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Abstract: Citrus (mandarin and orange) pomace is an agro-food industrial waste rich in polyphenols 
and dietary fiber with great potential as a functional ingredient. In this work, the chemical 
composition and in vitro bioaccessibility of health-promoting compounds present in raw citrus 
pomaces (Clemenule and Ortanique mandarins and Navel and Valencia oranges) were studied. In 
addition, the by-products were employed as food ingredients in cookies and the effect of the food 
matrix on the bioaccessibility of their bioactive compounds was evaluated. Nobiletin, 
hesperidin/neohesperidin, tangeretin, heptamethoxyflavone, tetramethylscutellarein, and 
naringin/narirutin were detected in the citrus samples by UHPLC-MS. Citrus pomaces were in vitro 
digested mimicking the human oral gastrointestinal conditions and the bioactivity of the digests 
(antioxidant, carbohydrases modulation, and anti-inflammatory effects) was assessed. The 
bioaccessibility of the antioxidants in the by-products was confirmed by Total Polyphenol Content 
(TPC) (6.6–11.0 mg GAE/g digest), ABTS (65.5–97.1 µmol TE/g digest), ORAC-FL assays (135.5–214.8 
µmol TE/g digest), and inhibition of Reactive Oxygen Species (ROS) formation induced by treatment 
with tert-butyl hydroperoxide 1 mM in intestinal IEC-6 (19–45%) and CCD-18Co (28–45%) cells 
pretreated with the digests at concentrations ranging between 5 and 25 µg/mL. Inhibitors of the 
enzymatic activity of α-glucosidase (IC50 3.97–11.42 mg/mL) and α-amylase (IC50 58.04–105.68 
mg/mL) also remained bioaccessible after in vitro digestion of citrus pomaces. In addition, the 
bioaccessible compounds in orange pomace samples significantly reduced (p < 0.05) the 
lipopolysaccharide (LPS)-induced nitric oxide (NO) production in RAW264.7 macrophages. The 
digests of orange pomace cookies with the nutrition claims “no-added sugars” and “source of fiber” 
presented antioxidant and anti-diabetic properties, and good sensory quality (6.9–6.7 on a scale of 1 
to 9). The results obtained support the feasibility of unfractionated orange pomace as a functional 
ingredient for reducing the risk of diabetes. The health-promoting benefits observed in the present 
research might be, at least partially, associated with flavonoids. 
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1. Introduction 

Diabetes is considered a XXI century pandemic [1]. Mandarins and oranges possess many 
bioactive compounds such as polyphenols, including flavonoids hesperidin, hesperetin, narirutin, 
nobiletin, naringin and naringenin, and dietary fiber with the potential to reduce the risk or alleviate 
symptoms of diabetes, such as hyperglycemia [2]. 

Polyphenols in citrus juice have been proposed to have an important role in glucose-insulin 
regulation by inhibiting glucose uptake, stimulating insulin secretion and uptake of glucose through 
the cells, and by modulating cell signaling, as well as gene expression [3]. New information has 
recently been published on the possible mechanisms of action by which hesperidin exerts control of 
glucose homeostasis [4]. For bioactive compounds to exert their positive effect on health, first, they 
have to withstand the processing conditions of the food, be released from the food matrix, be 
bioaccessible in the gastrointestinal tract, suffer a metabolism, and reach the target tissue of interest. 

Intestinal absorption and metabolism of glucoside forms of dietary flavanones are complicated 
and have recently received a lot of attention. Recent studies indicate that a maximum of 30% 
hesperidin is absorbed into the small intestine via glucose-linked transporters such as SGLT1 [5,6]. 
However, the exact mechanisms of absorption and metabolism in the enterocyte are not yet clear. It 
is believed that most of the ingested hesperidin reaches the colon, where the colonic microbiota 
deglycosylates hesperidin producing its corresponding aglycone, hesperetin, which is absorbed by 
colonocytes [5]. 

