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Abstract

:

Obesity, where there is enhancement of stored body fat in adipose tissues, is associated with cardiovascular complications that are mainly related to atherosclerosis. Time-restricted feeding (TRF) is a form of restricted eating aimed at reducing weight in obese subjects. The present study aims to investigate changes in vascular endothelial function, endothelial nitric oxide synthase (eNOS), and protein kinase B (Akt) protein expressions with TRF in obese and normal rats. Male Sprague Dawley rats were divided into two normal and three obese groups; obesity was induced in the obese groups by feeding with a high-fat diet (HFD) for six weeks. After six weeks, rats were equally divided into five groups (n = 7 per group): Normal group (NR) which continued on a standard diet for six more weeks, normal group switched to TRF with a standard diet for six weeks (NR + TRFSD), obese group (OR) which continued on HFD for six more weeks, obese group switched to TRF of HFD (OR + TRFHFD), and obese group switched to TRF of a standard diet (OR + TRFSD). TRF was practiced for six weeks, after which the rats were sacrificed. Aortic endothelium-dependent and endothelium-independent relaxations and contractions were assessed using the organ bath. Aortic eNOS and Akt protein expressions were determined using immunoblotting. Fasting blood glucose, body weight, body mass index (BMI), serum lipid profile, Lee’s index, serum insulin levels, and sensitivity (HOMA-IR) were also measured. Endothelium-dependent relaxation was significantly impaired, while endothelium-dependent contraction increased in obese rats compared to that in normal rats. Both obese groups which underwent TRF with a HFD and standard diet improved their impairments in endothelium-dependent relaxation and reduced endothelium-dependent contraction; these were associated with increased expressions of aortic eNOS and Akt protein. Both obese groups with TRF reduced body weight, BMI, Lee’s index, total cholesterol, triglycerides, low-density lipoprotein cholesterol, and improved insulin sensitivity. TRF improved endothelium-dependent relaxation and reduced endothelium-dependent contraction, thus attenuating endothelial dysfunction in obese rats. These were associated with increased aortic eNOS and Akt protein expressions.
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1. Introduction


Cardiovascular disease is a leading cause of morbidity and mortality worldwide; accounting for almost one-third of all deaths [1,2]. Being overweight and obese are identified as major contributors to cardiovascular diseases and other chronic diseases with cardiovascular complications such as diabetes [3].



Obesity occurs due to upregulation of appetite and/or reduced calorie utilization by governing cellular function and physical activity. This dysregulation leads to the formation of excess adipocytes which increases cytokine release; one consequence of this is the occurrence of vascular complications [4]. These vascular complications are often associated with hyperlipidemia, endothelial dysfunction, and atherosclerosis. Hence, the management of obesity is beneficial to prevent and counteract these comorbidities [4,5].



Nowadays, diet modification represents a key factor to enhance the health status and welfare of animals; indeed, within the scientific community; diet alterations have been widely accepted as a useful strategy to modulate and/or optimize the biochemical and molecular pathways which orchestrate the metabolic responses of the animals to both physiological and pathological conditions [6,7].



Emerging evidence suggests that periodic fasting can improve various measures of health and longevity. Time-restricted feeding (TRF) involves limiting daily food intake to a maximum period of 10 h, followed by a daily fast of at least 14 h [8,9]. TRF has received keen interest from the public as an alternative to the traditional daily continuous energy restriction model for the management of obesity and its related disorders [2]. In rodents, TRF has been reported to reduce body weight and hyperlipidemia, improve glycemic control, increase energy expenditure, lower insulin levels, reduce hepatic fat, and reduce serum inflammatory markers [10,11,12,13,14,15,16,17,18]. In humans, TRF has been shown to reduce body weight, reduce fasting glucose and insulins levels, reduce insulin resistance, dyslipidemia, and inflammation marker in the blood [9,19,20].



Despite the beneficial effects of fasting in reducing weight, the impact of regular TRF on the vasculature, specifically endothelial function remains unclear. Endothelial function plays a pivotal role in the regulation of vascular tone and tissue blood flow, maintaining blood fluidity, and regulating inflammatory responses [21,22]. In this study, we hypothesized that TRF for six weeks in HFD-induced obese rats would improve vascular endothelial function parameters.




2. Materials and Methods


2.1. Preparation of High-Fat Diet


A high-fat diet (HFD) was prepared according to a method described previously [23]. The HFD was prepared with a mixture of 50% (w/w) standard diet (Gold Coin Feedmils, Port Klang, Malaysia), 38% (w/w) ghee, 8% (w/w) full-cream milk, and 4% (w/w) white sugar. Table 1 showed the composition of HFD used in the present study.




2.2. Animals and Experimental Protocols


The experimental protocol used in this study was approved by the Universiti Sains Malaysia (USM) Institutional Animal Care and Use Committee (USM IACUC) with voucher number [USM/IACUC/2020/(126)(1111)]. Thirty-five male Sprague Dawley rats (12 weeks old; 250–300 g) were used in the study and were then divided into normal and obese groups. Throughout the experiment, rats were housed in groups of 2–3 rats in polypropylene cages in a well-ventilated animal room at a temperature of 25 ± 2 °C with a 12 h light/dark cycle. The normal group was fed a standard diet, while the obese group was fed a HFD. After six weeks, the rats were randomly selected and assigned to 5 groups of 7 rats each. The grouping of rats was:




	Group 1:

	
Rats fed a standard diet for 6 weeks, then continued for 6 weeks on a standard diet (NR)




	Group 2:

	
Rats fed a standard diet for 6 weeks, then 6 weeks of TRF with a standard diet (NR + TRFSD)




	Group 3:

	
Rats fed a HFD for 6 weeks, then continued for 6 weeks on HFD (OR)




	Group 4:

	
Rats fed a HFD for 6 weeks, then 6 weeks of TRF with a HFD (OR + TRFHFD)




	Group 5:

	
Rats fed a HFD for 6 weeks, then 6 weeks TRF with a standard diet (OR + TRFSD)









Rats that underwent TRF were provided their respective diet for 8 h only to be consumed in a day (9.00 a.m.–5.00 p.m.), and thereafter, food was withheld for 16 h (5.00 p.m.–9.00 a.m. the next day). All rats, however, had free access to water. For non-TRF groups (NR and OR groups), food was provided ad libitum, available to be eaten for 24 h. Diets were given in the same standardized amount daily for all groups, however, the groups undergoing TRF could only consume them within an 8 h duration per day. At the end of the twelfth week, the rats were euthanized by intraperitoneal injection of a combination of ketamine (300 mg/kg) and xylazine (30 mg/kg) [23]. A blood sample from the renal artery was collected from each rat and placed in standard vacutainer tubes. Blood samples (serum) were used for biochemical measurements.




2.3. Biochemical Measurements of Serum Lipid Profile and Atherogenic Index


The blood sample was centrifuged at 1500 g (Kubota 4000, Tokyo, Japan) for 25 min, and the resulting serum used for lipid profile analyses. Serum total cholesterol (TC), triglycerides (TG), and high-density lipoprotein-cholesterol (HDL-C) were measured using the colorimetric method with Integra 800 automatic immunoanalyzer (Roche Diagnostic Sytems, Manheim, Germany). The serum LDL-C was calculated using Friedwald formula [24], as follows:


LDL-C = TC − (HDL-C + TG/5)











The atherogenic index (AI) was calculated based on the LDL-C and HDL-C values in the serum [24] as follows:


AI = LDL-C/HDL-C












2.4. Anthropometric Measurements


In the present study, the body mass index (BMI) and Lee’s index were determined. BMI is defined as body weight divided by the square of the body length (nose to anal length in rodents) [25,26]. Lee’s index can be used as a reliable way to determine obesity in rats [26,27].



