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Abstract: In the present study, an in vitro digestion method has been used to assay the influence of the
physiological conditions in the mouth, stomach, and intestine on the stability and activity in different
cell models of the main phenolic compounds from Viburnum opulus fresh juice (FJ), phenolic-rich
juice (PJ), and the bioavailable fractions (DFJ and DPJ). The data obtained indicate that the V. opulus
samples achieved after in vitro digestion had an influence on cellular glucose and lipid metabolism.
The bioavailable fraction of both digested juices stimulated glucose uptake and decreased lipid
accumulation by L6 myoblasts and HepG2 hepatocytes. Both DFJ and DPJ reduced the secretion
of inflammatory cytokines by 3T3-L1 adipocytes: interleukin-6 (IL-6) and tumor necrosis factor-α
(TNF-α). Simultaneously, DFJ and DPJ enhanced oxidative stress in MIN6 cells and decreased
glucose-stimulated insulin secretion (GSIS). UPLC–MS analysis revealed qualitative and quantitative
changes in hydroxycinnamic acids. In particular, the content of chlorogenic acid decreased drastically;
its content in the bioavailable fraction was almost 7 times and 30 times lower than in the FJ and PJ,
respectively. Our results suggested that although the phenolic compounds of V. opulus juices undergo
transformation during digestion, they are still potent antioxidant agents with biological activity.

Keywords: V. opulus; phenolic compounds; in vitro digestion; cell cultures; lipid accumulation;
glucose uptake; insulin secretion

1. Introduction

Viburnum opulus L. belongs to the Viburnum L. genus from the Adoxaceae family and this
shrub is common in natural habitats in Europe, North Asia, and North Africa, and also in the
central zone of Russia. The fruit of V. opulus has a light red, red, or dark red skin, is bitter with
a strong astringent taste, and is therefore not preferred for direct consumption [1]. However,
these fruits are used for preparing jam, jelly, cordials, and liqueurs, and “Kalinnikov” pies
as well as herbal teas [2,3]. In Turkey, they are used for the production of a traditional
non-alcoholic fermented beverage called “Gilaburu juice” [4]. The V. opulus fruits and fruit
juice are widely used for medicinal purposes as a useful remedy against kidney and stomach
problems, high blood pressure, cough and cold, tuberculosis, rheumatic aches, liver disease,
and diabetes [1]. The published results of in vitro studies indicate antimicrobial [5–7],
antidiabetic [8], anti-obesity [9,10], and antioxidant [2,11–14] activities. Furthermore, the
health-promoting properties of V. opulus fruit and fruit juice have also been demonstrated
in studies using various cell lines. For example, our previous study showed that V. opulus
fruit components decreased the uptake of fluorescent glucose analogue 2-(N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose by human adenocarcinoma Caco-2 cells [15].
The next study demonstrated that V. opulus fruit juice and juice enriched with phenolic
compounds decreased glucose-stimulated insulin secretion, increased insulin secretion at a
low glucose concentration, and intensified free fatty acid uptake and lipid accumulation in
the mouse insulinoma cell line MIN6 [16]. Additionally, V. opulus fruit phytocompounds
influenced the accumulation of lipids and expression of lipogenic proteins involved in

Molecules 2021, 26, 4086. https://doi.org/10.3390/molecules26134086 https://www.mdpi.com/journal/molecules

https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-3279-0612
https://orcid.org/0000-0001-8341-1654
https://orcid.org/0000-0001-6654-4818
https://doi.org/10.3390/molecules26134086
https://doi.org/10.3390/molecules26134086
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26134086
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules26134086?type=check_update&version=1


Molecules 2021, 26, 4086 2 of 22

metabolic disorders in HepG2 cells [17]. It has been also observed that V. opulus fruit juice
decreased levels of intracellular reactive oxygen species (ROS) in mouse pancreatic beta
MIN6 cells, as well as in mouse differentiated adipocytes 3T3-L1 and in human hepatoma
HepG2 cells [9,10,16,17]. Karakurt et al. showed that methanol extract of V. opulus fruit
inhibits the proliferation of human colon cancer cells DLD-1 and HT-29 by increasing DLD-1
cell apoptosis and cell cycle arrest at the G2 phase in HT-29 cells [18].

The demonstrated results of in vitro studies show the promising health benefits of
V. opulus fruit. However, the physiological importance of an orally administered phyto-
compound depends on its availability for intestinal absorption and subsequent interaction
with target tissues. During the digestion process, food components are transformed as
a consequence of a variety of digestive enzymes, variance in the pH values, and other
physical and biochemical aspects. However, the bioavailability of the active compounds
is generally neglected in the vast majority of the in vitro studies. Our previous study
identified V. opulus fruit juice as a rich source of phenolic compounds, with the highest
content of chlorogenic acid, followed by flavanols and anthocyanins [10]. To the best of
our knowledge, only one report concerns the effect of the in-vitro-simulated digestion
process on phenolic compounds’ stability and the antioxidant activity of methanolic and
aqueous V. opulus fruit extracts [19]. The results showed that phenolic compounds were
negatively influenced by in vitro simulation of human digestion because total phenolics
decreased by 63.23% and 40.60% for the methanolic and aqueous extract, respectively. The
potential bioavailability index (ratio of amounts of phenolics in serum available fraction
to the phenolic content in undigested sample) was estimated as 36.77–59.40% for total
phenolics and 38.90–56.40% for chlorogenic acid (a major metabolite of V. opulus fruit),
depending on the type of extract. Moreover, the cited studies showed lower free radical
scavenging capacity and metal reducing capacity of serum available and colon available
fractions than undigested extract.

Therefore, the use of plant extracts as well as isolated bioactive compounds previously
subjected to digestion in cell-based research is justified. Thus far, some studies have con-
firmed the effect of bioactive phytocompounds after the in vitro digestion process on their
biological activity determined in cell models. Stanisavljević et al. showed that chokeberry
juice digested in the presence of the food matrix markedly reduced the proliferative rate
of Caco-2 cells [20]. Similarly, the digested extract of cooked purple potatoes retained
the ability to reduce Caco-2 cell proliferation, although to a lesser extent compared to the
extract without digestion [21]. In contrast, Gutiérrez-Grijalva et al. observed an increase in
cellular antioxidant activity in Caco-2 cells of oregano polyphenols after gastrointestinal di-
gestion [22]. Thus, the aim of this study was to determine the changes in hydroxycinnamic
acid content as the main phenolic component of V. opulus juice during in-vitro-simulated
mouth and gastrointestinal digestion of fresh juice (DFJ) and phenolic-rich juice (DPJ). As
a cellular model for biological study, different types of cells were chosen, whose activity
may be influenced by the bioavailable fraction of extracts obtained after their digestion and
absorption, i.e., myoblasts (L6 cell line), hepatocytes (HepG2 cell line), insulinoma β cells
(MIN6 cell line), and adipocytes (3T3-L1 cell line). These cellular models are commonly
used in studies exploring the regulation of lipids and carbohydrate metabolism. Therefore,
the research especially focused on the influence of digested and absorbed fractions of
V. opulus preparations on cellular glucose uptake and lipid metabolism by L6 and HepG2
cells, the adipogenesis and secretion of pro-inflammatory cytokines by 3T3-L1 cells, as well
as insulin secretion by MIN6 cells. To the best of our knowledge, this is the first study
demonstrating the cell-based in vitro activity of V. opulus juice after digestion treatment,
which additionally compares the effect of the digestion process on selected cellular effects.

