545. doi:10.1007/s00394-012-0356-y
 Crescenzo, R., Cigliano, L., Mazzoli, A., Cancelliere, R., Carotenuto, R., Tussellino, M., et al. (2018). Early effects of a low fat, fructose-rich diet on liver metabolism, insulin signaling, and oxidative stress in young and adult rats. Front. Physiol. 9, 411. doi:10.3389/fphys.2018.00411
 Di Minno, A., Turnu, L., Porro, B., Squellerio, I., Cavalca, V., Tremoli, E., et al. (2016). 8-Hydroxy-2-Deoxyguanosine levels and cardiovascular disease: A systematic review and meta-analysis of the literature. Antioxid. Redox Signal 24, 548–555. doi:10.1089/ars.2015.6508
 Ding, J., Li, M., Wan, X., Jin, X., Chen, S., Yu, C., et al. (2015). Effect of miR-34a in regulating steatosis by targeting PPARα expression in nonalcoholic fatty liver disease. Sci. Rep. 5, 13729. doi:10.1038/srep13729
 Ding, R. B., Bao, J., and Deng, C. X. (2017). Emerging roles of SIRT1 in fatty liver diseases. Int. J. Biol. Sci. 13, 852–867. doi:10.7150/ijbs.19370
 Distefano, J. K. (2020). Fructose-mediated effects on gene expression and epigenetic mechanisms associated with NAFLD pathogenesis. Cell Mol. Life Sci. 77, 2079–2090. doi:10.1007/s00018-019-03390-0
 Distefano, J. K., and Shaibi, G. Q. (2021). The relationship between excessive dietary fructose consumption and paediatric fatty liver disease. Pediatr. Obes. 16, e12759. doi:10.1111/ijpo.12759
 Dong, F. F., Dong, S. H., Liang, Y., Wang, K., Qin, Y. W., and Zhao, X. X. (2019a). MiR-34a promotes myocardial infarction in rats by inhibiting the activity of SIRT1. Eur. Rev. Med. Pharmacol. Sci. 23, 7059–7065. doi:10.26355/eurrev_201908_18750
 Dong, L., Hou, X., Liu, F., Tao, H., Zhang, Y., Zhao, H., et al. (2019b). Regulation of insulin resistance by targeting the insulin-like growth factor 1 receptor with microRNA-122-5p in hepatic cells. Cell Biol. Int. 43, 553–564. doi:10.1002/cbin.11129
 Ezaz, G., Trivedi, H. D., Connelly, M. A., Filozof, C., Howard, K., Kim, M., et al. (2020). Differential associations of circulating MicroRNAs with pathogenic factors in NAFLD. Hepatol. Commun. 4, 670–680. doi:10.1002/hep4.1501
 Fougere, B., Morley, J. E., Decavel, F., Nourhashemi, F., Abele, P., Resnick, B., et al. (2016). Retracted: Development and implementation of the advanced practice nurse worldwide with an interest in geriatric care. J. Am. Med. Dir. Assoc. 17, 782–788. doi:10.1016/j.jamda.2016.05.009
 Francey, C., Cros, J., Rosset, R., Creze, C., Rey, V., Stefanoni, N., et al. (2019). The extra-splanchnic fructose escape after ingestion of a fructose-glucose drink: An exploratory study in healthy humans using a dual fructose isotope method. Clin. Nutr. ESPEN 29, 125–132. doi:10.1016/j.clnesp.2018.11.008
 Fulzele, S., Mendhe, B., Khayrullin, A., Johnson, M., Kaiser, H., Liu, Y., et al. (2019). Muscle-derived miR-34a increases with age in circulating extracellular vesicles and induces senescence of bone marrow stem cells. Aging (Albany NY) 11, 1791–1803. doi:10.18632/aging.101874
 Gallo, A., Tandon, M., Alevizos, I., and Illei, G. G. (2012). The majority of microRNAs detectable in serum and saliva is concentrated in exosomes. PLoS One 7, e30679. doi:10.1371/journal.pone.0030679
 Galloway, C. A., Lee, H., Brookes, P. S., and Yoon, Y. (2014). Decreasing mitochondrial fission alleviates hepatic steatosis in a murine model of nonalcoholic fatty liver disease. Am. J. Physiol. Gastrointest. Liver Physiol. 307, G632–G641. doi:10.1152/ajpgi.00182.2014
 Goldstein, B. J. (1993). Regulation of insulin receptor signaling by protein-tyrosine dephosphorylation. Receptor 3, 1–15.