The BMI and Lee’s index were calculated as follows:




	(i)

	
BMI = body weight (g)/length2 (cm2)




	(ii)

	
Lee’s index = cube root of body weight (g)/nose to anus length (cm)










2.5. Serum Insulin Level and Homeostatic Model Assessment for Insulin Resistance (HOMA-IR)


Blood samples were centrifuged at 1500× g (Kubota 4000, Tokyo, Japan) for 25 min, and the resulting serum was used for insulin level measurement. Serum insulin level was measured using an ELISA kit according to the manufacturers’ instructions (Elabscience, Houston, TX, USA; Catalog No. E-EL-R3034). Based on the ELISA kit’s instructions, the dilution factor used for serum samples was 1:10. The serum samples were diluted in a sample diluent provided with the ELISA kit. Insulin resistance was assessed by HOMA-IR, a mathematical model describing the degree of insulin resistance from fasting blood glucose and insulin as described previously [28,29].




2.6. Macrovascular Function Studies


Macrovascular endothelial function was conducted using an isolated organ bath. After the rats were sacrificed, the thoracic aorta was immediately isolated and placed in a petri dish containing ice-cold and oxygenated (95% O2 and 5% CO2) physiological saline solution (composition, mM): sodium chloride (NaCl, 118); sodium hydrogen carbonate (NaHCO3, 250; potassium chloride (KCl, 4.7); potassium dihydrogen phosphate (KH2PO4, 1.2); magnesium sulfate heptahydrate (MgSO4·H2O, 1.18); calcium chloride dihydrate (CaCl2.2H2O, 2.0); D-glucose, (5.5). The thoracic aorta (approximately 16–20 mm in length) was dissected and cleared of adhering tissues and fat. Arteries were then cut into ring segments of 3 mm in length. In some preparations, the endothelial cells were removed by scrubbing the intimal surface of the artery segments with blunt forceps. Each aortic segment was vertically fixed between hooks in an organ bath chamber (10 mL capacity) containing physiological saline solution. The bathing solution was maintained at 37 °C (pH 7.4) and aerated with carbogen gas (95% O2 and 5% CO2). The upper end of the ring segment was connected to a force-displacement transducer (ADInstruments, Bella Vista, Australia). The ring segment was first stretched to an optimal resting tension of 1.0 g and was equilibrated for 1 h before commencement of the experimental protocol. The ring segment was first exposed to potassium chloride (KCl; 60 mM) to obtain a reference contraction and to ensure smooth muscle viability. Then, the ring segment was precontracted with phenylephrine (10−6 M) followed by relaxation to acetylcholine (ACh, 10−6 M), to test for the integrity of the endothelial cells. To study endothelium-dependent relaxation, aortic ring segments with endothelium were exposed to phenylephrine (10−6 M) and exposed to cumulative concentrations of ACh (10−9 to 10−4 M). For endothelium-independent relaxation, the aortic ring segments were exposed to phenylephrine (10−6 M) followed by cumulative addition of sodium nitroprusside (10−9 to 10−4 M). For endothelium-dependent contraction, ring segments with endothelium were exposed to a cumulative concentration of calcium ionophore (10−9 to 10−4 M) in the presence of L-Nitro-Arginine Methyl Ester (L-NAME; 10−4 M) to inhibit endothelial NO synthase. Cumulative concentrations of phenylephrine (10−9 to 10−4 M) were used to assess endothelium-independent contraction [30,31]. Changes in tension induced by calcium ionophore and phenylephrine were expressed as percentage of the reference contraction to 60 mM KCl, obtained at the beginning of the experiment.




2.7. Immunoblotting


Immunoblotting was conducted according to the protocol previously described by Azemi et al. (2020) [30]. The remaining left thoracic aorta (approximately 10–14 mm in length) which had not been used for the functional study were used for immunoblotting. Aortas from all seven rats in each group were used for immunoblotting. The thoracic aorta was first lysed using a RIPA lysis buffer with a protease inhibitor cocktail of 0.05% (Sigma Chemical Co., St. Louis, MO, USA). The total protein concentration was then measured using a protein determination kit (Cayman Chemicals, Ann Arbor, MI, USA). About 30 μg of total protein was then loaded and separated on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel and then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore Corp., Billerica, MA, USA). The membranes were then blocked with 5% non-fat skimmed milk at room temperature for 60 min and then incubated with the primary antibodies for eNOS (1:1000), Akt (1:1000), and β-actin (1:1000) (Cell Signaling, Danvers, MA, USA). After washing with tris buffer saline, the membranes were incubated with horseradish peroxidase (HRP)-conjugated polyclonal secondary antibody (1:1000; Cell Signaling, Danvers, MA, USA) in a blocking buffer. All proteins were detected using Chemi-Lumi One Series (Nacalai Tesque, Kyoto, Japan) with FlourChem M (ProteinSimple, San Jose, CA, USA) imaging systems and quantified using ImageJ software (https://imagej.nih.gov/ij/download.html, accessed on 16 August 2021). The relative presence of eNOS and Akt were expressed as the percentage of the total amount of protein (indicated by the intensity of protein band for β-actin) in the same animal sample [31].




2.8. Statistical Analysis


All data were expressed as mean ± standard error of the mean (SEM). Statistical analysis of the data was performed using GraphPad Prism software version 8.0 (GraphPad Software, San Diego, CA, USA). Differences between the groups were analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. Statistical significance was defined when the p-value was less than 0.05 (p < 0.05).





3. Results


3.1. Effect of TRF on Body Weight, Fasting Blood Glucose, Serum Lipid Profile, and Atherogenic Index in the Obese Rat Model


Body weight and fasting blood glucose (FBG) levels of rats in the five study groups were shown in Table 2. No significant difference was seen in the initial body weight among the study groups. However, six weeks after administration of HFD, all groups fed the HFD demonstrated significant weight gains compared to their initial body weight. The OR group showed significant weight gain compared to that of the NR group after six weeks of HFD. The final body weight of rats in the OR group was significantly higher compared to that of the NR group (p < 0.001). Time-restricted feeding with a HFD (OR + TRFHFD) and a standard diet (OR + TRFSD) for six weeks in both obese groups significantly reduced body weight at the end of the study period compared to that of the OR group (Table 2). There was no significant difference in final FBG among the study groups at week 12.



In the present study, the levels of TC, TG, LDL-C, and AI were significantly higher in the OR group compared with that in the NR group (p < 0.05) (Table 2). The HDL-C level was significantly lower in the OR group compared to that in the NR group. Six weeks of TRF administration with a HFD in obese rats significantly reduced TG, LDL-C, and AI levels compared to those in the obese control group (OR) (Table 1). TRF with a standard diet for six weeks in obese rats significantly reduced TC, TG, LDL-C, and AI levels compared to those in the obese control rats (OR). TRF with a standard diet in normal rats significantly reduced TG, LDL-C, AI, and increased HDL-C levels compared to those in the obese control group (OR).




3.2. Anthropometric Measurements


The BMI of rats in the OR group was significantly higher compared to that of rats in the NR group (p < 0.0001). Six weeks of TRF significantly reduced the BMI in both OR + TRFHFD and OR + TRFSD groups compared that in the OR group (Table 3).



Lee’s index of rats in the OR group was significantly higher compared to that of rats in the NR group. Time-restricted feeding for six weeks in the obese group fed a HFD (OR + TRFHFD) and the obese group fed a standard diet (OR + TRFSD) lowered Lee’s index compared to that of the obese control group (OR) (Table 3).




3.3. Effect of TRF on Insulin Levels and HOMA-IR


Serum insulin levels were significantly higher in the OR group compared to that in the NR group (OR: 535.60 ± 33.29 vs. NR: 350.80 ± 34.59 pg/mL; p = 0.0460) (Figure 1A). Time-restricted feeding for six weeks in the obese group fed a HFD (OR + TRFHFD) and the obese group fed a standard diet (OR + TRFSD) did not affect the serum insulin levels compared to the obese control group (OR) (Figure 1A). However, six weeks with TRF in normal rats fed a standard diet (NR + TRFSD) significantly reduced insulin levels compared to those in the obese control group (NR + TRFSD: 370.70 ± 26.90 vs. OR: 535.60 ± 33.29 pg/mL; p = 0.0327).