2. Results
2.1. The Influence of In-Vitro-Digested V. opulus Juice Samples on Metabolic Activity of Cells

Previous studies revealing the biological potential of V. opulus preparations on metabolic
activity allowed the determination of the maximum concentration without cytotoxic ef-
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fect (IC0) on the metabolic activity of various types of cell lines, i.e., MIN6, 3T3-L1, and
HepG2 [10,15–17]. Based on the previous results, the fresh juice (FJ) at a concentration of
100 µg of dry weight of juice/mL, and purified juice (PJ) at 25 µg/mL, were used as the
reference values to compare the biological effects of the corresponding digested prepara-
tions. The influence of bioavailable fractions that had passed through the semipermeable
membrane during in vitro intestinal digestion of V. opulus for both juices was estimated at
a concentration of 50 µg/mL for digested fresh juice (DFJ) and 12.5 µg/mL for digested
purified juice (DPJ). The use of two-times-lower doses for digested samples resulted from
the purification process of DFJ and DPJ, which caused a two-times reduction in their
volume compared to undigested samples. As presented in Figure 1A,B, all of the tested
V. opulus samples had no effect on the cell metabolic activity of HepG2 and L6 cells. Because
the digested food reached the intestinal epithelium as the first target organ, the effect of
samples on Caco-2 cells’ metabolic activity was additionally studied (Figure 1C).
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Figure 1. The influence of V. opulus samples on HepG2 (A), L6 (B), and Caco-2 (C) cells’ metabolic activity after 24 h
exposure of fresh juice (FJ), purified juice (PJ), and bioavailable fractions after digestion process (DFJ, DPJ) at non-cytotoxic
concentration (IC0); control cells were not exposed to any compound except vehicle; values are means ± standard deviations
from at least five independent experiments, n ≥ 9; statistical significance was calculated versus control cells (untreated).

2.2. The Effect of Digested V. opulus Juice Samples on Biological Activity of HepG2 Cells

Reactive oxygen species (ROS) locally produced in the hepatic tissue seems to be
involved in the pathogenesis of metabolic disorders [23]. It is well known that chronic free
fatty acid (FFA) elevation leads to steatosis of hepatocytes and is connected to excessive
oxidative stress [24]. Therefore, the influence of phenolic compounds obtained from
digested bioavailable fractions of V. opulus juices (DFJ and DPJ) on the cellular antioxidant
activity using a DCF probe and cellular FFA uptake (TF2-C12 analogue) was determined.
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Hepatoma cells’ pre-incubation with FJ and PJ at IC0 decreased the intracellular
ROS level by 10% for FJ and 25% for PJ compared to the control cells treated with the
vehicle only (Figure 2A). The digestive process resulted in the loss of antioxidant activity
by DFJ. On the other hand, DPJ lowered the cellular oxidative stress by nearly 10%.
Nevertheless, PJ decreased the intracellular ROS level by almost 25% and it was the
most effective antioxidant.
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Figure 2. The effect of V. opulus juice samples on intracellular ROS generation (A) and on fatty acid analogue TF2-C12 uptake
(B) in HepG2 cells after 24 h incubation with fresh juice (FJ), digested fresh juice (DFJ), purified juice (PJ), and digested
purified juice (DPJ); for positive control for ROS generation, 500 µM tert-BOOH was used; values are means ± standard
deviations from at least five independent experiments, n ≥ 9; statistical significance was calculated versus control cells
(untreated), * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Cellular uptake of TF2-C12 analogue visualized under a fluorescent
microscope (200× magnification) (C).

The lower activity of V. opulus juice samples obtained after digestion was also observed
in a further study. As shown in Figure 2B, the level of fluorescent free fatty acid analogue
TF2-C12 incorporated in the presence of PJ was decreased by 25%, whereas DPJ lowered
fluorescence by 12%. Although HepG2 cells’ treatment with FJ reduced FFA uptake by 5%,
DFJ had no effect in this regard.

To evaluate the cytoprotective potential of digested V. opulus juice samples against
steatosis, HepG2 cells were co-incubated with IC0 concentration of samples in the presence
of a non-cytotoxic concentration (300 µM) of oleic acid (OA) or/and palmitic acid (PA) for
24 h. Due to the fact that high levels of free fatty acids, especially palmitic acid, under
steatosis conditions lead to insulin resistance and glucose uptake disturbance [25,26], in
this research, glucose analogue uptake (2-NBDG) was also evaluated (Figure 3).

As presented in Figure 3A, fatty acid treatment led to a significant increase in the
intracellular formation of lipid droplets, and PA and OA + PA treatment resulted in
decreased uptake of glucose analogue (Figure 3B). In this study, HepG2 cells were treated
with digested purified juice (DPJ) and simultaneously with purified juice (PJ) without
digestion treatment, which allowed a direct comparison of the digestion effect on the
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biological activity. Compared to PJ, the DPJ decreased its inhibitory potential on lipid
accumulation by 10–15% (even 25% for OA + PA). The simultaneously observed decrease in
lipid accumulation in PJ-treated cells was in agreement with previously published data by
the authors (lipid accumulation decrease by 24–44% in comparison to FFA-treated cells) [17].
These data were confirmed by microscopic observations—in Figure 3C, it can be observed
that there was a reduction in the number of lipid droplets formed in FFA-treated cells after
PJ and DPJ co-incubation. Our previously published research showed that HepG2 cells’
co-incubation with PJ led to a significant decrease in lipid accumulation (by 30%, 25%, and
45% for OA, PA, and OA + PA, respectively) and enhanced 2-NBDglucose uptake (by 16%
for incubation itself and for OA co-incubation, 25% for PA and OA + PA, respectively) [17].
Additionally, the fluorescent signal for 2-NBDG uptake was enhanced in cells after PJ and
DPJ treatment in the presence of OA + PA (Figure 3D).
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Figure 3. The influence of V. opulus fresh juice (FJ), digested fresh juice (DFJ), purified juice (PJ), and digested purified
juice (DPJ) on the accumulation of lipid droplets (A) and the effect on fluorescent glucose analog 2-NBDG uptake (B) in
HepG2 cells after 24 h co-incubation with 300 µM oleic acid and/or palmitic acid; control cells were not exposed to any
compound except vehicle; values are means ± standard deviations from at least five independent experiments, n ≥ 9;
statistical significance was calculated versus control cells (untreated), * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and versus positive
cells (treated with fatty acids), # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001. Cells visualized under fluorescent microscope at 200×
magnification with FITC filter after Nile Red staining (C) and after 2-NBDG uptake (D).