Polyphenols with antidiabetic properties may remain in the citrus pomaces making them 
valuable by-products of the food industry [2]. The dietary fiber composing the by-product may 
protect them from degradation during digestion and food processing. The objective of this research 
was to gain insight into the chemical composition and in vitro bioaccessibility of health-promoting 
compounds present in raw citrus pomaces with the potential to reduce the risk of diabetes or treat 
the disease. Moreover, the by-products were employed as food ingredients in cookies and the effect 
of the food matrix on their bioaccessibility was evaluated. The impact of the addition of the by-
product as an ingredient in the food sensory quality was studied. 

2. Materials and Methods 

2.1. Sample Preparation 

Citrus by-products to be used as food ingredients: Pomaces from two mandarin varieties 
(Clemenule and Ortanique) and two orange ones (Navel and Valencia) were provided by Azucitrus 
(Paysandú, Uruguay). Mandarin and orange pomaces (wet mixture of pulp, peels, and seeds) were 
freeze-dried for 4 days to a constant weight, milled, and stored at −20 °C for further analysis. 

Food: With the final end to gain insight on the effect of the food processing in the bioaccessibility 
of polyphenols from citrus pomaces they were used as food ingredients (10% w/w). Cookie 
formulations were prepared with wheat flour, sucralose as sweetener, inulin for obtaining food with 
the nutrition claim “source of dietary fiber”, butter, sunflower oil, egg, and baking powder. 

Fractions containing bioaccessible compounds, also called digests: Citrus pomaces and cookies 
were in vitro digested mimicking the human oral gastrointestinal conditions as described by 
Hollebeeck et al. [7]. Bile salts were removed by using cholestyramine resin [8]. The desalted samples 
were frozen and stored for further analysis. 
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2.2. Methodology 

2.2.1. Analysis of Individual Phenolic Compounds Composing Citrus Pomaces 

Mass spectrometry analysis was employed for the analysis of the polyphenolic profile of the 
samples. The experiments were performed by UHPLC-MS using a Thermo Ultimate R3000 UHPLC 
(Thermo Scientific, Sunnyvale, CA, USA), equipped with a Rheodyne 6-port automated switching 
valve used for on-line clean-up, as described by Barnaba et al. [9]. 

2.2.2. Analysis of Bioaccessibility of Bioactive Compounds in Citrus Pomaces and Cookies 

The effect of the digestion process on the bioaccessibility of antioxidants was determined by 
analysis of the Total Polyphenol Content (TPC) by Folin reaction, the overall antioxidant capacity of 
the samples employing ABTS and ORAC-FL assays [10], and intracellular Reactive Oxygen Species 
(ROS) formation induced by treating intestinal cells (normal rat small intestine IEC-6 and normal 
human colon CCD-18Co cells) with tert-butyl hydroperoxide 1 mM using DCFH-DA probe [11]. The 
anti-inflammatory potential of the bioaccessible compounds was determined by measuring nitric 
oxide (NO) production induced by lipopolysaccharide (LPS) in RAW264.7 mouse macrophages [10]. 
Finally, the bioaccessibility of compounds able to modulate the metabolism of carbohydrates was 
estimated by measuring the enzymatic activity of α-glucosidase [10] and α-amylase [12]. 

2.2.3. Assessment of Food Sensory Quality 

Food quality of the novel cookies was evaluated by sensory analyzes employing 75 consumers 
(40% male and 60% female, aged between 18 and 87 years old) recruited at Departamento de Ciencia 
y Tecnología de Alimentos (Facultad de Química, UdelaR, Uruguay). Overall acceptance was 
evaluated on a scale of 1 to 9. Consumers were informed about the composition of the cookie with 
the novel ingredient (citrus pomace) by the following phrase: “free of sugar cookies containing 
antioxidants and dietary fiber from oranges”. 