Insulin resistance (HOMA-IR) in the OR group was significantly higher (OR: 3.61 ± 0.34 vs. NR: 2.21 ± 0.27; p = 0.0253) compared to that in the NR group (Figure 1B). Six weeks of TRF in the obese group fed a HFD (OR + TRFHFD) significantly reduced (OR + TRFHFD: 2.11 ± 0.27 vs. OR: 3.61 ± 0.34; p = 0.0159) insulin resistance compared to the that of the obese control group (OR). However, no significant difference was seen between OR + TRFSD and OR groups (p = 0.0995) in their insulin resistance. Other than that, six weeks of TRF with a standard diet in the NR group (NR + TRFSD) significantly lowered insulin resistance (HOMA-IR) compared to that of the OR group (NR + TRFSD: 2.20 ± 0.32 vs. OR: 3.61 ± 0.34; p = 0.0171).




3.4. Vascular Function Study


3.4.1. Contractile Response to KCl


There were no significant differences in contractions to KCl (60 mM) between study groups (Figure 2).




3.4.2. Effect of TRF on Vascular Relaxations in Normal and Obese Rats


Endothelium-dependent relaxations to ACh were significantly reduced in the OR group compared to those in the NR group (p = 0.0044) (Figure 2, Table 3). No significant difference was seen between the NR + TRFSD group and the NR group. Higher maximum response (Emax) to ACh in both OR + TRFHFD (p < 0.0001) and OR + TRFSD (p = 0.0178) groups represented improved endothelium-dependent relaxation compared to that of the OR group (Figure 3, Table 4). In addition, TRF in the NR + TRFSD group also showed higher endothelium-dependent relaxation compared to that in the OR group (p = 0.0108).



Endothelium-independent relaxations to sodium nitroprusside were comparable among the study groups; (Figure 3, Table 4).




3.4.3. Effect of TRF on Vascular Contractions in Normal and Obese Rats


OR group showed a higher Emax value in response to calcium ionophore compared to that of the NR group, indicating that obesity increased endothelium-dependent contraction (p = 0.0062) (Figure 4, Table 5). OR + TRFHFD (p = 0.0186) and OR + TRFSD (p = 0.0003) groups showed lower endothelium-dependent contractions to calcium ionophore compared to those in the OR group. In addition, TRF in the NR + TRFSD group showed lower endothelium-dependent contraction compared to that in the OR group (p = 0.0133). Time-restricted feeding with the standard diet for six weeks in normal rats showed no significant difference in endothelium-dependent contraction compared to normal rats (NR).



Endothelium-independent contractions to phenylephrine were comparable in all study groups; (Figure 4, Table 5).





3.5. Immunoblotting


The expression of eNOS protein was 6.72-fold lower in the thoracic aorta of rats in the OR group compared to that in the NR group (OR: 0.25 ± 0.03 vs. NR: 1.68 ± 0.36 arbitrary units (au); p = 0.0073). The expressions of eNOS protein were 5.52-fold and 5.60-fold higher in the thoracic aorta of rats in both OR + TRFHFD (OR + TRFHFD: 1.38 ± 0.27 vs. OR: 0.25 ± 0.03 au; p = 0.0365) and OR + TRFSD (OR + TRFSD: 1.40 ± 0.35 vs. OR: 0.25 ± 0.03 au; p = 0.0325) groups compared to that in the OR group (Figure 5B). Figures in supplementary Files showed immunoblot of eNOS, Akt and β-actin protein expression. The expressions of eNOS protein in the NR + TRFSD group were 6.28-fold higher compared to that in the OR group (NR + TRFSD: 1.57 ± 0.30 vs. OR: 0.25 ± 0.03 au; p = 0.0150). No difference was seen between NR + TRFSD and NR groups in their eNOS levels.



The expression of Akt protein was 11.29-fold lower in the thoracic aorta of rats in the OR group compared to that in the NR group (OR: 0.14 ± 0.04 vs. NR: 1.58 ± 0.32 au; p = 0.0003). The expressions of Akt protein were 6.21-fold and 6.50-fold higher in the thoracic aorta of rats in both OR + TRFHFD (OR + TRFHFD: 0.87 ± 0.24 vs. OR: 0.14 ± 0.04 au; p = 0.0488) and OR + TRFSD (OR + TRFSD: 0.91 ± 0.14 vs. OR: 0.14 ± 0.04 au; p = 0.0471) groups compared to that in the OR group (Figure 6B). The expressions of Akt in the NR + TRFSD group were 7.79-fold higher compared to that in the OR group (NR + TRFSD: 1.09 ± 0.11 vs. OR: 0.14 ± 0.04 au; p = 0.0097). No difference was seen between NR + TRFSD and NR groups in their Akt levels.





4. Discussion


Limited studies had investigated the impact of time-restricted feeding (TRF) on cardiovascular parameters in animal models. A few studies indicate that TRF reduces the risk factors for cardiovascular diseases, such as serum lipid profile and inflammatory cytokines in rats [2,32]. To the best of our knowledge, this current study is the first to show that TRF improved endothelium-dependent relaxation and contraction, which were associated with increased eNOS and Akt protein expressions in the aorta of HFD-induced obese rats. This study also demonstrated that TRF reduced body weight, BMI, Lee’s index, TC, TG, LDL-C, atherogenic index (AI), and increased insulin sensitivity in obese rats.



In the present study, feeding a HFD led to obesity (weight gain) in rats as compared to rats fed with a standard commercial food pellet (normal rats). This result was similar to the data recorded by previous studies [33,34,35]. In the present study, six weeks of TRF with a HFD and a standard diet in the obese rats significantly reduced the body weight of rats compared to that of control obese rats. Similar findings have been reported previously in different animal strains with TRF [17,36,37]. In addition, these findings in animal models are similar to those reported by studies in obese humans who underwent TRF [9,38], although a few studies failed to show this effect [39,40]. In the present study, TRF with both a HFD and a standard diet for six weeks significantly reduced BMI and Lee’s index in obese rats compared to those in control obese rats. However, TRF with a standard diet in the normal rats did not affect body weight, BMI, and Lee’s index compared to ad libitum-fed normal rats (NR).



It has been reported that HFD-induced hyperlipidemia results in a significant increase in serum TC, TG, LDL-C, and AI [23,24,41]. The present study demonstrated that TRF for six weeks reduced the levels of TC, TG, LDL-C, and AI in obese rats. However, TRF did not affect HDL-C levels in obese rats. These findings are similar to data reported in the previous studies [32,42,43].



In the present study, twelve weeks of HFD feeding in obese rats significantly increased insulin levels; a finding similar to that reported in previous studies [28,44]. However, six weeks of TRF in both obese groups (OR + TRFHFD and OR + TRFSD) did not affect insulin levels. No animal studies are available for comparison for this parameter, however, this effect has been reported in human subjects practicing TRF [45,46,47]. The current study also showed that insulin resistance (HOMA-IR) was significantly higher in OR groups compared to that in normal groups; similar findings were reported in previous studies [28,29]. TRF for six weeks in the obese group fed a HFD significantly reduced insulin resistance compared to that in the obese control group. This effect was similar to that in studies reported previously in rats [43] and human subjects [9,48].



In this study, relaxation to ACh reflected endothelium-dependent relaxation. ACh binds to the muscarinic receptors on endothelial cells, resulting in the generation of diacylglycerol and inositol triphosphate (IP3). IP3 activates its receptor on the endoplasmic reticulum membrane, which induces Ca2+ release from the endoplasmic reticulum store. The resultant increase in intracellular Ca2+ increases eNOS activity, promoting NO production. Increased NO production diffuses to the underlying vascular smooth muscle and activates guanylyl cyclase to generate cyclic guanosine monophosphate (cGMP), promoting smooth muscle relaxation. Endothelial production of NO requires the formation of eNOS homodimers and phosphorylation of specific eNOS residues by protein kinase b (Akt) [49,50]. Akt directly phosphorylates eNOS at the site of eNOS phosphorylation, serine-1197 (S1197), enhancing its enzymatic activity and altering the sensitivity of the enzyme to Ca2+ [49,51]. Akt interacts with Hsp90, a protein that associates with and activates eNOS. Hsp90 serves as a scaffolding function to facilitate Akt-mediated phosphorylation of eNOS in the caveolae [51,52,53]. Since NO is an important regulator of vasomotor tone, the effects of Akt on eNOS phosphorylation and activation can significantly enhance vasorelaxation. Inhibition of Akt attenuates endothelium-dependent vasodilatation in response to acetylcholine [51,54].