2.3. The Effect of Digested V. opulus Juice Samples on Biological Activity of L6 Cells

Enhanced lipolysis resulting from adipocyte dysfunction causes muscle lipid accu-
mulation under the condition of insulin resistance. Therefore, in this study, we decided
to evaluate the biological effect of undigested and digested V. opulus juice samples on rat
skeletal muscle L6 cells (Figure 4).
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TF2-C12 uptake (B) in L6 cells after incubation with fresh juice (FJ), digested fresh juice (DFJ), purified juice (PJ), and
digested purified juice (DPJ) after 24 h incubation; for positive control for ROS generation, 500 µM tert-BOOH was used;
values are means ± standard deviations from at least five independent experiments, n ≥ 9; statistical significance was
calculated versus control cells (untreated), * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Cellular uptake of TF2-C12 analogue
visualized under a fluorescent microscope (200× magnification) (C).

Conducted studies using the fluorescent DCF probe showed that FJ decreased the in-
tracellular ROS level by almost 10% (Figure 4A), which is comparable to activity previously
observed [10,15–17]. The purification process of V. opulus juice resulted in a significant
increase in cellular antioxidant activity in L6 cells, where ROS production was decreased
by 37% compared to control cells. Moreover, this activity was still noticeable after the
digestion process—DPJ treatment decreased the intracellular ROS level by 20%. Compara-
ble potential was also observed for FFA analogue uptake (Figure 4B), where PJ and DPJ
decreased the fluorescent signal by 15% and 5%, respectively. Microscopic observation
confirmed the obtained data (Figure 4C).

Figure 5A presents results proving that V. opulus PJ has significant activity in de-
creasing lipid accumulation in FFA-induced steatosis conditions. Treatment of L6 cells
with PJ decreased lipid accumulation by 30%, 20%, and 28% for OA, PA, and OA + PA
co-incubation, respectively. DPJ also lowered the rate of lipid accumulation by 15%, 6%,
and 18% (compared to FFA-treated cells as a positive control). In Figure 5C, it can be
observed that there was lowered fluorescence generated from lipid droplets after cells’ PJ
and DPJ treatment in the case of OA + PA co-incubation. The drastic elevation of free fatty
acids during steatosis of cells is accompanied by a strong reduction in glucose uptake in
skeletal muscle cells [27]. Therefore, the effect of V. opulus juice samples on 2-NBDglucose
analogue uptake in L6 under increased levels of OA and/or PA was evaluated. All of the
tested V. opulus juice samples showed an ability to increase 2-NBDG uptake (Figure 5B).
The strongest enhancing effect revealed PJ, which elevated 2-NBDG uptake by nearly 30%
in comparison to untreated cells. The FJ and DPJ increased fluorescence by 10%; therefore,
the effect was lower than for PJ. It is worth noting that palmitic acid treatment (PA and
OA + PA) resulted in a decrease in 2-NBDglucose analogue uptake by 10% compared to
control cells. This effect was unnoticeable for cells treated with OA despite its higher
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influence on lipid accumulation than PA. This result confirmed that saturated palmitic
acid is a higher insulin resistance inducer than unsaturated fatty acids [28,29], which also
is in agreement with previously published results for HepG2 cells [17]. It needs to be
emphasized that tested V. opulus juice samples enhanced 2-NBDglucose analogue uptake
in cells treated with PA and OA+PA by 10–30%, which was also confirmed by microscopic
observation (Figure 5C). Potential to enhance glucose analogue uptake by L6 cells was also
observed after treatment with DFJ (by 10% for OA + PA).
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Figure 5. The influence of V. opulus fresh juice (FJ), digested fresh juice (DFJ), purified juice (PJ), and digested purified juice
(DPJ) on the accumulation of lipid droplets (A) and the effect on fluorescent glucose analog 2-NBDG uptake (B) in L6 cells
after 24 h co-incubation of cells with oleic acid (100 µM) and/or palmitic acid (75 µM); control cells were not exposed to
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statistical significance was calculated versus control cells (untreated), * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and versus positive
cells (treated with fatty acids), # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001. Cells visualized under fluorescent microscope at 200×
magnification with FITC filter after Nile Red staining (C) and after 2-NBDG uptake (D).

2.4. The Effect of Digested V. opulus Juice Samples on Insulin Secretion of MIN6 Cells

Taking into account that the pancreas is involved in glucose and lipid metabolism
regulation, the influence of digested V. opulus juice samples on the mouse insulinoma
MIN6 line was determined. As presented in Figure 6A,B, V. opulus FJ at a noncytotoxic
concentration decreased intracellular oxidative stress in MIN6 cells. Purified juice (PJ)
was the most effective and reduced the ROS level by almost 25% in comparison to the
control cells. Surprisingly, the digestion process deprived the preparation of the antioxidant
activity in the studied cellular model. Whereas DFJ had no effect on the ROS level, the DPJ
increased oxidative stress by at least 5%. Additionally, it was confirmed that PJ stimulated
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free fatty acid uptake by 7%, which can further lead to increased lipid accumulation
and metabolism deregulation in β-cells (Figure 6C). In this regard, the digestion process
revealed a protective effect on DPJ potential—after MIN6 cells’ incubation with the FFA,
the fluorescent analogue accumulation level was comparable to the control cells.
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Figure 6. The influence of V. opulus samples on MIN6 cells’ metabolic activity after 24 h exposure of fresh juice (FJ), digested
fresh juice (DFJ), purified juice (PJ), and digested purified juice (DPJ) at non-cytotoxic concentration (IC0) (A); intracellular
ROS generation (B); fatty acid analogue TF2-C12 uptake (C); insulin secretion by cells in low (open bars) or high (closed
bars) glucose conditions (D). Control cells were not exposed to any compound except vehicle; values are means ± standard
deviations from at least three independent experiments, n ≥ 9; statistical significance was calculated versus control cells
(untreated), for low glucose (*) or high glucose (#); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001; ; # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001.

The MIN6 cell line displays characteristics of pancreatic β-cells insulin secretion in
response to glucose [16]. Therefore, the effect of V. opulus undigested and digested juices
on glucose stimulated insulin secretion (GSIS) was determined. As presented in Figure 6D,
the exposure of MIN6 to 20 mM glucose enhanced insulin secretion by almost 50%. All
studied V. opulus samples had an inhibitory effect on GSIS, reducing the insulin level by
35–60% in comparison to high-glucose-treated cells. PJ was a stronger reducer of GSIS than
FJ. On the other hand, DPJ had a 10% lower negative effect on insulin secretion than PJ.
At a low-glucose concentration (2 mM), all samples showed increased insulin secretion by
10–20% and FJ was the strongest activator of this process.