 Gori, M., Arciello, M., and Balsano, C. (2014). MicroRNAs in nonalcoholic fatty liver disease: Novel biomarkers and prognostic tools during the transition from steatosis to hepatocarcinoma. Biomed. Res. Int. 2014, 741465. doi:10.1155/2014/741465
 Grollman, A. P., and Moriya, M. (1993). Mutagenesis by 8-oxoguanine: An enemy within. Trends Genet. 9, 246–249. doi:10.1016/0168-9525(93)90089-z
 Haeusler, R. A., and Accili, D. (2008). The double life of Irs. Cell Metab. 8, 7–9. doi:10.1016/j.cmet.2008.06.010
 Hanouskova, B., Neprasova, B., Skalova, L., Maletinska, L., Zemanova, K., Ambroz, M., et al. (2019). High-fructose drinks affect microRNAs expression differently in lean and obese mice. J. Nutr. Biochem. 68, 42–50. doi:10.1016/j.jnutbio.2019.03.001
 Heinz, F., Lamprecht, W., and Kirsch, J. (1968). Enzymes of fructose metabolism in human liver. J. Clin. Invest. 47, 1826–1832. doi:10.1172/JCI105872
 Helsley, R. N., Moreau, F., Gupta, M. K., Radulescu, A., Debosch, B., and Softic, S. (2020). Tissue-specific fructose metabolism in obesity and diabetes. Curr. Diab Rep. 20, 64. doi:10.1007/s11892-020-01342-8
 Hochreuter, M. Y., Dall, M., Treebak, J. T., and Barres, R. (2022). MicroRNAs in non-alcoholic fatty liver disease: Progress and perspectives. Mol. Metab. 65, 101581. doi:10.1016/j.molmet.2022.101581
 Hua, C. C., Liu, X. M., Liang, L. R., Wang, L. F., and Zhong, J. C. (2021). Targeting the microRNA-34a as a novel therapeutic strategy for cardiovascular diseases. Front. Cardiovasc Med. 8, 784044. doi:10.3389/fcvm.2021.784044
 Huang, X., Yuan, T., Tschannen, M., Sun, Z., Jacob, H., Du, M., et al. (2013). Characterization of human plasma-derived exosomal RNAs by deep sequencing. BMC Genomics 14, 319. doi:10.1186/1471-2164-14-319
 Jones, H. F., Butler, R. N., and Brooks, D. A. (2011). Intestinal fructose transport and malabsorption in humans. Am. J. Physiol. Gastrointest. Liver Physiol. 300, G202–G206. doi:10.1152/ajpgi.00457.2010
 Jopling, C. (2012). Liver-specific microRNA-122: Biogenesis and function. RNA Biol. 9, 137–142. doi:10.4161/rna.18827
 Kalaki-Jouybari, F., Shanaki, M., Delfan, M., Gorgani-Firouzjae, S., and Khakdan, S. (2020). High-intensity interval training (HIIT) alleviated NAFLD feature via miR-122 induction in liver of high-fat high-fructose diet induced diabetic rats. Arch. Physiol. Biochem. 126, 242–249. doi:10.1080/13813455.2018.1510968
 Lavery, C. A., Kurowska-Stolarska, M., Holmes, W. M., Donnelly, I., Caslake, M., Collier, A., et al. (2016). miR-34a(-/-) mice are susceptible to diet-induced obesity. Obes. (Silver Spring) 24, 1741–1751. doi:10.1002/oby.21561
 Lelis, D. F., Andrade, J. M. O., Almenara, C. C. P., Broseguini-Filho, G. B., Mill, J. G., and Baldo, M. P. (2020). High fructose intake and the route towards cardiometabolic diseases. Life Sci. 259, 118235. doi:10.1016/j.lfs.2020.118235
 Li, S., Chen, X., Zhang, H., Liang, X., Xiang, Y., Yu, C., et al. (2009). Differential expression of microRNAs in mouse liver under aberrant energy metabolic status. J. Lipid Res. 50, 1756–1765. doi:10.1194/jlr.M800509-JLR200
 Li, Z. Y., XI, Y., Zhu, W. N., Zeng, C., Zhang, Z. Q., Guo, Z. C., et al. (2011). Positive regulation of hepatic miR-122 expression by HNF4α. J. Hepatol. 55, 602–611. doi:10.1016/j.jhep.2010.12.023
 Lustig, R. H. (2013). Fructose: it's "alcohol without the buzz. Adv. Nutr. 4, 226–235. doi:10.3945/an.112.002998
 Ma, X., Nan, F., Liang, H., Shu, P., Fan, X., Song, X., et al. (2022). Excessive intake of sugar: An accomplice of inflammation. Front. Immunol. 13, 988481. doi:10.3389/fimmu.2022.988481