In the present study, HFD-induced obese rats demonstrated lower aortic endothelium-dependent relaxation; a finding which agrees with the results from previous studies [41,55,56]. Our results showed that reduced ACh-induced endothelium-dependent relaxation was associated with lower eNOS and Akt protein expressions in the aorta of obese control rats (OR). A few studies have also reported that obesity is associated with reduced vascular eNOS [57] and Akt [58,59] protein expressions in HFD-induced obese animals. The impairment of endothelium-dependent relaxation, eNOS, and Akt expressions may be due to increased oxidative stress and inflammation observed in obese rats [57,60]. It has been shown that the administration of a HFD to rats increases serum and aortic tissue oxidative stress and inflammation [57,61,62]. Administration of a HFD also induces hyperlipidemia, which increases free radical production and oxidative stress; these may be due to the release of free radicals from the mitochondrial electron transport chain [63]. When free radicals are increased, especially the superoxide anions, they react with NO to form peroxynitrite, thus impairing NO-mediated relaxation. Increases in LDL-C levels induced by HFD also lead to an increase in its oxidized form (oxLDL-C) due to the increase in free radicals with obesity [57]. OxLDL-C increases the synthesis of caveolin-1, which binds to eNOS protein, thus reducing eNOS activity and NO bioavailability [64,65]. In the current study, TRF for six weeks significantly increased endothelium-dependent relaxation in the aorta of obese rats. This was supported by higher expressions of eNOS and Akt proteins in the aorta of both groups (OR + TRFHFD and OR + TRFSD). In addition, no differences were seen in endothelium-dependent relaxation between both obese groups which underwent TRF and normal rats, indicating that TRF restored endothelial function of obese rats to normal values. This may be due to weight reduction, as the weights of both obese rats that underwent TRF became similar to that of normal rats at the end of six weeks of TRF.



A few mechanisms might contribute to the improvement of endothelium-dependent relaxation in HFD-induced obese rats with TRF. First, it could be due to the reduction of total cholesterol, triglycerides, and LDL-C. Reduced LDL-C levels may prevent caveolin-1 from binding to eNOS protein, thus improving NO generation and bioavailability. Secondly, reduced insulin resistance (HOMA-IR) with TRF might increase endothelium-dependent relaxation. Reduced insulin resistance leads to improved insulin sensitivity, which increases the activity of eNOS and Akt [66]. These were supported by higher aortic tissue expressions of eNOS and Akt in obese groups practicing TRF compared to those in the obese group not practicing TRF. These led to increase NO production and bioavailability, which improved vasodilation.



The response of vascular smooth muscle cell relaxation to sodium nitroprusside was tested without endothelium. There were no significant differences between the groups in their responses to sodium nitroprusside, indicating that endothelium-independent relaxation was not affected by TRF.



Calcium ionophore is used to increase intracellular Ca2+ levels in intact cells. It increases the transport of Ca2+ ions across the endothelial cell membrane into endothelial cells [67]. In studies assessing endothelial-dependent contraction, calcium ionophore-induced endothelial contractions were studied while simultaneously using L-NAME in the incubation of blood vessels. L-NAME inhibits the activity of eNOS, inhibiting endothelial NO production, which potentiates vascular contraction due to calcium ionophore. In the present study, twelve weeks of HFD-feeding in obese rats increased aortic endothelium-dependent contraction compared to that in normal rats. Both obese groups that underwent TRF for six weeks significantly reduced endothelium-dependent contraction. A few factors may contribute to the reduction of endothelium-dependent contraction in obese rats undergoing TRF. First, the reduction of contractile response might be due to the high eNOS and Akt protein expressions and augmented endothelium-dependent relaxation in obese rats with TRF. Increased eNOS and Akt protein expression improved NO production and bioavailability in endothelial cells, which reduced the production of endothelium-derived contracting factors (EDCF). Vanhoutte and Tang (2008) have demonstrated that NO inhibits the production and action of EDCF [68]. The inhibition of EDCF leads to reduced vascular smooth muscle contraction [68]. Secondly, reduction in endothelium-dependent contraction may be due to the reduction of insulin resistance. Reduced insulin resistance leads to increased insulin sensitivity, which stimulates the production of endothelial NO [69], thus preventing EDCF production [70].



Phenylephrine acts as a standard vasoconstrictor commonly used to induce endothelium-independent contraction. In the present study, there were no significant differences among the study groups in their responses to phenylephrine, indicating that smooth muscle contraction was not affected by TRF.



The effects of TRF on vascular structure and function, for example, on blood and vascular tissue oxidative stress and inflammation, could be further studied. Its effect on vascular structural changes and atherosclerosis will also be beneficial. In addition, the effects of TRF on other high cardiovascular risk animal models, such as diabetic models, should be further investigated.




5. Conclusions


This study showed that six weeks of TRF improved endothelium-dependent relaxation and reduced endothelium-dependent contraction in the aorta of high-fat-diet-induced obese rats. These were associated with enhanced eNOS and Akt protein expressions, reduced TC, TG, LDL-C, insulin resistance, and BMI.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/vetsci9050217/s1, Immunoblot figures (uncropped blots) with densitometry reading/intensity ratio of each band in the present study.





Author Contributions


Conceptualization, A.K.A., S.S.M., and A.H.G.R.; methodology, A.K.A., S.S.M., and A.H.G.R.; investigation, A.K.A. and A.R.S.-S.; resources, A.H.G.R. and S.S.M.; validation, A.K.A., S.S.M., and A.H.G.R.; formal analysis, A.K.A. and A.R.S.-S.; writing—original draft preparation, A.K.A., A.R.S.-S., S.S.M., and A.H.G.R.; writing—review and editing, A.K.A., S.S.M., and A.H.G.R.; supervision, S.S.M. and A.H.G.R.; project administration, A.H.G.R.; funding acquisition, S.S.M. and A.H.G.R.; All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the Fundamental Research Grant Scheme (FRGS) funded by the Ministry of Higher Education, Malaysia, grant number FRGS/1/2021/SKK0/USM/01/1.




Institutional Review Board Statement


The animal study protocol was approved by the Universiti Sains Malaysia Institutional Animal Care and Use Committee [USM IACUC; USM/IACUC/2020/(126)(1111); 1 December 2020].




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is available upon request.




Conflicts of Interest


The authors declare no conflict of interests.