2.5. The Effect of Digested V. opulus Juice Samples on Adipogenesis of 3T3-L1 Cells

Because adipocytes play a role in energy homeostasis and insulin sensitivity via
adipogenesis and secretion of adipocytokines, next, the influence of digested V. opulus juice
samples was studied on the mouse 3T3-L1 preadipocytes. The adipogenesis process is
connected to the differentiation of preadipocytes to mature adipocytes. As a result, the
formation of lipid droplets within the cells occurs. As presented in Figure 7A,B, the PJ
and DPJ at IC0 significantly reduced the accumulation of lipid droplets compared to the
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control cells by at least 20%. These data were confirmed by microscopic observation of
cells with fluorescence dye that accumulates in lipid droplets (Figure 7C). Both FJ and DFJ
also decreased the fluorescence level in adipocytes; however, the observed effect did not
exceed 10%.
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Figure 7. The influence of V. opulus fresh juice (FJ), digested fresh juice (DFJ), purified juice (PJ), and digested purified
juice (DPJ) at non-cytotoxic concentration (IC0) on differentiated 3T3-L1 cells’ metabolic activity after 7-day incubation
(A); the accumulation of lipid droplets (B); control cells were not exposed to any compound except vehicle; values are
means ± standard deviations from at least three independent experiments, n ≥ 9; statistical significance was calculated
versus control cells (untreated), * p ≤ 0.05, ** p ≤ 0.01. Cells visualized under fluorescent microscope at 200× magnification
with FITC filter after Nile red staining (C).

The enlargement of adipocytes generates an elevation in ROS production and stim-
ulates the secretion of inflammatory cytokines related to obesity and insulin resistance.
Figure 8A shows that all V. opulus juice samples reduced intracellular ROS production
in differentiated adipocytes. Undigested PJ decreased oxidative stress by 20%, while FJ
by 15%. Whereas FJ after the digestion process (DFJ) had potential lower by 5% than the
undigested sample, the DPJ had a comparable effect to PJ. The same samples reduced the
secretion of TNF-α protein to 75–80% (Figure 8B), while no relevant effect was observed for
FJ and DFJ. In contrast, all studied V. opulus juice samples downregulated the secretion of
IL-6 protein to 40–70%. The most intensive reduction was observed for PJ (by 60%) and FJ
(by 20%), whereas the digested samples decreased the IL-6 level to 10–15% in comparable
way (Figure 8C).

2.6. Hydroxycinnamic Profiles of V. opulus Fresh (FJ) and Purified (PJ) Juice before and after In
Vitro Digestion

Both the V. opulus juice samples were subjected to an in vitro digestion procedure
designed to simulate in vivo digestion. The contents of individual hydroxycinnamic acids
in both undigested and digested juices are shown in Figure 9 and Table 1. The main
component of both undigested juices was chlorogenic acid (peak 6). It constituted 89.96%
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and 91.31% of the total amounts of hydroxycinnamic acids in FJ and PJ, respectively. As
a result of the three-stage digestion process, its content significantly decreased by 77.17%
and as much as 96.14% in the case of FJ and PJ, respectively. It should be noted that the
total content of hydroxycinnamic acids in DFJ was 31.65% lower than in the undigestible
sample. For comparison, the total content of this group of phenolic acids after PJ digestion
decreased by 87.60%. The loss of chlorogenic acid content resulted in a significant increase
in the content of its isomers, such as neochlorogenic acid (peak 2) and cryptochlorogenic
acid (peak 7). For example, the concentration of neochlorogenic acid increased from 0.007
to 1.444 mg/g and cryptochlorogenic acid from 0.004 to 1.122 mg/g due to digestion of FJ.
In the case of PJ, the changes in content were from 0.215 to 24.024 mg/g and from 0.484
to 27.493 mg/g for neochlorogenic and cryptochlorogenic acid, respectively. Moreover,
the digestion process of FJ and also PJ resulted in complete degradation of the three and
two caffeoylquinic acid derivatives, respectively. On the other hand, the appearance of a
new derivative with the negative molecular ion [M − H]− equal to 353 m/z (peak 1) in
DFJ was noted. The OUT fraction, representing bioavailable hydroxycinnamic acids, was
characterized by a higher content of all identified compounds than the IN fraction (colon
available). Their total content in the OUT fraction was 62.14% higher than in the IN fraction
in the case of FJ and 4.5 times higher for the PJ.
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Figure 8. The influence of V. opulus fresh juice (FJ), digested fresh juice (DFJ), purified juice (PJ), and digested purified
juice (DPJ) at non-cytotoxic concentration (IC0) on intracellular ROS generation in differentiated 3T3-L1 cells after 7-day
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Table 1. Quantification of individual hydroxycinnamic acids (mg/g undigested sample) in V. opulus fresh juice (FJ) and
purified juice (PJ) before and after in vitro digestion.

Peak Compound lmax
[M − H]−

(m/z)
Sample

Undigested OUT Fraction IN Fraction

Fresh juice (FJ)

1 Caffeoylquinic acid
derivative I 1 337 353 n.d. 0.021 ± 0.008 n.d.

2 Neochlorogenic acid 323 353 0.007 ± 0.001 0.862 ± 0.067 0.582 ± 0.007

3 Caffeoylquinic acid
derivative II 1 323 707 0.015 ± 0.000 n.d. n.d.

4 Caffeoylquinic acid
derivative III 1 323 707 0.024 ± 0.002 n.d. n.d.

5 Caffeoylquinic acid
derivative IV 1 325 707 0.017 ± 0.001 0.173 ± 0.010 0.122 ± 0.015

6 Chlorogenic acid 324 353/707 8.039 ± 0.147 1.222 ± 0.129 0.612 ± 0.018
7 Cryptochlorogenic acid 325 353 0.004 ± 0.000 0.687 ± 0.087 0.435 ± 0.009

8 Caffeoylquinic acid
derivative V 1 325 705 n.d. 0.195 ± 0.059 0.091 ± 0.001

9 Caffeoylquinic acid
derivative VI 1 319 705 n.d. 0.166 ± 0.048 0.064 ± 0.001

10 Caffeoylquinic acid 313 353 0.745 ± 0.001 0.126 ± 0.049 n.d.
11 NI 323 531 0.017 ± 0.001 0.348 ± 0.059 0.259 ± 0.011

12 Caffeoylquinic acid
derivative VII 1 321 705 0.034 ± 0.000 n.d. n.d.

13 Caffeoylquinic acid
derivative VIII 1 320 705 0.034 ± 0.000 0.178 ± 0.038 0.165 ± 0.012

Purified juice (PJ)

1 Caffeoylquinic acid
derivative I 1 337 353 n.d. 0.859 ± 0.050 0.070 ± 0.001

2 Neochlorogenic acid 322 353 0.215 ± 0.019 19.883 ± 0.295 4.141 ± 0.014

3 Caffeoylquinic acid
derivative II 1 323 707 1.289 ± 0.058 n.d. n.d.

4 Caffeoylquinic acid
derivative III 1 323 707 1.051 ± 0.008 n.d. n.d.

5 Caffeoylquinic acid
derivative IV 1 323 707 1.220 ± 0.020 1.367 ± 0.148 0.256 ± 0.002

6 Chlorogenic acid 318 353/707 645.492 ± 1.984 21.610 ± 0.040 3.330 ± 0.072
7 Cryptochlorogenic acid 323 353 0.484 ± 0.023 21.591 ± 0.072 5.902 ± 0.121
8 Caffeoylquinic acid 1 313 353/707 44.344 ± 0.176 2.019 ± 0.467 0.328 ± 0.088

9 Caffeoylquinic acid
derivative V 1 325 705 3.306 ± 0.014 0.630 ± 0.065 0.324 ± 0.039

10 Caffeoylquinic acid
derivative VI 1 325 705 3.268 ± 0.010 0.839 ± 0.067 0.766 ± 0.034

11 Feruloylquinic acid I 1 325 367 5.722 ± 0.021 1.387 ± 0.003 0.671 ± 0.064
12 Feruloylquinic acid II 1 304 367 0.528 ± 0.005 1.716 ± 0.266 n.d.