2.2.4. Statistical Analysis 

Results were expressed as means ± standard deviation (SD) (n = 3). The degree of significance of 
the statistical differences between the mean values of the studied parameters were determined by the 
Tukey test (p < 0.05) using Infostat v. 2015 program. In cell studies, the statistical differences between 
mean values with p < 0.05 are indicated with an asterisk. 

3. Results and Discussion 

3.1. Polyphenol Profile of Citrus Pomaces 

Mandarin pomaces showed nobiletin as the main flavonoid in all the samples, followed by 
hesperidin/neohesperidin, tangeretin, heptamethoxyflavone, tetramethylscutellarein, and 
naringin/narirutin. Orange pomaces showed nobiletin as the main flavonoid followed by hesperidin/ 
neohesperidin, tangeretin, tetramethylscutellarein, naringin/narirutin, and heptamethoxyflavone. 
The results are in agreement with previous reports [13,14], being those flavonoids known for their 
bioactive properties [2]. 

3.2. Bioaccessibility of Bioactive Compounds Composing Citrus Pomaces 

Results shown in Table 1 and Figure 1 support the bioaccessibility of antioxidants including 
polyphenolic compounds. The results are in agreement with previous polyphenols bioaccessibility 
studies on citrus [15]. The intracellular ROS formation in the normal small intestinal cells of rats (IEC-
6) was significantly reduced (p < 0.05) by the samples under study (data not shown). However, only 
the orange samples were able to cause significant prevention (p < 0.05) of the formation of radicals in 
normal human colon cells (CCD-18Co). Similar results were found by others employing citrus 
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samples in HepG2 cells [16]. To the best of our knowledge, this is the first time the antioxidant effect 
of citrus bioaccessible fractions in normal human intestinal cells is shown. 

Table 1. Bioaccessibility of antioxidants from mandarin and orange pomaces. 

Analysis Clemenule Mandarin Ortanique Mandarin Navel Orange Valencia Orange 
TPC 

(mg GAE/g sample) 
9.98 ± 0.51 b 11.00 ± 0.65 b 10.80 ± 1.67 b 6.62 ± 0.38 a 

ABTS  
(µmol TE/g sample) 

90.1 ± 1.5 b 92.0 ± 2.0 bc 65.5 ± 4.4 a 97.1 ± 10.4 c 

ORAC-FL  
(µmol TE/g sample) 

135.5 ± 22.2 a 232.5 ± 26.7 b 214.8 ± 20.0 b 207.8 ± 29.0 b 

Results are expressed as mean values ± SD (n = 3). Different letters indicate significant differences 
(Tukey, p < 0.05) between values in the same row. 

 

Figure 1. Induced ROS formation in normal human intestinal cells (CCD-18Co) treated with digests 
of Clemenule and Ortanique mandarin and Navel and Valencia orange pomaces prior to the oxidative 
damage. Normal human colon cells were treated with samples for 24 h followed by co-administration 
of the oxidative agent (tert-butyl hydroperoxide) and sample for 30 min. Bars represent mean values 
while error bars denote standard error of the mean (SEM). * indicate statistical differences between 
mean values with p < 0.05 by Tukey test. 

Data on NO formation in RAW264.7 can be observed in Figure 2. Citrus flavonoids have been 
reported for their anti-inflammatory effects [17–19], which is in accordance with the current results. 

Results shown in Table 2 support the bioaccessibility of inhibitors of carbohydrases, highlighting 
the effect on the α-glucosidase enzyme. Citrus flavonoids have been reported for inhibiting these 
carbohydrases [20]. 

Table 2. Bioaccessibility of inhibitors of the enzymes α-glucosidase and α-amylase from mandarin 
and orange pomaces. 