 Macvanin, M., Obradovic, M., Zafirovic, S., Stanimirovic, J., and Isenovic, E. R. (2022). The role of miRNAs in metabolic diseases. Curr. Med. Chem. 30, 1922–1944. doi:10.2174/0929867329666220801161536
 Mazzoli, A., Porzio, A. D., Gatto, C., Crescenzo, R., Nazzaro, M., Spagnuolo, M. S., et al. (2022). Skeletal muscle insulin resistance and adipose tissue hypertrophy persist beyond the reshaping of gut microbiota in young rats fed a fructose-rich diet. J. Nutr. Biochem. 113, 109247. doi:10.1016/j.jnutbio.2022.109247
 Moore, J. B., and Fielding, B. A. (2016). Sugar and metabolic health: Is there still a debate?Curr. Opin. Clin. Nutr. Metab. Care 19, 303–309. doi:10.1097/MCO.0000000000000289
 Mori, M. A., Ludwig, R. G., Garcia-Martin, R., Brandao, B. B., and Kahn, C. R. (2019). Extracellular miRNAs: From biomarkers to mediators of physiology and disease. Cell Metab. 30, 656–673. doi:10.1016/j.cmet.2019.07.011
 Pan, Y., Hui, X., Hoo, R. L. C., Ye, D., Chan, C. Y. C., Feng, T., et al. (2019). Adipocyte-secreted exosomal microRNA-34a inhibits M2 macrophage polarization to promote obesity-induced adipose inflammation. J. Clin. Invest. 129, 834–849. doi:10.1172/JCI123069
 Paz, K., Liu, Y. F., Shorer, H., Hemi, R., Leroith, D., Quan, M., et al. (1999). Phosphorylation of insulin receptor substrate-1 (IRS-1) by protein kinase B positively regulates IRS-1 function. J. Biol. Chem. 274, 28816–28822. doi:10.1074/jbc.274.40.28816
 Paz, K., Voliovitch, H., Hadari, Y. R., Roberts, C. T., Leroith, D., and Zick, Y. (1996). Interaction between the insulin receptor and its downstream effectors. Use of individually expressed receptor domains for structure/function analysis. J. Biol. Chem. 271, 6998–7003. doi:10.1074/jbc.271.12.6998
 Porstmann, T., Griffiths, B., Chung, Y. L., Delpuech, O., Griffiths, J. R., Downward, J., et al. (2005). PKB/Akt induces transcription of enzymes involved in cholesterol and fatty acid biosynthesis via activation of SREBP. Oncogene 24, 6465–6481. doi:10.1038/sj.onc.1208802
 Rezk, N. A., Lashin, M. B., and Sabbah, N. A. (2021). MiRNA 34-a regulate SIRT-1 and Foxo-1 expression in endometriosis. Noncoding RNA Res. 6, 35–41. doi:10.1016/j.ncrna.2021.02.002
 Ruderman, N. B., Xu, X. J., Nelson, L., Cacicedo, J. M., Saha, A. K., Lan, F., et al. (2010). AMPK and SIRT1: A long-standing partnership?Am. J. Physiol. Endocrinol. Metab. 298, E751–E760. doi:10.1152/ajpendo.00745.2009
 Simao, A. L., Afonso, M. B., Rodrigues, P. M., Gama-Carvalho, M., Machado, M. V., Cortez-Pinto, H., et al. (2019). Skeletal muscle miR-34a/SIRT1:AMPK axis is activated in experimental and human non-alcoholic steatohepatitis. J. Mol. Med. Berl. 97, 1113–1126. doi:10.1007/s00109-019-01796-8
 Song, Z., Xiaoli, A. M., and Yang, F. (2018). Regulation and metabolic significance of de novo lipogenesis in adipose tissues. Nutrients 10, 1383. doi:10.3390/nu10101383
 Su, Q., Kumar, V., Sud, N., and Mahato, R. I. (2018). MicroRNAs in the pathogenesis and treatment of progressive liver injury in NAFLD and liver fibrosis. Adv. Drug Deliv. Rev. 129, 54–63. doi:10.1016/j.addr.2018.01.009
 Sud, N., Zhang, H., Pan, K., Cheng, X., Cui, J., and Su, Q. (2017). Aberrant expression of microRNA induced by high-fructose diet: Implications in the pathogenesis of hyperlipidemia and hepatic insulin resistance. J. Nutr. Biochem. 43, 125–131. doi:10.1016/j.jnutbio.2017.02.003
 Tappy, L., and Le, K. A. (2010). Metabolic effects of fructose and the worldwide increase in obesity. Physiol. Rev. 90, 23–46. doi:10.1152/physrev.00019.2009
 Tessitore, A., Cicciarelli, G., Del Vecchio, F., Gaggiano, A., Verzella, D., Fischietti, M., et al. (2016). MicroRNA expression analysis in high fat diet-induced NAFLD-NASH-HCC progression: Study on C57bl/6J mice. BMC Cancer 16, 3. doi:10.1186/s12885-015-2007-1
