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Recently, hesperidin, a flavonone mainly present in citrus fruits, has emerged as a new potential therapeutic agent

able to modulate several cardiovascular diseases (CVDs) risk factors.

bioavailability  cardiovascular diseases  dysbiosis  gut microbiota  hesperetin

hesperidin.

1. Introduction

Animal and in vitro studies demonstrate beneficial effects of hesperidin and its derived compounds on CVD risk

factors. Thus, hesperidin has shown glucose-lowering and anti-inflammatory properties in diabetic models,

dyslipidemia-, atherosclerosis-, and obesity-preventing effects in CVDs and obese models, and antihypertensive

and antioxidant effects in hypertensive models. However, there is still controversy about whether hesperidin could

contribute to ameliorate glucose homeostasis, lipid profile, adiposity, and blood pressure in humans, as evidenced

by several clinical trials reporting no effects of treatments with this flavanone or with orange juice on these

cardiovascular parameters. In this entry, we focus on hesperidin's beneficial effects on CVD risk factors, paying

special attention to the high interindividual variability in response to hesperidin-based acute and chronic

interventions, which can be partly attributed to differences in gut microbiota. Based on the current evidence, we

suggest that some of hesperidin's contradictory effects in human trials are partly due to the interindividual

hesperidin variability in its bioavailability, which in turn is highly dependent on the α-rhamnosidase activity and gut

microbiota composition.

2. Effects of Hesperidin on Glucose Homeostasis

Diabetes is one of the major risk factors for developing CVDs. The main complication of diabetes is CVDs, and it is

estimated that 65% of diabetic patients die from CVD complications . In this sense, several studies have shown

beneficial effects of hesperidin in glucose metabolism at the preclinical level, both in animal and in vitro models.
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Figure 1. Schematic representation of hesperidin metabolization in the colon. Enzymatic deglycosylation of

hesperidin to yield hesperetin: via hesperetin-7-O-glucoside by two specific monoglycosidases, α-rhamnosidase

and β-glucosidase, and via one-step deglycosylation through α-rhamnosyl-β-glucosidase (αRβGl).

At the in vitro level, neohesperidin (derived from hesperidin) treatment was shown to increase glucose

consumption in the hepatocyte cell line HepG2, which was associated with increased phosphorylation levels of

adenosine monophosphate (AMP)-activated protein kinase (AMPK) . Xuguang et al. recently reported attenuated

glucose content in culture medium and increased glucose uptake in lipopolysaccharide (LPS)-induced insulin-

resistant HepG2 cells treated with hesperidin. These changes seemed to be associated with the regulation of the

insulin receptor substrate 1 (IRS1)- glucose transporter (GLUT)-2 pathway via toll-like receptor (TLR)-4 . This

positive effect over glucose uptake was corroborated in another recent study, showing that both hesperidin and

hesperetin exert antidiabetic properties in L6 myotubes by inducing glucose uptake and reducing oxidative stress

and advanced glycation end-products (AGEs) formation . Related to AGE formation, Irshad and collaborators

recently showed that a combination of trans-resveratrol and hesperetin is able to dampen the rise of methylglyoxal

levels caused by high glucose concentrations by increasing the expression of Glyoxalase (Glo)-1 and decreasing

the expression of hexokinase (HK)-2 in human aortal endothelial cells .

There is accumulating evidence demonstrating the glucose-lowering effects and the improvement in insulin

resistance parameters exerted by hesperidin both in Type-1 diabetes (T1D)  and Type-2 diabetes

(T2D)  rodent experimental models, thus demonstrating the antidiabetic properties of hesperidin.

These effects were shown to be achieved by the modulation of key glucose regulation enzymes, such as an

upregulation of glucokinase (involved in glycolysis) or a downregulation of the gluconeogenic enzyme glucose-6-

phosphatase . Other effects of hesperidin treatment in diabetic animals include a reduction in

inflammatory parameters, such as tumor necrosis factor alpha (TNFα), interleukin (IL)-6 or IL-1β, and the reduction

of oxidative stress associated with diabetes . Akiyama and collaborators also reported a recovery of

adiponectin levels mediated by hesperidin both in T1D and T2D models . In addition to the effects observed in
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diabetic models, improvement of glucose metabolism and insulin resistance were also described by our group and

others in other animal models of human diseases that are associated with alterations in glucose metabolism, such

as metabolic syndrome (MetS) and obesity .