NI—not identified; n.d.—not detected; 1—equivalents of chlorogenic acid; results are expressed as a mean ± standard deviation (n = 3).

3. Discussion

There are many scientific reports indicating the positive health influence of phenolic
compounds isolated from selected edible or nonedible plants [30,31]. This potential is
attributed to phenolics’ high antioxidant activity, the ability to restrain steatosis and the
expression of lipogenic proteins, as well as improvement of glucose uptake and reduction
of insulin resistance, among others [17,32–35]. On the other hand, there are few reports of
the above-mentioned in vitro activities observed for plant preparations rich in phenolic
compounds after the digestion process. In the presented study, the influence of digestion
of V. opulus juice samples on biological activity was evaluated. The direct comparison
was performed between fresh juice (FJ) and purified juice (PJ) and their corresponding
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bioavailable fractions (DFJ and DPJ) obtained after tree-step static in vitro digestion. The
phenolic composition of FJ and PJ described in the previous article included hydroxycin-
namic acids, flavanols, anthocyanins, and flavonols [10]. The percentage of these groups
in the total content of phenolic compounds in FJ was 77.50%, 19.52%, 2.62%, and 0.37%,
respectively. For comparison, hydroxycinnamic acids accounted for 80.46%, flavanols
16.30%, anthocyanins 2.92%, and flavonols 0.37% of the total phenolics in PJ. The current
results show the significant influence of the digestion process on the transformation of
hydroxycinnamic acids—the dominant phenolic components of the tested samples ob-
tained from V. opulus fresh fruits (Table 1). The total contents of hydroxycinnamic acids in
DFJ and DPJ were 31.65% and 87.60% lower, respectively, than in the undigestible sample.
Moreover, chlorogenic acid content significantly decreased by 77.17% and as much as
96.14% during digestion of FJ and PJ, respectively. On the other hand, the loss of chloro-
genic acid content resulted in a significant increase in the content of neochlorogenic acid
and cryptochlorogenic acid. Other authors have also suggested the biotransformation of
parental phenolic compounds in undigested plant material during the digestive process in
the gastrointestinal tract, mainly due to changes in pH at each digestive phase and, to a
lesser extent, by the action of digestive enzymes [22,36,37]. Moreover, the lower losses of
hydroxycinnamic acids in the case of FJ digestion compared to PJ indicate the protective
effect of other FJ components (removed during juice purification by SPE) towards phenolic
compounds. The influence of the composition of the food matrix on the stability of phenolic
compounds during simulated digestion was also shown by other studies [20,38,39]. An
application of the dialysis membrane during the pancreatin–bile digestion showed that
dialyzed hydroxycinnamic acids, which are described as a bioavailable fraction, repre-
sented 42.28% and 10.17% of their initial content in FJ and PJ, respectively. This may
suggest a higher contribution of the native forms in the biological activity of FJ, and the
unidentified metabolites in the case of PJ. According to Barak et al., the bioavailability
index of chlorogenic acid was estimated as 38.90–56.40% after digestion of V. opulus fruit
methanolic and aqueous extract [19].

As cellular models, we chose cells that are strongly involved in the regulation of
glucose and lipid homeostasis, such as hepatic HepG2 cells, myoblast L6 cells, insulin
secreting β-cells MIN6, and adipocytes 3T3-L1. The presented study indicated that in
HepG2, L6, and 3T3-L1 cells, FJ and PJ from V. opulus fruit decreased intracellular oxidative
stress. The preparation treated with the digestion process revealed antioxidant potential
lower than the undigested samples. Some authors also indicated that the hepatic cellu-
lar antioxidant activity of the extract decreased after digestion, which is correlated with
decreased amounts of phenolic compounds [40]. Jiao et al. demonstrated that blueberry
phenolic compounds after in-vitro-simulated gastrointestinal digestion still had antioxidant
activity against HepG2 cells, but it was 75% lower. Furthermore, among the identified
phenolic compounds in the samples after gastrointestinal digestion, the authors identified
chlorogenic acid, neochlorogenic acid, and a number of quercetin derivatives [41]. These
phenolic acids have been also identified in tested V. opulus juice samples. Other in vitro
studies suggested that hydroxycinnamic acids may constitute the main group of antioxi-
dants in plant-origin food. These compounds are absorbed in the alimentary tract, with
significant antioxidant properties [42]. It is worth noting that in the digested V. opulus juice
samples, the abundant phenolic group was still hydroxycinnamic acids. In the presented
study, usually, the highest biological effect was observed for PJ. The observed dependencies
were the result of a 80-fold increase in the content of phenolic compounds after the FJ
purification process on the Sep-Pak C18 column to PJ, which was described in previous
research [10,15,16]. The digestion process lowered FJ and PJ activity. Nevertheless, research
on V. opulus juice samples after the in vitro digestion process confirmed the bioactivity and
availability of PJ. These features had a positive impact on the inhibition of induced steatosis
of HepG2 hepatic cells, which was accompanied by lowered intracellular oxidative stress
and improved glucose uptake. It is worth noting that in the literature, there are not many
reports indicating the cytoprotective effects of digested plant extracts on FFA-induced
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steatosis conditions, and this is the first in vitro study demonstrating the positive effects of
digested V. opulus juice rich in hydroxycinnamic acids in metabolic dysregulation in HepG2
cells. Yao et al. showed that digested buckwheat rich in transported hydroxycinnamic acids
in Caco-2/HepG2 coculture models had lipase inhibitory activity, and reduced the levels
of triglycerides, low-density lipoprotein cholesterol, and total cholesterol [43]. This paper
also confirmed the bioavailability and lipid-lowering effects of plant-originated phenolic
compounds, especially hydroxycinnamic acids. Moreover, hydroxycinnamic acids were
not only effective in the reduction of lipid accumulation but also upregulated the glucose
transporter 4 (GLUT4) expression and glucose uptake [44], which is in agreement with
observed enhanced 2-NBDG analogue uptake by HepG2 treated with PJ and DPJ.