References


	



Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.; Delling, F.N.; et al. Heart Disease and Stroke Statistics—2020 Update: A Report from the American Heart Association. Circulation 2020, 141, 139–598. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Su, J.; Yan, Y.; Zhao, Q.; Ma, J.; Zhu, M.; He, X.; Zhang, B.; Xu, H.; Yang, X.; et al. Intermittent Fasting Inhibits High-Fat Diet–Induced Atherosclerosis by Ameliorating Hypercholesterolemia and Reducing Monocyte Chemoattraction. Front. Pharmacol. 2021, 12, 719750. [Google Scholar] [CrossRef] [PubMed]

	



Bhupathiraju, S.N.; Hu, F.B. Epidemiology of Obesity and Diabetes and Their Cardiovascular Complications. Circ. Res. 2016, 118, 1723–1735. [Google Scholar] [CrossRef] [PubMed]

	



Karri, S.; Sharma, S.; Hatware, K.; Patil, K. Natural Anti-Obesity Agents and Their Therapeutic Role in Management of Obesity: A Future Trend Perspective. Biomed. Pharmacother. 2019, 110, 224–238. [Google Scholar] [CrossRef]

	



Li, M.; Qian, M.; Xu, J. Vascular Endothelial Regulation of Obesity-Associated Insulin Resistance. Front. Cardiovasc. Med. 2017, 4, 51. [Google Scholar] [CrossRef]

	



Abbate, J.M.; Macrì, F.; Arfuso, F.; Iaria, C.; Capparucci, F.; Anfuso, C.; Ieni, A.; Cicero, L.; Briguglio, G.; Lanteri, G. Anti-Atherogenic Effect of 10% Supplementation of Anchovy (Engraulis encrasicolus) Waste Protein Hydrolysates in Apoe-Deficient Mice. Nutrients 2021, 13, 2137. [Google Scholar] [CrossRef]

	



Giannetto, A.; Esposito, E.; Lanza, M.; Oliva, S.; Riolo, K.; di Pietro, S.; Abbate, J.M.; Briguglio, G.; Cassata, G.; Cicero, L.; et al. Protein Hydrolysates from Anchovy (Engraulis encrasicolus) Waste: In Vitro and in Vivo Biological Activities. Mar. Drugs 2020, 18, 86. [Google Scholar] [CrossRef]

	



Malinowski, B.; Zalewska, K.; Węsierska, A.; Sokołowska, M.M.; Socha, M.; Liczner, G.; Pawlak-Osińska, K.; Wiciński, M. Intermittent Fasting in Cardiovascular Disorders—An Overview. Nutrients 2019, 11, 673. [Google Scholar] [CrossRef]

	



Sutton, E.F.; Beyl, R.; Early, K.S.; Cefalu, W.T.; Ravussin, E.; Peterson, C.M. Early Time-Restricted Feeding Improves Insulin Sensitivity, Blood Pressure, and Oxidative Stress Even without Weight Loss in Men with Prediabetes. Cell Metab. 2018, 27, 1212–1221. [Google Scholar] [CrossRef]

	



Belkacemi, L.; Selselet-Attou, G.; Bulur, N.; Louchami, K.; Sener, A.; Malaisse, W.J. Intermittent Fasting Modulation of the Diabetic Syndrome in Sand Rats. III. Post-Mortem Investigations. Int. J. Mol. Med. 2011, 27, 95–102. [Google Scholar] [CrossRef]

	



Belkacemi, L.; Selselet-Attou, G.; Hupkens, E.; Nguidjoe, E.; Louchami, K.; Sener, A.; Malaisse, W.J. Intermittent Fasting Modulation of the Diabetic Syndrome in Streptozotocin-Injected Rats. Int. J. Endocrinol. 2012, 2012, 962012. [Google Scholar] [CrossRef] [PubMed]

	



Chung, H.; Chou, W.; Sears, D.D.; Patterson, R.E.; Webster, N.J.G.; Ellies, L.G. Time-Restricted Feeding Improves Insulin Resistance and Hepatic Steatosis in a Mouse Model of Postmenopausal Obesity. Metab. Clin. Exp. 2016, 65, 1743–1754. [Google Scholar] [CrossRef] [PubMed]

	



Duncan, M.J.; Smith, J.T.; Narbaiza, J.; Mueez, F.; Bustle, L.B.; Qureshi, S.; Fieseler, C.; Legan, S.J. Restricting Feeding to the Active Phase in Middle-Aged Mice Attenuates Adverse Metabolic Effects of a High-Fat Diet. Physiol. Behav. 2016, 167, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



García-Luna, C.; Soberanes-Chávez, P.; de Gortari, P. Prepuberal Light Phase Feeding Induces Neuroendocrine Alterations in Adult Rats. J. Endocrinol. 2017, 232, 15–28. [Google Scholar] [CrossRef] [PubMed]

	



Hatori, M.; Vollmers, C.; Zarrinpar, A.; DiTacchio, L.; Bushong, E.A.; Gill, S.; Leblanc, M.; Chaix, A.; Joens, M.; Fitzpatrick, J.A.J.; et al. Time-Restricted Feeding without Reducing Caloric Intake Prevents Metabolic Diseases in Mice Fed a High-Fat Diet. Cell Metab. 2012, 15, 848–860. [Google Scholar] [CrossRef]

	



Olsen, M.K.; Choi, M.H.; Kulseng, B.; Zhao, C.M.; Chen, D. Time-Restricted Feeding on Weekdays Restricts Weight Gain: A Study Using Rat Models of High-Fat Diet-Induced Obesity. Physiol. Behav. 2017, 173, 298–304. [Google Scholar] [CrossRef]

	



Park, S.; Yoo, K.M.; Hyun, J.S.; Kang, S. Intermittent Fasting Reduces Body Fat but Exacerbates Hepatic Insulin Resistance in Young Rats Regardless of High Protein and Fat Diets. J. Nutr. Biochem. 2017, 40, 14–22. [Google Scholar] [CrossRef]

	



Sundaram, S.; Yan, L. Time-Restricted Feeding Reduces Adiposity in Mice Fed a High-Fat Diet. Nutr. Res. 2016, 36, 603–611. [Google Scholar] [CrossRef]

	



Gill, S.; Panda, S. A Smartphone App Reveals Erratic Diurnal Eating Patterns in Humans That Can Be Modulated for Health Benefits. Cell Metab. 2015, 22, 789–798. [Google Scholar] [CrossRef]

	



Moro, T.; Tinsley, G.; Bianco, A.; Marcolin, G.; Pacelli, Q.F.; Battaglia, G.; Palma, A.; Gentil, P.; Neri, M.; Paoli, A. Effects of Eight Weeks of Time-Restricted Feeding (16/8) on Basal Metabolism, Maximal Strength, Body Composition, Inflammation, and Cardiovascular Risk Factors in Resistance-Trained Males. J. Transl. Med. 2016, 14, 1–10. [Google Scholar] [CrossRef]

	



Sena, C.M.; Pereira, A.M.; Seiça, R. Endothelial Dysfunction—A Major Mediator of Diabetic Vascular Disease. Biochim. Biophys. Acta 2013, 1832, 2216–2231. [Google Scholar] [CrossRef] [PubMed]

	



Félétou, M. The Endothelium: Part 1: Multiple Functions of the Endothelial Cells—Focus on Endothelium-Derived Vasoactive Mediators; Morgan & Claypool Life Sciences: San Rafael, CA, USA, 2011. [Google Scholar] [CrossRef]

	



Azemi, A.K.; Mokhtar, S.S.; Hou, L.J.; Sharif, S.E.T.; Rasool, A.H.G. Model for Type 2 Diabetes Exhibits Changes in Vascular Function and Structure Due to Vascular Oxidative Stress and Inflammation. Biotech. Histochem. 2020, 96, 498–506. [Google Scholar] [CrossRef]

	



Azemi, A.K.; Mokhtar, S.S.; Sharif, S.E.T.; Rasool, A.H.G. Clinacanthus Nutans Attenuates Atherosclerosis Progression in Rats with Type 2 Diabetes by Reducing Vascular Oxidative Stress and Inflammation. Pharm. Biol. 2021, 59, 1430–1438. [Google Scholar] [CrossRef] [PubMed]

	



Samat, S.; Kanyan Enchang, F.; Nor Hussein, F.; Wan Ismail, W.I. Four-Week Consumption of Malaysian Honey Reduces Excess Weight Gain and Improves Obesity-Related Parameters in High Fat Diet Induced Obese Rats. Evid. Based Complement. Altern. Med. 2017, 2017, 1342150. [Google Scholar] [CrossRef] [PubMed]

	



Lim, S.M.; Goh, Y.M.; Mohtarrudin, N.; Loh, S.P. Germinated Brown Rice Ameliorates Obesity in High-Fat Diet Induced Obese Rats. BMC Complement. Altern. Med. 2016, 16, 140. [Google Scholar] [CrossRef]

	