Despite all evidence at the preclinical level, the effects of hesperidin consumption on glucose metabolism in

humans are not conclusive. In a recent randomized, double‑blind, placebo‑controlled clinical trial, Yari et al.

reported that daily consumption of hesperidin capsules (500 mg) for 12 weeks significantly decreased fasting

glucose levels, both compared with basal levels and with placebo group in patients with MetS . Decreases in

insulin levels and in the homeostatic model assessment for insulin resistance (HOMA-IR) index were also reported,

although no significant differences vs. the placebo group were observed in these parameters . Ribeiro et al.

reported a decrease of 18% in insulin levels and a reduction of 33% in HOMA-IR index after 12 weeks of daily

consumption of 500 mL of orange juice (OJ) in obese individuals compared to control group . Lima and

collaborators also reported significant decreases in blood glucose and insulin fasting levels, as well as in HOMA-IR

index after daily consumption of 300 mL of OJ during 60 days in a non-placebo-controlled clinical trial in healthy

women .

However, to date, there are several clinical trials performed in different populations (healthy, obese, diabetic, or

MetS) reporting no differences in glucose or insulin levels after chronic hesperidin or OJ consumption

. One study reported an increase in glucose levels in OJ-treated obese or overweight individuals, both in low

and high hesperidin concentrations, which could be attributed to the daily addition to the diet of 500 mL dietary OJ

during 12 weeks or to a decrease in insulin levels, which was also observed after the intervention .

3. Effects of Hesperidin on Lipid Profile and Adiposity

The dysregulation of lipid and lipoprotein metabolism contributes to the pathogenesis of multitude of human

diseases, including CVDs . Several therapeutic strategies exist to modulate lipid metabolism and prevent the

development of metabolic diseases, but these strategies present some inherent limitations. For instance, statin

drugs, which have been widely used to improve lipid profile and reduce atherosclerotic risk, present well

recognized side-effects such as myalgia, arthralgia, and temporary gastrointestinal upset . Those patients

presenting dyslipidemia associated with MetS are unable to reach their lipid treatment goals by the administration

of statin drugs . Considering this, flavonoids including hesperidin have emerged as new therapeutic agents that

could prevent alterations regarding lipid metabolism. In this sense, hesperidin has been shown to be especially

effective in modulating dyslipidemia associated with MetS, which is considered a major risk for atherosclerosis, by

exerting lipid-lowering properties in animal models and humans . Jung et al. investigated the

effects of hesperidin on lipid regulation in C57BL/KsJ-db/db mice, a well-established model of obesity-induced

T2D. The results of this study demonstrated that hesperidin (0.2 g hesperidin/kg diet) was effective in lowering the

plasma free fatty acids (FFAs) and plasma and hepatic triglyceride levels after five weeks. Additionally, hesperidin

reduced the hepatic fatty acid oxidation and carnitine palmitoyl transferase activity. Hesperidin effects on lipid

regulation were attributable to a suppression of the hepatic fatty acid synthase, glucose-6-phosphate

dehydrogenase, and phosphatidate phosphohydrolase activities and to an increase in the fecal triglycerides .
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Furthermore, it was also demonstrated that hesperidin administration led to a decrease in plasma and hepatic

cholesterol levels through a downregulation of the hepatic 3-hydroxy-3-methylglutaryl-coenzyme (HMG-CoA)

reductase and acyl CoA: cholesterol acyltransferase (ACAT) activities . Wu et al. demonstrated similar lipid-

regulating effects with neohesperidin. Neohesperidin showed a potent hypolipidemic effect in HepG2 cells loaded

with FFAs and reversed the pathological changes of lipid in the acute or chronic dyslipidemia mouse model. They

suggested that neohesperidin regulates lipid metabolism in vivo and in vitro via fibroblast growth factor 21 (FGF21)

and AMP-activated protein kinase/Sirtuin type1/Peroxisome proliferator-activated receptor gamma coactivator 1α

signaling axis . Hesperidin treatment has also been shown to reduce lipid accumulation in adipocytes derived

from human mesenchymal stem cells by reducing lipogenesis and activating lipolysis . Similar in vitro

antiadipogenic effects have been observed in 3T3-L1 preadipocytes . In addition, and related to lipid metabolism,

Kim et al. have recently shown that hesperidin treatment increases Uncoupling protein 3 (UCP3) expression in

differentiated C2C12 myocytes, thus boosting energy consumption from lipids .

The beneficial effect of hesperidin on atherosclerosis development was demonstrated in a study conducted by Sun

et al. using LDL receptor deficient (LDLr ) mice. The authors observed that hesperidin ameliorated high fat diet

(HFD)-induced hyperlipidemia and suppressed HFD-induced hepatic steatosis, atherosclerotic plaque area, and

macrophage foam cell formation. According to these results, Sun et al. suggested that hesperidin reduced

atherosclerosis in part via amelioration of lipid profiles, inhibition of macrophage foam cell formation, its

antioxidative effect, and anti-inflammatory action .