 Tian, Y., Wong, V. W., Chan, H. L., and Cheng, A. S. (2013). Epigenetic regulation of hepatocellular carcinoma in non-alcoholic fatty liver disease. Semin. Cancer Biol. 23, 471–482. doi:10.1016/j.semcancer.2013.08.010
 Tran, L. T., Yuen, V. G., and Mcneill, J. H. (2009). The fructose-fed rat: A review on the mechanisms of fructose-induced insulin resistance and hypertension. Mol. Cell Biochem. 332, 145–159. doi:10.1007/s11010-009-0184-4
 Tsai, W. C., Hsu, S. D., Hsu, C. S., Lai, T. C., Chen, S. J., Shen, R., et al. (2012). MicroRNA-122 plays a critical role in liver homeostasis and hepatocarcinogenesis. J. Clin. Invest. 122, 2884–2897. doi:10.1172/JCI63455
 Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., et al. (2012). Primer3--new capabilities and interfaces. Nucleic Acids Res. 40, e115. doi:10.1093/nar/gks596
 Viollet, B., Foretz, M., Guigas, B., Horman, S., Dentin, R., Bertrand, L., et al. (2006). Activation of AMP-activated protein kinase in the liver: A new strategy for the management of metabolic hepatic disorders. J. Physiol. 574, 41–53. doi:10.1113/jphysiol.2006.108506
 Vishnoi, A., and Rani, S. (2017). MiRNA biogenesis and regulation of diseases: An overview. Methods Mol. Biol. 1509, 1–10. doi:10.1007/978-1-4939-6524-3_1
 Wei, L. M., Sun, R. P., Dong, T., Liu, J., Chen, T., Zeng, B., et al. (2020). MiR-125b-2 knockout increases high-fat diet-induced fat accumulation and insulin resistance. Sci. Rep. 10, 21969. doi:10.1038/s41598-020-77714-7
 Xie, H., Lim, B., and Lodish, H. F. (2009). MicroRNAs induced during adipogenesis that accelerate fat cell development are downregulated in obesity. Diabetes 58, 1050–1057. doi:10.2337/db08-1299
 Xu, Y., Zhu, Y., Hu, S., Pan, X., Bawa, F. C., Wang, H. H., et al. (2021). Hepatocyte miR-34a is a key regulator in the development and progression of non-alcoholic fatty liver disease. Mol. Metab. 51, 101244. doi:10.1016/j.molmet.2021.101244
 Yamada, H., Suzuki, K., Ichino, N., Ando, Y., Sawada, A., Osakabe, K., et al. (2013). Associations between circulating microRNAs (miR-21, miR-34a, miR-122 and miR-451) and non-alcoholic fatty liver. Clin. Chim. Acta 424, 99–103. doi:10.1016/j.cca.2013.05.021
 Yamakuchi, M., Ferlito, M., and Lowenstein, C. J. (2008). miR-34a repression of SIRT1 regulates apoptosis. Proc. Natl. Acad. Sci. U. S. A. 105, 13421–13426. doi:10.1073/pnas.0801613105
 Yang, Y. M., Seo, S. Y., Kim, T. H., and Kim, S. G. (2012). Decrease of microRNA-122 causes hepatic insulin resistance by inducing protein tyrosine phosphatase 1B, which is reversed by licorice flavonoid. Hepatology 56, 2209–2220. doi:10.1002/hep.25912
 Ye, D., Zhang, T., Lou, G., Xu, W., Dong, F., Chen, G., et al. (2018). Plasma miR-17, miR-20a, miR-20b and miR-122 as potential biomarkers for diagnosis of NAFLD in type 2 diabetes mellitus patients. Life Sci. 208, 201–207. doi:10.1016/j.lfs.2018.07.029
 Zhang, D., Jin, W., Wu, R., Li, J., Park, S. A., Tu, E., et al. (2019). High glucose intake exacerbates autoimmunity through reactive-oxygen-species-mediated TGF-beta cytokine activation. Immunity 51, 671–681 e5. doi:10.1016/j.immuni.2019.08.001
 Zhu, H., and Leung, S. W. (2015). Identification of microRNA biomarkers in type 2 diabetes: A meta-analysis of controlled profiling studies. Diabetologia 58, 900–911. doi:10.1007/s00125-015-3510-2
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.
Copyright © 2023 Petito, Giacco, Cioffi, Mazzoli, Magnacca, Iossa, Goglia, Senese and Lanni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-11-1101844-g005.gif