Analysis 
Clemenule 
Mandarin 

Ortanique 
Mandarin 

Navel  
Orange 

Valencia 
Orange 

α-glucosidase (IC50, mg/mL) 3.97 ± 0.97 a 4.93 ± 0.41 a 11.42 ± 0.89 b 5.09 ± 0.39 a 
α-amylase (IC50, mg/mL) 58.04 ± 2.09 a 105.68 ± 16.03 b 62.00 ± 1.62 a 101.17 ± 4.70 b 

Results are expressed as mean values ± SD (n = 3). Different letters indicate significant differences 
(Tukey, p < 0.05) between values in the same row. 
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Figure 2. Effect of the orange pomace bioaccessible compounds (250 µg/mL) in the formation of NO 
in RAW264.7 macrophages. Cells were treated with samples during 24 h followed by co-
administration of LPS and sample during 24 h. Bars represent mean values while error bars denote 
standard error of the mean (SEM). * indicate statistical differences between mean values with p < 0.05 
by Tukey test. 

3.3. Food Matrix Effect on the Bioaccessibility of Bioactive Compounds and Food Sensory Quality 

As can be observed in Table 3, antioxidants and inhibitors of glucosidase remained bioaccessible 
after the digestion of the food containing orange pomaces as an ingredient, which is in accordance 
with other authors’ reports of cookies with other by-products [8]. Data on antioxidant capacity and 
α-glucosidase activity seem to indicate a protective effect of the cookies food matrix against the 
degradation of the bioactive compounds during the digestive process. According to the data shown 
in Table 3, Navel orange pomace may be the best candidate among the studied samples to be 
employed as an ingredient in the formulation of cookies for reducing the risk of diabetes. On the 
other hand, the overall consumers’ acceptance of the orange pomace cookies was 6.86 and 6.68 for 
Navel and Valencia varieties, respectively (scale 1–9), with no significant differences (p > 0.05). 
Altogether, the results support the food quality of the cookies formulated with orange by-products 
and their potential for reducing the risk of diabetes. The new formulation of cookies is sugar-free and 
contains dietary fiber and bioactive compounds able to reduce the risk of diabetes that may remain 
bioaccessible after food digestion. 

Table 3. Bioaccessibility of antioxidants and inhibitors of α-glucosidase in cookies based on orange 
pomaces. 

Analysis Control Cookie Navel Cookie Valencia Cookie 
Overall antioxidant capacity    
ABTS (µmol TE/g sample) 82.36 ± 3.73 a 99.30 ± 3.68 b 100.81 ± 12.98 b 

ORAC-FL (µmol TE/g sample) 74.66 ± 9.09 a 115.95 ± 21.73 b 118.02 ± 6.41 b 

Inhibition of carbohydrase activity    
α-glucosidase (IC50, mg/mL) 5.66 ± 0.61 b 3.90 ± 0.20 a 4.62 ± 0.43 b 

Results are expressed as mean values ± SD (n = 3). Different letters indicate significant differences 
(Tukey, p < 0.05) between values in the same row. 

4. Conclusions 

UHPLC-MS analysis of mandarin and orange pomaces showed nobiletin as the main flavonoid. 
The presence of flavonoids with antidiabetic properties such as hesperidin and its aglycone in the 
samples was also confirmed by employing this advanced analytical tool. Data on total polyphenol 
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content, ABTS and ORAC-FL support the bioaccessibility of antioxidants composing citrus pomaces. 
The orange pomace bioaccessible compounds significantly inhibited (p < 0.05) the induced 
intracellular ROS formation in normal human intestinal cells (CCD-18Co cells). In addition, these 
samples produced a significant reduction (p < 0.05) of nitric oxide production on LPS-induced 
RAW264.7 macrophages after in vitro simulation of digestion, indicating anti-inflammatory 
properties. Moreover, orange pomaces resulted to be suitable ingredients for cookies since they were 
accepted by the consumers. A new formulation of sugar-free cookies containing dietary fiber and 
bioactive compounds (antioxidant and inhibitors of glucosidase) able to reduce the risk of diabetes 
was obtained. In conclusion, our results support the feasibility of unfractionated orange pomace as 
functional ingredients for reducing the risk of diabetes. The bioactive properties found in the current 
study may be at least partially associated with the flavonoids composing citrus pomaces. 
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