Therefore, results from in vitro and animal studies demonstrate a beneficial effect of hesperidin treatment on lipid

profile, but these findings are in contrast with some human intervention studies. Thus, while the administration of

glucosyl hesperidin to hypertriglyceridemic subjects for 24 weeks resulted in a clear reduction in plasma

triglycerides and apolipoprotein B levels , in other studies, the administration of hesperidin capsules did not affect

plasma total cholesterol, LDL-cholesterol, or triglyceride levels in moderately hypercholesterolemic individuals .

Adipose tissue plays an important role in storing lipid in the form of triglycerides, as well as secreting a variety of

adipokines and cytokines . However, adipose tissue dysfunction is a determinant cause for the development of

obesity, an independent risk factor for CVDs . In this sense, there are several studies demonstrating that

hesperidin exerts beneficial effects on lipid accumulation and adiposity . In animal models of obesity or

MetS, a body-weight-reducing effect has been widely reported in response to hesperidin treatment ,

as well as a reduction in adipose tissue weight . In contrast, Mosqueda-Solis et al. reported no

significant changes in body weight after a daily hesperidin administration (100 mg/kg body weight) for eight weeks

in Western-diet-fed rats, although hesperidin treatment resulted in a decreased size of adipocytes .

Similar to what has been observed in glucose and lipid metabolism, hesperidin or OJ treatment in obese or

overweight individuals do not clearly reflect the effects observed in obesogenic animal models. Although

Aptekmann and Cesar reported a significant reduction in body weight after daily consumption of OJ over 13 weeks

in hypercholesterolemic subjects, no significant differences were observed between the intervention and control

groups . Rangel-Huerta and collaborators also observed a significant reduction in body weight after daily
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consumption of OJ over 12 weeks in obese or overweight subjects in a nonplacebo-controlled clinical trial . By

contrast, at least three studies reported no significant changes between control group and hesperidin or OJ groups

in obese subjects .

4. Effects of Hesperidin on Blood Pressure and Endothelial
Function

High blood pressure is one of the most significant risk factors for developing CVDs in all age groups . In fact, it is

known that a reduction of 10 and 5 mmHg in systolic blood pressure (SBP) and diastolic blood pressure (DBP),

respectively, significantly decreases the relative risk of all major cardiovascular outcomes . An extensive number

of animal studies evaluating the cardioprotective role of hesperidin have shown its beneficial effects on high blood

pressure . The hypotensive effect after acute administration of hesperidin derivatives, hesperetin and

glucosyl hesperidin (G-hesperidin), was demonstrated by Yamamoto et al.  in spontaneously hypertensive rats

(SHR). In this study, a single oral dose of G-hesperidin (10 to 50 mg/kg) induced a dose-dependent reduction in

SBP in SHR, but had no effect in control Wistar Kyoto rats (WKY), discarding possible hypotensive effects under

normotensive conditions. The antihypertensive effect of hesperidin was suggested to be mediated by the vascular

nitric oxide (NO) synthase pathway. Similar effects were reported by Liu et al., observing an increase in NO

production in hesperetin-treated human endothelial cells . In this sense, Ikemura et al.  reported a preventive

effect of hesperidin and G-hesperidin against age-related increase in blood pressure. This preventive effect of

hesperidin seemed to be mediated by an important increase in NO production in the groups supplemented with

hesperidin or G-hesperidin and by an improvement in the endothelial function . The long-term effects of

hesperidin and G-hesperidin on blood pressure were also evaluated when administered to SHR and to WKY.

Chronic oral administration for 25 weeks of hesperidin and G-hesperidin resulted in a decrease in blood pressure

after 15 weeks of administration in SHR, while no changes occurred in WKY . Recently, it was also demonstrated

that chronic administration of hesperidin for eight weeks resulted in a significant reduction in SBP in cafeteria-fed

rats, a well-stablished animal model for diet-induced hypertension . They observed that chronic administration

of hesperidin in these animals presenting diet-induced hypertension also resulted in lower secretion of

inflammation and oxidative stress-related metabolites. A reduction in inflammation and oxidative stress could be the

underlying mechanisms involved in hesperidin effects on blood pressure in these animals .