Malafaia, A.B.; Nassif, P.A.N.; Ribas, C.A.P.M.; Ariede, B.L.; Sue, K.N.; Cruz, M.A. Obesity Induction with High Fat Sucrose in Rats. Arq. Bras. Cir. Dig. 2013, 26, 17–21. [Google Scholar] [CrossRef] [PubMed]

	



Sarega, N.; Imam, M.U.; Esa, N.M.; Zawawi, N.; Ismail, M. Effects of Phenolic-Rich Extracts of Clinacanthus Nutans on High Fat and High Cholesterol Diet-Induced Insulin Resistance. BMC Complement. Altern. Med. 2016, 16, 88. [Google Scholar] [CrossRef]

	



Roza, N.A.V.; Possignolo, L.F.; Palanch, A.C.; Gontijo, J.A.R. Effect of Long-Term High-Fat Diet Intake on Peripheral Insulin Sensibility, Blood Pressure, and Renal Function in Female Rats. Food Nutr. Res. 2016, 60, 28536. [Google Scholar] [CrossRef]

	



Azemi, A.K.; Mokhtar, S.S.; Rasool, A.H.G. Clinacanthus Nutans Leaves Extract Reverts Endothelial Dysfunction in Type 2 Diabetes Rats by Improving Protein Expression of ENOS. Oxid. Med. Cell. Longev. 2020, 2020, 7572892. [Google Scholar] [CrossRef]

	



Wee, C.L.; Mokhtar, S.S.; Banga Singh, K.K.; Rasool, A.H.G. Vitamin D Deficiency Attenuates Endothelial Function by Reducing Antioxidant Activity and Vascular ENOS Expression in the Rat Microcirculation. Microvasc. Res. 2021, 138, 104227. [Google Scholar] [CrossRef]

	



Chaix, A.; Zarrinpar, A.; Miu, P.; Panda, S. Time-Restricted Feeding Is a Preventative and Therapeutic Intervention against Diverse Nutritional Challenges. Cell Metab. 2014, 20, 991–1105. [Google Scholar] [CrossRef] [PubMed]

	



Santos, E.W.; Oliveira, D.C.; Hastreiter, A.; Silva, G.B.; de Oliveira Beltran, J.S.; Rogero, M.M.; Fock, R.A.; Borelli, P. Short-Term High-Fat Diet Affects Macrophages Inflammatory Response, Early Signs of a Long-Term Problem. Braz. J. Pharm. Sci. 2019, 55, 1–12. [Google Scholar] [CrossRef]

	



Kostrycki, I.M.; Wildner, G.; Donato, Y.H.; dos Santos, A.B.; Beber, L.C.C.; Frizzo, M.N.; Ludwig, M.S.; Keane, K.N.; Cruzat, V.; Rhoden, C.R.; et al. Effects of High-Fat Diet on EHSP72 and Extra-to-Intracellular HSP70 Levels in Mice Submitted to Exercise under Exposure to Fine Particulate Matter. J. Diabetes Res. 2019, 2019, 4858740. [Google Scholar] [CrossRef]

	



Kilany, O.E.; Abdelrazek, H.M.A.; Aldayel, T.S.; Abdo, S.; Mahmoud, M.M.A. Anti-Obesity Potential of Moringa Olifera Seed Extract and Lycopene on High Fat Diet Induced Obesity in Male Sprauge Dawely Rats. Saudi J. Biol. Sci 2020, 27, 2733–2746. [Google Scholar] [CrossRef] [PubMed]

	



Sun, S.; Hanzawa, F.; Umeki, M.; Ikeda, S.; Mochizuki, S.; Oda, H. Time-Restricted Feeding Suppresses Excess Sucrose-Induced Plasma and Liver Lipid Accumulation in Rats. PLoS ONE 2018, 13, e0201261. [Google Scholar] [CrossRef]

	



Aouichat, S.; Chayah, M.; Bouguerra-Aouichat, S.; Agil, A. Time-Restricted Feeding Improves Body Weight Gain, Lipid Profiles, and Atherogenic Indices in Cafeteria-Diet-Fed Rats: Role of Browning of Inguinal White Adipose Tissue. Nutrients 2020, 12, 2185. [Google Scholar] [CrossRef]

	



Gabel, K.; Hoddy, K.K.; Haggerty, N.; Song, J.; Kroeger, C.M.; Trepanowski, J.F.; Panda, S.; Varady, K.A. Effects of 8-Hour Time Restricted Feeding on Body Weight and Metabolic Disease Risk Factors in Obese Adults: A Pilot Study. Nutr. Health Aging 2018, 4, 345–353. [Google Scholar] [CrossRef]

	



De Oliveira Maranhão Pureza, I.R.; da Silva Junior, A.E.; Silva Praxedes, D.R.; Lessa Vasconcelos, L.G.; de Lima Macena, M.; Vieira de Melo, I.S.; de Menezes Toledo Florêncio, T.M.; Bueno, N.B. Effects of Time-Restricted Feeding on Body Weight, Body Composition and Vital Signs in Low-Income Women with Obesity: A 12-Month Randomized Clinical Trial. Clin. Nutr. 2021, 40, 759–766. [Google Scholar] [CrossRef]

	



Antoni, R.; Robertson, T.M.; Robertson, M.D.; Johnston, J.D. A Pilot Feasibility Study Exploring the Effects of a Moderate Time-Restricted Feeding Intervention on Energy Intake, Adiposity and Metabolic Physiology in Free-Living Human Subjects. J. Nutr. Sci. 2018, 7, e22. [Google Scholar] [CrossRef]

	



Madkhali, H.A. Morin Attenuates High-Fat Diet Induced-Obesity Related Vascular Endothelial Dysfunction in Wistar Albino Rats. Saudi Pharm. J. 2020, 28, 300–307. [Google Scholar] [CrossRef]

	



Nurmasitoh, T.; Utami, S.Y.; Kusumawardani, E.; Najmuddin, A.A.; Fidianingsih, I. Intermittent Fasting Decreases Oxidative Stress Parameters in Wistar Rats (Rattus norvegicus). Universa Med. 2018, 37, 31–38. [Google Scholar] [CrossRef]

	



Chaix, A.; Lin, T.; Le, H.D.; Chang, M.W.; Panda, S. Time-Restricted Feeding Prevents Obesity and Metabolic Syndrome in Mice Lacking a Circadian Clock. Cell Metab. 2019, 29, 303–319. [Google Scholar] [CrossRef] [PubMed]

	



Levin, B.E.; Magnan, C.; Migrenne, S.; Chua, S.C.; Dunn-Meynell, A.A. F-DIO Obesity-Prone Rat Is Insulin Resistant before Obesity Onset. Am. J. Physiol. Regul. Integ. Comp. Physiol. 2005, 289, 704–711. [Google Scholar] [CrossRef] [PubMed]

	



Cai, H.; Qin, Y.L.; Shi, Z.Y.; Chen, J.H.; Zeng, M.J.; Zhou, W.; Chen, R.Q.; Chen, Z.Y. Effects of Alternate-Day Fasting on Body Weight and Dyslipidaemia in Patients with Non-Alcoholic Fatty Liver Disease: A Randomised Controlled Trial. BMC Gastroenterol. 2019, 19, 219. [Google Scholar] [CrossRef] [PubMed]

	



Lowe, D.A.; Wu, N.; Rohdin-Bibby, L.; Moore, A.H.; Kelly, N.; Liu, Y.E.; Philip, E.; Vittinghoff, E.; Heymsfield, S.B.; Olgin, J.E.; et al. Effects of Time-Restricted Eating on Weight Loss and Other Metabolic Parameters in Women and Men with Overweight and Obesity: The TREAT Randomized Clinical Trial. JAMA Intern. Med. 2020, 180, 1491–1499. [Google Scholar] [CrossRef]

	