Analyzing the phenolic composition of the digested V. opulus juice samples, it can
be speculated that chlorogenic acid (5-O-caffeoylquinic acid—5-CQA) and its isomers—
neochlorogenic (3-CQA) and cryptochlorogenic acids (4-CQA)—were responsible for the
presented activities. Chlorogenic acid itself is relatively stable in the stomach at low pH in
humans and is hydrolyzed in the lower sections of the alimentary tract to caffeic and quinic
acids [45]. Nevertheless, chlorogenic acid can be absorbed intact from the small intestine
and demonstrates biological activities [46]. It needs to be emphasized that 5-CQA is
isomerized during in vitro digestion to 3-CQA and 4-CQA, as has been indicated by many
reports [47–49] also for digested chokeberry juice rich in 5-CQA, 3-CQA, anthocyanins,
and flavonols [50]. Furthermore, higher content of 5-CQA after the digestion process of
chokeberry juice and lower 3-CQA content were indicated [50]. Our results demonstrated
the opposite effect, but we can speculate about the isomerization of 5-CQA to 3-CQA with
an accompanying higher content of 4-CQA. Similarly, Bouayed et al., in juice from apple,
observed the degradation of chlorogenic acid in the comparatively alkaline pH of the
small intestine with its isomerization to neochlorogenic and cryptochlorogenic acids [51].
Due to the fact that 5-CQA conversion to 3-CQA and 4-CQA was also identified in rat
hepatocytes and in human serum after consumption of apple juice [49], we can speculate
that the presented hepatic activities of DPJ resulted from the bioavailability of identified
V. opulus caffeoylquinic acid derivatives.

Lipotoxicity, characterized by the accumulation of ectopic lipids in skeletal muscle,
is a major factor in the etiologies of FFA-induced insulin resistance, type 2 diabetes, and
other metabolic dysfunction in skeletal muscle [27]. There is an increasing demand for
compounds, including drugs and functional foods, that can prevent myocellular insulin re-
sistance. Additionally, the free fatty acid oversupply resulting from lipoprotein lipase in the
liver, as well as enhanced FFA transport into cells under the condition of insulin resistance,
consequently lead to reduced mitochondrial muscle FFA oxidation, excess lipid accumula-
tion in the cytosol, enhanced oxidative stress, and mitochondrial-induced apoptosis [24,28].
In the presented study, it was confirmed that V. opulus phenolics, especially the bioavailable
fraction of DPJ, protected L6 myoblast cells against lipid accumulation and damage caused
by ROS elevation. Some reports indicated that phenolic compounds from plant extracts
have strong antioxidant activity in skeletal muscle cells [52–54], with enhanced glucose
uptake and lowered FFA-induced lipid accumulation [55]. However, this is the first study
identifying V. opulus phenolic compounds as cytoprotective agents against lipotoxicity
induced by FFA in skeletal muscle cells. Ho et al. showed that cyanidin-3-O-glucoside,
cyanidin-3-O-sambubioside, procyanidin B2, procyanidin C1, and some hydroxycinnamic
acid derivatives extracted from elderberry had strong antioxidant activity and the ability
to decrease oleic acid uptake, and they significantly increased glucose uptake by human
skeletal muscle cells [52]. This result is in agreement with the presented study for FJ
and PJ, in which we identified the same types of phenolic compounds; therefore, we can
speculate that they may be responsible for the observed activities in L6 cells. Chlorogenic
acid, an abundant phenolic compound in V. opulus juice samples, after the in vitro diges-
tion process, also improved muscle function by regulating mitochondrial function and
cellular energy metabolism [56,57]. Ong et al. showed that, in mice, chlorogenic acid
improved skeletal muscle glucose uptake, which in turn improved the fasting glucose
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level, glucose tolerance, insulin sensitivity, and dyslipidemia [58]. In addition, the same
authors indicated that chlorogenic acid increased glucose transport in skeletal muscle via
AMP-activated protein kinase (AMPK) activation, with enhanced levels of phosphorylated
acetyl-CoA carboxylase (pACC) [59]. Additionally, other research indicates that many
phenolic compounds have the ability to influence the level of proteins involved in lipid
metabolism and the insulin receptor pathway in muscle cells. Chen et al. proved that
berberine improved FFA-induced insulin resistance in L6 myotubes through the inhibition
of peroxisome proliferator-activated receptor gamma (PPARγ, regulator of FFA uptake
and promotor of adipogenesis) and fatty acid transferase (FAT/CD36) [55]. Deng et al.
showed that polyphenols suppressed PA-induced insulin resistance in C2C12 mouse skele-
tal muscle cells by enhanced phosphorylation of insulin receptor and increased levels of
pACC with activation of AMPK via phosphorylation [60]. It is worth mentioning that a
previous study indicated V. opulus juice phenolic compounds as inhibitors of PPARγ in
3T3L1 cells [10]. A study on HepG2 also showed enhanced pAMPK and pACC levels with
increased levels of p-IRS induced by V. opulus phenolic compounds [17]. These results
complement each other and lead to a conclusion that the cytoprotective activity of V. opulus
juice in L6 cells against FFA-induced steatosis may be the reason for some of the molecular
mechanisms involving the AMPK pathway or other protein factors involved in lipid and
glucose metabolism. To prove this hypothesis, additional studies on protein expression
must be performed in future research.

The effect of the digestion process of V. opulus fruit juice samples on adipogenesis
regulation in 3T3-L1 cells was also studied. As shown previously, V. opulus phenolic com-
pounds were able to decrease the differentiation of mouse preadipocytes [9,10], which
was followed by the reduction of the activity and protein level of PPARγ nuclear receptor
regulating the expression of proteins involved in lipid metabolism. In the observed pro-
cess, other molecular regulators of preadipocyte differentiation may be involved, such as
C/EBP or SRBP-1c proteins. Nevertheless, the decrease in cellular lipid accumulation was
followed by a reduction in ROS generation, which in turn downregulated the secretion of
proinflammatory molecules IL-6 and TNF-α. The sustained anti-inflammatory activity of
digested V. opulus juice samples (DFJ, DPJ) may be correlated with the presence of chloro-
genic acid, which has been demonstrated as a reducer of the cellular release of TNF-α,
IL-1, and IL-6 cytokine [61]. Increased levels of both factors, IL-6 and TNF-α, have been
diagnosed in people with obesity and osteopenia [62]. The reduction of the secretion of
IL-6 and TNF-α by V. opulus juice was observed in Saos-2 cells, therefore showing that
the juice may be important not only for the metabolism of bone tissue but also may delay
its demineralization resulting from obesity [63]. Despite the observed positive, or at least
neutral, effects of the digestion process on V. opulus fruit juice’s biological activity, there
was one negative aspect determined. Previously, it was shown that V. opulus juice might
induce MIN6 cells’ functional failure through the increase of ROS generation, FFA uptake,
and, finally, the reduction of GSIS [16]. These results suggested that V. opulus juice could
be involved in insulin resistance development and hyperglycemia elevation. Here, it was
demonstrated that the digestion process of V. opulus juice had no protective effect on MIN6
cells’ functionality in regard to the studied activities; therefore, pancreas damage may be
caused by its elevated consumption.