These findings suggest that a potential mechanism whereby hesperidin and its derivatives, including G-hesperidin

and hesperetin, exert their beneficial effects on hypertension through their demonstrated antioxidant effect ,

enhancing NO bioavailability and protecting endothelial function from reactive oxygen species. Besides, several

studies indicate that not only NO enhancement is involved in the antihypertensive effect exerted by hesperidin. The

administration of hesperidin in SHR reduced blood pressure by reducing oxidative stress by the suppression of the

renin–angiotensin system cascade . In addition, hesperidin improved the reported oxidative stress observed

under hypertensive conditions as a consequence of an overexpression of NADPH oxidase via suppression of this

enzyme, which results in enhanced NO bioavailability .
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Despite the beneficial effects observed in animal and in vitro studies, the results shown by human interventional

studies are not consistent. Asgary et al. demonstrated that consumption of 500 mL/day of OJ decreased SBP and

DBP in healthy subjects after four weeks . Similar results were also reported by Morand et al. when evaluating

the effect of daily consumption of OJ for four weeks in healthy volunteers . In this study, it was stated that the

beneficial effects on blood pressure maintenance induced by daily OJ consumption could be due to an

improvement on endothelial function . In another study, it was also demonstrated that six‐week consumption of

hesperidin improved blood pressure in T2D patients. The authors suggested that hesperidin exerts its beneficial

effects via anti‐inflammatory activity . Furthermore, our group carried out a clinical study in which the beneficial

effects of the consumption of OJ with natural hesperidin content and a hesperidin-enriched OJ on risk factors

associated with CVDs, including its antihypertensive effects, in pre- and grade-1 hypertensive individuals were

evaluated (submitted for its publication). However, the results of a crossover study that included individuals with

MetS presenting prehypertension did not reveal changes in blood pressure after three-week supplementation with

hesperidin . Besides, a systematic review and meta-analysis of randomized controlled trials that evaluated the

efficacy of hesperidin supplementation on blood pressure concluded that hesperidin intake is not associated with

significant changes in blood pressure . Similar results were reported by Plà et al. , concluding that hesperidin

consumption effects on blood pressure were no conclusive.

There are many hypotheses that could explain why hesperidin lacks a significant effect on blood pressure in

humans, including its metabolization and absorption. In this sense, Yamamoto et al.  reported that the hesperidin

metabolite hesperetin-7-O-glucuronide, but not hesperetin-3-O-glucuronide, was the responsible agent for the

demonstrated antihypertensive effect. Therefore, not all hesperidin metabolites present the same biological effects

when administered. In addition, few studies are available to clarify the pharmacokinetics of hesperidin . In

consequence, it might be possible that hesperidin does not reach the sufficient circulating concentrations that are

needed for the regulation of blood pressure.

In conclusion, the results from in vivo and in vitro studies point out that hesperidin represents a promising agent for

the prevention and/or the treatment of CVDs. From these studies, it could be concluded that the potential

mechanisms by which hesperidin exerts its beneficial effects include the regulation of gene expression and

enzymatic activity of key proteins involved in pathways related to lipid and glucose metabolism, blood pressure

control, and obesity development. Furthermore, it has been demonstrated the antioxidant and anti-inflammatory

activities of hesperidin that may explain, at least in part, the observed beneficial effects on CVDs. However, despite

all the evidences from in vitro and animal models, there is still controversy about whether hesperidin and their

derivatives could contribute to ameliorating glucose homeostasis, lipid profile, adiposity, and blood pressure and

thus reduce the cardiovascular risk, especially in humans (Figure 2). A possible explanation for the lack of

conclusive results from human studies might be related to the presence of several important factors, including

interindividual differences and external factors that impact the effectiveness of hesperidin in humans, including

interindividual differences and external factors, with the variability of hesperidin bioavailability due to differences in

intestinal microbiota composition and activity among individuals being a major factor. Although a low bioavailability

of hesperidin has been described in animal studies , the variability in studies with experimental animals is

much lower than that observed in clinical studies due to inbreeding, leading to a phenotypic uniformity between the
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animals. Furthermore, external factors such as diet, physical activity, or seasonality are much more controlled than

in human studies, leading to lower variability in intestinal microbiota composition and activity. Further well-designed

clinical trials to specifically examine the effects of hesperidin on CVD risk factors, considering the variability that

exists in the response to treatment with hesperidin in humans, are necessary. In this sense, intestinal microbiota

may play a role in this interindividual variability, as it has been shown to have a direct effect on the absorption and

bioavailability of polyphenols, such as hesperidin.

Figure 2. Summary of the most representative effects of hesperidin consumption and its derivatives on

cardiovascular risk factors, including glucose homeostasis, blood pressure and endothelial function, and lipid

profile and adiposity. SBP: systolic blood pressure; DBP: diastolic blood pressure; NO: nitric oxide; FFA: free fatty

acids; TG: triglycerides; Chol: cholesterol.
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