Parr, E.B.; Devlin, B.L.; Radford, B.E.; Hawley, J.A. A Delayed Morning and Earlier Evening Time-Restricted Feeding Protocol for Improving Glycemic Control and Dietary Adherence in Men with Overweight/Obesity: A Randomized Controlled Trial. Nutrients 2020, 12, 505. [Google Scholar] [CrossRef]

	



Bhutani, S.; Klempel, M.C.; Kroeger, C.M.; Trepanowski, J.F.; Varady, K.A. Alternate Day Fasting and Endurance Exercise Combine to Reduce Body Weight and Favorably Alter Plasma Lipids in Obese Humans. Obesity 2013, 21, 1370–1379. [Google Scholar] [CrossRef]

	



Fulton, D.; Gratton, J.P.; McCabe, T.J.; Fontana, J.; Fujio, Y.; Walsh, K.; Franke, T.F.; Papapetropoulos, A.; Sessa, W.C. Regulation of Endothelium-Derived Nitric Oxide Production by the Protein Kinase Akt. Nature 1999, 399, 597–601. [Google Scholar] [CrossRef]

	



Molnar, J.; Yu, S.; Mzhavia, N.; Pau, C.; Chereshnev, I.; Dansky, H.M. Diabetes Induces Endothelial Dysfunction but Does Not Increase Neointimal Formation in High-Fat Diet Fed C57BL/6J Mice. Circ. Res. 2005, 96, 1178–1184. [Google Scholar] [CrossRef]

	



Abeyrathna, P.; Su, Y. The Critical Role of Akt in Cardiovascular Function. Vasc. Pharmacol. 2015, 74, 38–48. [Google Scholar] [CrossRef]

	



Brouet, A.; Sonveaux, P.; Dessy, C.; Balligand, J.L.; Feron, O. Hsp90 Ensures the Transition from the Early Ca2+-Dependent to the Late Phosphorylation-Dependent Activation of the Endothelial Nitric-Oxide Synthase in Vascular Endothelial Growth Factor-Exposed Endothelial Cells. J. Biol. Chem. 2001, 276, 32663–32669. [Google Scholar] [CrossRef] [PubMed]

	



Fontana, J.; Fulton, D.; Chen, Y.; Fairchild, T.A.; McCabe, T.J.; Fujita, N.; Tsuruo, T.; Sessa, W.C. Domain Mapping Studies Reveal That the M Domain of Hsp90 Serves as a Molecular Scaffold to Regulate Akt-Dependent Phosphorylation of Endothelial Nitric Oxide Synthase and NO Release. Circ. Res. 2002, 90, 866–873. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Z.; Fujio, Y.; Kureishi, Y.; Rudic, R.D.; Daumerie, G.; Fulton, D.; Sessa, W.C.; Walsh, K. Acute Modulation of Endothelial Akt/PKB Activity Alters Nitric Oxide-Dependent Vasomotor Activity in Vivo. J. Clin. Investig. 2000, 106, 493–499. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Wang, Q.; Venugopal, J.; Wang, J.; Kleiman, K.; Guo, C.; Eitzman, D.T. Obesity-Induced Endothelial Dysfunction Is Prevented by Neutrophil Extracellular Trap Inhibition. Sci. Rep. 2018, 8, 4881. [Google Scholar] [CrossRef]

	



Chikopela, T.; Heimburger, D.C.; Kaluba, L.; Hamambulu, P.; Simfukwe, N.; Mutale, W.; Koethe, J.R.; Goma, F. Endothelial Dysfunction and Body Mass Index: Is There a Role for Plasma Peroxynitrite? Beni-Suef Univ. J. Basic Appl. Sci. 2021, 10, 4. [Google Scholar] [CrossRef]

	



Othman, Z.A.; Zakaria, Z.; Suleiman, J.B.; Nna, V.U.; Romli, A.C.; Ghazali, W.S.W.; Mohamed, M. Bee Bread Ameliorates Vascular Inflammation and Impaired Vasorelaxation in Obesity-Induced Vascular Damage Rat Model: The Role of Enos/No/Cgmp-Signaling Pathway. Int. J. Mol. Sci. 2021, 22, 4225. [Google Scholar] [CrossRef]

	



Mughal, R.S.; Bridge, K.; Buza, I.; Slaaby, R.; Worm, J.; Klitgaard-Povlsen, G.; Hvid, H.; Schiødt, M.; Cubbon, R.; Yuldasheva, N.; et al. Effects of Obesity on Insulin: Insulin-like Growth Factor 1 Hybrid Receptor Expression and Akt Phosphorylation in Conduit and Resistance Arteries. Diabetes Vasc. Disease Res. 2019, 16, 160–170. [Google Scholar] [CrossRef]

	



Costa, R.M.; Neves, K.B.; Mestriner, F.L.; Louzada-Junior, P.; Bruder-Nascimento, T.; Tostes, R.C. TNF-α Induces Vascular Insulin Resistance via Positive Modulation of PTEN and Decreased Akt/ENOS/NO Signaling in High Fat Diet-Fed Mice. Cardiovasc. Diabetol. 2016, 15, 119. [Google Scholar] [CrossRef]

	



Sousa, A.S.; Sponton, A.C.S.; Trifone, C.B.; Delbin, M.A. Aerobic Exercise Training Prevents Perivascular Adipose Tissue-Induced Endothelial Dysfunction in Thoracic Aorta of Obese Mice. Front. Physiol. 2019, 10, 1009. [Google Scholar] [CrossRef]

	



Farhangi, M.A.; Nameni, G.; Hajiluian, G.; Mesgari-Abbasi, M. Cardiac Tissue Oxidative Stress and Inflammation after Vitamin D Administrations in High Fat- Diet Induced Obese Rats. BMC Cardiovasc. Disord. 2017, 17, 161. [Google Scholar] [CrossRef]

	



Chung, A.P.Y.S.; Gurtu, S.; Chakravarthi, S.; Moorthy, M.; Palanisamy, U.D. Geraniin Protects High-Fat Diet-Induced Oxidative Stress in Sprague Dawley Rats. Front. Nutr. 2018, 5, 17. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, P.; Jha, A.B.; Dubey, R.S.; Pessarakli, M. Reactive Oxygen Species, Oxidative Damage, and Antioxidative Defense Mechanism in Plants under Stressful Conditions. J. Bot. 2012, 2012, 217037. [Google Scholar] [CrossRef]

	



Blair, A.; Shaul, P.W.; Yuhanna, I.S.; Conrad, P.A.; Smart, E.J. Oxidized Low Density Lipoprotein Displaces Endothelial Nitric-Oxide Synthase (ENOS) from Plasmalemmal Caveolae and Impairs ENOS Activation. J. Biol. Chem. 1999, 274, 32512–32519. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Hein, T.W.; Zhang, C.; Zawieja, D.C.; Liao, J.C.; Kuo, L. Oxidized Low-Density Lipoprotein Inhibits Nitric Oxide-Mediated Coronary Arteriolar Dilation by up-Regulating Endothelial Arginase I. Microcirculation 2011, 18, 36–45. [Google Scholar] [CrossRef]

	



Muniyappa, R.; Sowers, J.R. Role of Insulin Resistance in Endothelial Dysfunction. Rev. Endocr. Metab. Disord. 2013, 14, 5–12. [Google Scholar] [CrossRef]

	



Rabkin, S.W. The Effect of Calcium Ions and the Calcium Ionophore A23187 on Choline Uptake and Phosphatidylcholine Biosynthesis in Chick Embryo Hearts. Basic Res. Cardiol. 1988, 83, 664–671. [Google Scholar] [CrossRef]

	



Vanhoutte, P.M.; Tang, E.H. Endothelium-Dependent Contractions: When a Good Guy Turns Bad! J. Physiol. 2008, 586, 5295–5304. [Google Scholar] [CrossRef]

	



Muniyappa, R.; Montagnani, M.; Koh, K.K.; Quon, M.J. Cardiovascular Actions of Insulin. Endocr. Rev. 2007, 28, 463–491. [Google Scholar] [CrossRef]

	