4. Materials and Methods
4.1. Chemicals and Reagents

Reference phenolic compounds (chlorogenic acid, neochlorogenic acid, and cryp-
tochlorogenic acid) were obtained from Phytolab (Vestenbergsgreuth, Germany). Pancre-
atin from porcine pancreas (P1625), α-amylase from porcine pancreas (A3176-1Mu), pepsin
from porcine gastric mucosa (P6887), mucin from porcine stomach (M2378), and bile from
bovine and ovine (B8381) were provided by Sigma-Aldrich (Steinheim, Germany). All other
reagents used in our study, if not stated otherwise, were also obtained from Sigma-Aldrich.
All cell culture reagents were obtained from Life Technologies (Carlsbad, CA, USA). Tissue
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culture plastics were supplied by Greiner Bio-One GmbH (Frickenhausen, Austria). All the
experimental measurements, if not stated otherwise, were performed using the Synergy 2
BioTekMicroplate Reader (BioTek, Winooski, VT, USA).

4.2. Preparation of V. opulus Samples

Fresh V. opulus L. fruits were obtained from Rogów Arboretum, Warsaw University
of Life Sciences (Rogów, Poland) (account number 18162). The procedure for obtaining
V. opulus fruit juices used in this study is described elsewhere [10]. The fresh juice (FJ)
was obtained as a result of centrifugation (5000 rpm for 10 min) of homogenized fresh
fruit. It was determined that 1 mL of FJ preparation contained 100 mg of dry weight. The
purification process of FJ was carried out by solid-phase extraction with C-18 Sep-Pak
cartridge (10 g capacity, Waters Corp., Milford, MA, USA) pre-treated with the application
of methanol and water. FJ phenolic compounds loaded on the columns were eluted with
methanol and, after removing the organic solvent under vacuum, the dry residue was
diluted in water and freeze-dried to afford purified juice (PJ) sample. For biological activity
assays, PJ was dissolved in a phosphate-buffered saline (PBS)/dimethylsulfoxide (DMSO)
(1:1 v/v) mixture at concentration 100 mg/mL.

4.3. Simulated Gastrointestinal Digestion In Vitro

The in-vitro-simulated digestion model consisting of a three-step procedure that
simulated digestion in mouth, stomach, and small intestine was performed on FJ and
aqueous PJ solution (1 mg/mL) as described previously [38,64] with some modifications.
Briefly, 10 mL of FJ or 10 mL of PJ aqueous solution was adjusted to pH 6.8 (1 M NaHCO3)
and mixed with 10 mg of mucin and 20 mg of α-amylase. The mixture was incubated for
5 min in a shaking water bath at 37 ◦C. For the gastric digestion step, the pH value of the
mixture was adjusted to 2 with 6 M HCl and 2 mg of pepsin was added, and then it was
incubated for 2 h in the shaking water bath at 37 ◦C. For the small intestinal procedure,
after adjusting the pH of the gastric digesta to 7.5 (1 M NaHCO3), 4.5 mL of pancreatin
and bile salts mixture (4 mg/mL pancreatin and 25 mg/mL bile salts) was added, and the
mixture was placed in a dialysis tube (molecular mass cut-off 12 kDa). Next, this cellulose
dialysis tube was placed in a 150 mL glass beaker filled with 25–30 mL of the phosphate
buffer (pH 7.5) (volume equal to the volume of the digested mixture), and the beaker
was sealed with parafilm. Sample was incubated for 2.5 h in the shaking water bath at
37 ◦C. The dialysis tube content was considered the part of digesta that reach the colon
(IN fraction), whereas the OUT fraction (phosphate buffer fraction), which contained the
compounds capable of crossing the membrane, was considered the bioavailable fraction of
the V. opulus juices. To ensure the inactivation of the enzymes, both fractions were heated
in 78 ◦C for 10 min [65]. After this, the entire volume of IN and OUT fractions was purified
by solid-phase extraction using the Sep-Pak C18 cartridge (10 g capacity, Waters Corp.,
Milford, MA, USA) [39]. Phenolic compounds were bound to the C18 cartridge, while
sugars and other polar compounds were removed with water (60 mL). Then, phenolic
compounds were eluted with methanol (60 mL). After methanol removal under reduced
pressure (T < 40 ◦C), solid residue was dissolved in 5 mL of water and used for further
analysis. The bioavailable fractions, called digested fresh juice (DFJ) and purified digested
juice (PDJ), were used in the biological study.

4.4. Identification and Quantification of Phenolic Compounds by UPLC–PDA-Q/TOF-MS

The V. opulus FJ and PJ before and after digestion process were analyzed for the
composition of hydroxycinnamic acids using the Acquity ultraperformance liquid chro-
matography (UPLC) system coupled with a quadruple-time of flight mass spectrometry
(Q/TOF-MS) instrument (Waters Corp., Milford, MA, USA) equipped with an electrospray
ionization (ESI) source as described previously [10]. Separations of individual phenolic
acids were carried out using an Acquity UPLCR HSS T3 C18 column (150 × 2.1 mm, 1.8 µm;
Corp., Milford, MA, USA) at 30 ◦C. The mobile phase was a mixture of 0.1% formic acid
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(A) and acetonitrile (B). The gradient program was as follows: initial conditions 99% (A),
12 min 65% (A), 12.5 min 100% (B), 13.5 min 99% (A). The flow rate was 0.45 mL/min
and the injection volume was 5 µL. The mass spectrometer was operating in the negative
mode for a mass range of 150–1500 Da, fixed source temperature at 100 ◦C, desolvation
temperature 250 ◦C, desolvation gas flow of 600 L/h, cone voltage of 45 V, capillary voltage
of 2.0 kV, collision energy 50 V. Leucine enkephalin was used as a lock mass. The single
phenolic acids were characterized based on the retention times and the accurate molecular
masses. The data obtained from UPLC–MS were analyzed in the Mass-LynxTM V 4.1
software. Phenolic acids were monitored at 320 nm. The PDA spectra were measured over
the wavelength range 200–600 nm. Calibration curves were run for the external standards:
neochlorogenic acid, chlorogenic acid, and cryptochlorogenic acid.

4.5. Cell Culture and Exposure Conditions

Human hepatoma HepG2 cell line was obtained from Leibniz Institute DSMZ—
German Collection of Microorganisms and Cell Cultures (Leibniz, Germany) and grown
in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and antibiotics
(100 U/mL penicillin, 100 µg/mL streptomycin, and 25 µg/mL amphotericin). Rat skeletal
muscle myoblast L6 cell line was supplied by ECACC (Porton Down, UK) and grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose level, 10% fetal bovine
serum (FBS), and antibiotics. The murine-adherent insulinoma MIN6 cells were kindly pro-
vided by Dr Jun-ichi Miyazaki from the Division of Stem Cell Regulation Research, Osaka
University, Japan [66] and grown in DMEM with high glucose level, 10% fetal bovine serum
(FBS), antibiotics, and 50 µM β-mercaptoethanol. Mouse preadipocyte 3T3-L1 cell line was
supplied by ATCC (Manassas, VA, USA). For adipocyte differentiation, a confluent culture
of 3T3-L1 cells was grown for two days in a preadipocyte medium DMEM with 10% calf
serum; then, the cells were stimulated with a differentiation medium with DMEM contain-
ing 10% fetal bovine serum (FBS), 1 µM dexamethasone, 0.5 mM methylisobutylxanthine
(IBMX), and 1 µg/mL insulin for two days. After 48 h of incubation, the differentiation
medium was replaced with DMEM containing 10% FBS and 1 µg/mL insulin. Cell medium
was replaced every second day with the addition of compounds studied. Analyses were
carried out 7 days after differentiation.