OPS/images/fcell-11-1101844-g006.gif
i
Foeoof e
el

1|
|

i

i B






OPS/images/fcell-11-1101844-g003.gif





OPS/images/fcell-11-1101844-g004.gif





OPS/images/fcell-11-1101844-t002.jpg
Young Two-way ANOVA p-values

Control Fructose Fructose Diet effect Age effect
Body weight gain, g 113+2 ‘ 1182 4510 5310 0.2374 ‘ 0.4261
Liver, g 12107 ‘ nrsos | 1m0s10 18.1 %09 03112 ‘ 04376
Skeetal muscle, g | esx02 ‘ T 89+03 | 90s04 0.1487 ‘ 0.6864
YWAT, g L1+01 ‘ Lo 9s02 5902 0.0467 ‘ 00495
Serum triglycerides (mg/100 mL) | azsas \ L83E73 | Ms3E198 | 22201 <0.0001 ‘ 00045

Body weight gain (g), liver weight (g), skeletal muscle weight (g), VWAT weight (g), and serum triglycerides (mg/100 ml) in CY, FY, CA, and FA rats. CY: Young rats receiving a standard diet for
2 weeks; FY: Young rats receiving a fructose-ich diet for 2 weeks; CA: Adult rats receivinga standard diet for 2 weeks; FA: Adult rats receiving a fructose-rich diet for 2 weeks. Values are the

means + SEM of six different rats (1 = 6). Values with different symbols are significantly different: *p < 0.05 vs. CY; #p < 0.05 vs. CA; $p < 0.05 vs. FY and CA (p < 0.05, Tukey post-test). CY:
Young rats receiving a standard diet for 2 weeks; FY: Young rats receiving a fructose-rich diet for 2 weeks; CA: Adult rats receiving a standard diet for 2 weeks; FA: Adult rats receiving a
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Control diet ~ Fructose diet

Component
Standard chow* 505 505
Sunflower oil 15 15
Casein 92 92
Alphacel 98 98
Starch 204 -
Fructose — 204
Water 64 64
AIN-76 mineral mix 16 16
AIN-76 vitamin mix 04 04
Choline 0.1 0.1
Methionine 01 01
Gross energy density, k/g 172 172
Metabolisable energy density, kJ/g" 111 111
Protein,% metabolisable energy 290 290
Lipids,% metabolisable energy 106 106
Carbohydrates,% metabolisable energy | 60.4 604
Of which: Fructose — 300
Starch 528 28
Sugars 76 76

Mucedola 4RF21; Italy.
*Estimated by computation using values (K}/g) for energy content as follows: Protein 16.736,

lipid 37.656, and carbohydrate 16.736.
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