Matsumoto, T.; Noguchi, E.; Ishida, K.; Kobayashi, T.; Yamada, N.; Kamata, K. Metformin Normalizes Endothelial Function by Suppressing Vasoconstrictor Prostanoids in Mesenteric Arteries from OLETF Rats, a Model of Type 2 Diabetes. Am. J. Physiol. Heart Circ. Physiol. 2008, 295, H1165–H1176. [Google Scholar] [CrossRef]








[image: Vetsci 09 00217 g001a 550][image: Vetsci 09 00217 g001b 550] 





Figure 1. Effect of time-restricted feeding on serum insulin level (A) and HOMA-IR (B) in the normal and obese groups. Data are presented as mean ± SEM (n = 7). # p < 0.05 vs. NR. * p < 0.05 vs. OR. 
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Figure 2. Contractions to KCl (60 mM) in thoracic aorta of rats. + /EC: endothelium-dependent; −/EC: endothelium-independent. 
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Figure 3. Endothelium-dependent and endothelium-independent relaxations in the thoracic aorta of rats: (A) Concentration-response curves to ACh (10−9–10−4 M); (B) Concentration-response curves to sodium nitroprusside (10−9–10−4 M). Data are presented as mean ± SEM (n = 7). Relaxations were expressed as a percentage of the contraction induced by phenylephrine (10−6 M). ## p < 0.01 vs. NR. * p < 0.05 and **** p < 0.0001 vs. OR. 
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Figure 4. Endothelium-dependent and endothelium-independent contractions in the thoracic aorta of rats. (A) Concentration-response curves to calcium ionophore (10−9−10−5 M); (B) Concentration-response curves to phenylephrine (10−9–10−4 M). Data are presented as mean ± SEM (n = 7). ## p < 0.01 vs. NR. ** p < 0.05 and *** p < 0.001 vs. OR. 
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Figure 5. Immunoblot analysis of eNOS protein expression in the thoracic aorta: (A) Representative immunoblot blot showing the expression of eNOS protein or NR, NR + TRFSD, OR, OR + TRFHFD, and OR + TRFSD groups; (B) Graphical representation of the data, normalized to β-actin. Data are presented as mean ± SEM (n = 7). ## p < 0.01 vs. NR. * p < 0.05 vs. OR. 
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Figure 6. Immunoblot analysis of Akt protein expression in the thoracic aorta: (A) Representative immunoblot showing the expression of Akt protein or NR, NR + TRFSD, OR, OR + TRFHFD, and OR + TRFSD groups; (B) Graphical representation of the data, normalized to β-actin. Data are presented as mean ± SEM (n = 7). ### p < 0.001 vs. NR. * p < 0.05, ** p < 0.01 vs. OR. 
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Table 1. Composition of HFD.
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	Parameter, Unit
	g/100 g





	Protein
	6.10



	Total fat
	39.00



	Total carbohydrate
	46.50



	Ash
	3.90



	Moisture
	4.50



	Energy, kcal/100 g
	561 (2356 kJ)
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Table 2. Body weight and FBG levels in normal and obese rats.






Table 2. Body weight and FBG levels in normal and obese rats.





	Title
	NR
	NR + TRFSD
	OR
	OR + TRFHFD
	OR + TRFSD





	Initial body weight (g) (Day 0)
	315.30 ± 4.34
	305.80 ± 6.25
	326.0 ± 3.70
	311.20 ± 11.49
	309.80 ± 12.52



	Body weight before TRF (g) (Week 6)
	386.80 ± 8.43 a
	411.60 ± 2.99 a
	453.00 ± 12.36 ##, a
	428.80 ± 11.06 a
	414.30 ± 16.43 a



	Final body weight after TRF (g) (Week 12)
	417.70 ± 5.26 a,b
	406.60 ± 6.92 ****,a
	524.80 ± 20.52 ###,a,b
	395.00 ± 17.01 ****,a
	380.80 ± 4.49 ****,a



	Final FBG (mmol/L)
	4.40 ± 0.14
	4.50 ± 0.29
	4.63 ± 0.16
	4.61 ± 0.27
	4.67 ± 0.19



	Total cholesterol (TC)
	3.49 ± 0.24
	4.13 ± 0.18
	4.53 ± 0.07 #
	4.10 ± 0.22
	3.38 ± 0.34 *



	Triglycerides (TG)
	0.60 ± 0.01
	0.64 ± 0.07 **
	1.37 ± 0.24 ##
	0.75 ± 0.10 *
	0.56 ± 0.08 **



	High-density lipoprotein cholesterol (HDL-C)
	0.70 ± 0.05
	0.68 ± 0.06 *
	0.47 ± 0.04 #
	0.62 ± 0.04
	0.55 ± 0.02



	Low-density lipoprotein cholesterol (LDL-C)
	0.06 ± 0.02
	0.09 ± 0.05 **
	0.50 ± 0.12 ##
	0.17 ± 0.09 *
	0.10 ± 0.06 **



	Atherogenic index (AI)
	0.18 ± 0.08
	0.14 ± 0.07 **
	0.70 ± 0.16 ##
	0.01 ± 0.01 ***
	0.19 ± 0.11 **







Data are expressed as mean ± SEM. n = 7. a p < 0.05 vs. initial body weight; b p < 0.05 vs. middle body weight (Week 6); ## p < 0.01, ### p < 0.001 vs. NR group; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. OR group.
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Table 3. Effect of intermittent fasting on BMI and Lee’s index in normal and obese rats.






Table 3. Effect of intermittent fasting on BMI and Lee’s index in normal and obese rats.





	Title
	NR
	NR + TRFSD
	OR
	OR + TRFHFD
	OR + TRFSD





	Body length (cm)
	25.23 ± 0.15
	25.36 ± 0.21
	25.14 ± 0.09
	24.64 ± 0.30
	24.57 ± 0.35



	BMI
	0.66 ± 0.01
	0.64 ± 0.01 ****
	0.80 ± 0.03 ####
	0.68 ± 0.03 ***
	0.66 ± 0.01 ****



	Lee’s index
	0.81 ± 0.01
	0.80 ± 0.01 ****
	0.90 ± 0.01 ####
	0.82 ± 0.02 ***
	0.81 ± 0.01 ***







Data are expressed as mean ± SEM. n = 7. #### p < 0.0001 vs. NR group. *** p < 0.001, **** p < 0.0001 vs OR group.
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Table 4. Relaxation to ACh and sodium nitroprusside in the thoracic aorta.






Table 4. Relaxation to ACh and sodium nitroprusside in the thoracic aorta.





	Title
	NR
	NR + TRFSD
	OR
	OR + TRFHFD
	OR + TRFSD





	Acetylcholine Emax (%)
	95.27 ± 6.78
	92.89 ± 2.92 *
	69.24 ± 1.83 ##
	107.50 ± 4.72 ****
	92.27 ± 2.96 *



	Sodium nitroprusside Emax (%)
	137.30 ± 9.76
	127.90 ± 7.27
	111.30 ± 4.94
	137.80 ± 8.33
	130.50 ± 15.84







Data are expressed as mean ± SEM, n = 7. ## p < 0.01 vs. NR group; * p < 0.05, **** p < 0.0001 vs. OR group.
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Table 5. Contractions to calcium ionophore and phenylephrine in the thoracic aorta.






Table 5. Contractions to calcium ionophore and phenylephrine in the thoracic aorta.





	Title
	NR
	NR + TRFSD
	OR
	OR + TRFHFD
	OR + TRFSD





	Calcium ionophore Emax (%)
	13.10 ± 3.68
	15.40 ± 1.57 *
	29.96 ± 4.51 ##
	17.04 ± 1.39 *
	9.45 ± 2.67 ***



	Phenylephrine Emax (%)
	91.64 ± 3.48
	86.45 ± 11.80
	109.80 ± 8.60
	78.16 ± 9.29
	85.10 ± 7.15







Data are expressed as mean ± SEM. n = 7. ## p < 0.01 vs. NR group; * p < 0.05, *** p < 0.001 vs. OR group.
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