All cell culture experiments were performed in a humidified 5% CO2 and 95% at-
mosphere at 37 ◦C. If not stated otherwise, after 24 h of cell seeding, the medium was
changed into serum-free medium and tested V. opulus juice samples were added for an-
other 24 h. For stimulation of steatosis of HepG2 and L6 cells, free fatty acids (oleic and
palmitic acids—OA and PA) were added at concentration of 300 µM for HepG2 cells and at
concentration of 100 µM OA and 75 µM PA for L6 cells. Tested fatty acids were dissolved in
100% methanol at concentration of 100 mM and were further diluted with culture medium.
Tested V. opulus juice preparations were dissolved in 50% DMSO in PBS at concentration of
200 mg/mL and further diluted with culture medium. The highest percentage of methanol
and DMSO did not exceed 0.005% and did not affect the metabolic activity of cells.

All the experimental measurements were performed using the Synergy 2 BioTek
Microplate Reader (BioTek, Winooski, VT, USA). Microscopic observations were performed
using fluorescent microscope Nikon TS100 Eclipse (Nikon, Tokyo, Japan) under 200×
magnification. All cell culture reagents were obtained from Life Technologies (Carlsbad,
CA, USA).

4.6. Cell Viability

Metabolic activity was evaluated with fluorescent measurements with PrestoBlue (Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. Cells were
seeded into 96-well plates at 1 × 104 cells/well density in complete medium and grown
overnight and then incubated in the presence of studied V. opulus juice samples for another
24 h, if not stated otherwise. After this, fluorescent reagent was added for 30 min and
fluorescent signal at F530/590 nm was measured.
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4.7. Detection of Intracellular Reactive Oxygen Species Generation

The effect of V. opulus juice samples on intracellular generation of reactive oxygen
species (ROS) was investigated using dichloro-dihydro-fluorescein diacetate (DCFH-DA)
chemical. Cells were seeded into a 96-well plate at a density of 1 × 104 cells/well overnight.
After 24 h, tested preparations were added and cells were incubated with samples for
another 24 h. After the cells’ treatment with preparations, the cells were washed with
phosphate-buffered saline (PBS) and incubated with 10 µM DCF for 30 min. For positive
control, tert-BOOH (t-BOOH) was used at a concentration of 500 µM. Fluorescent signal at
F485/530 nm was analyzed.

4.8. Determination of Lipid Accumulation and Fatty Acid Uptake

Cells were seeded into 96-well plate at a density of 2 × 104 cells/well and grown to
full confluence for each of experiment (2–3 days). After reaching confluence, cells were
incubated in serum-free medium for 24 h with the V. opulus juice samples or/with the
presence of tested fatty acid. After treatment, cells were washed with cold PBS, fixed in 5%
paraformaldehyde for 30 min, and stained with Nile Red dye at the final concentration of
1 µg/mL for 40 min. The lipid-bound Nile Red fluorescent signal at F485/530 was measured.
In regard to 3T3-L1 cells, the level of lipid accumulation was determined at the 7th day after
adipogenesis induction. Fatty acid uptake was measured using Fatty Acid Uptake Kit (Sigma
Aldrich, Steinheim, Germany). After the cells’ treatment with V. opulus juice preparations,
a fluorescent probe TF2-C12 was added to serum-free medium and the fluorescent signal at
F485/530 nm was measured after 1 h incubation with fluorescent analogue.

4.9. Glucose Uptake

Cells were seeded into 96-well plate at density of 1 × 104 cells/well and incubated for
24 h. Briefly, after 24 h of treatment with V. opulus juice samples or/with tested fatty acids in
serum-free medium, 150 µM of fluorescent glucose analogue 2-NBDG (2-(N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose) was added in glucose- and serum-free medium.
After 2 h of incubation with NBDG, cells were washed twice with serum- and glucose-free
medium and fluorescent signal at F485/530 nm was measured immediately.

4.10. Insulin Secretion

Cells were seeded on 24-well plate at density 2 × 105 cells/well and cultured 48 h
before the experiment. Then, they were pre-incubated for 1 h with buffer (25 mM HEPES,
125 mM NaCl, 6 mM KCl, 1.2 mM MgCl2·6H2O, 1.3 mM CaCl2·2H2O, 2 mM glucose;
pH 7.4). Subsequently, cells were incubated with V. opulus juice samples for 1 h, and
buffer samples were collected. The same cells were incubated for another 1 h with fresh
buffer containing 20 mM glucose tested preparations, and buffer samples were collected.
The insulin secreted in buffers was measured with a Mercodia Mouse Insulin ELISA kit
(Mercodia AB, Uppsala, Sweden) according to the manufacturer’s procedure. To normalize
insulin level, in cell lysates obtained with 0.1% Triton X-100 with PBS, the protein content
was quantified with a Bradford assay.

4.11. Statistical Analysis

Unless stated otherwise, all the biological results are presented as means of 3–6 re-
peated experiments ± SEM. All calculations were evaluated for significance using one-way
ANOVA followed by Dunnett’s test with the GraphPad Prism 6.0 software (GraphPad
Software, Inc., La Jolla, CA, USA). p ≤ 0.05 was considered statistically significant.

5. Conclusions

In this study, we examined the effect of in vitro mouth–gastric–intestine digestion
on the biological activity of phenolic components present in V. opulus fresh juice and
in a phenolic-rich fraction obtained from the juice. The results demonstrated that the
juice matrix is an important factor influencing the stability of hydroxycinnamic acids,
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quantitatively the main phenolic component of the tested samples. Additionally, the
V. opulus digested juices revealed biological potential in all studied cellular models. After
cells’ treatment with the bioavailable juice fractions, the decrease in intracellular oxidative
stress and the lipid accumulation were sustained, and an enhancement in glucose uptake
was observed. The adipogenesis process was downregulated, which was followed by a
reduction in the secretion of inflammatory cytokines. However, all studied juices, with
or without digestion treatment, showed lipotoxic potential against pancreatic beta MIN6
cells, and they decreased the GSIS process. The observed in vitro biological activity clearly
indicates the sustaining of the biological effectiveness of Viburnum opulus juice after its
digestion process. However, due to V. opulus’ cytotoxic potential against pancreatic cells,
its usage as a dietary supplement component in metabolic disorder prevention needs
further evaluation. Future studies should also focus on the activity of the colon available
compounds (IN fraction) after their treatment with gut microbiota.
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