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Combined acid hydrolysis and fermentation
improves bioactivity of citrus flavonoids in vitro and
In VIVO
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Verena Stadlbauer'?, Melanie Wallner® "2, Jakob Woischitzschlager!, Andreas Miiller3, Rolf Tona3,
Daniel Kofel® & Julian Weghuber @ 12>

Many bioactive plant compounds, known as phytochemicals, have the potential to improve
health. Unfortunately, the bioavailability and bioactivity of phytochemicals such as poly-
phenolic flavonoids are reduced due to conjugation with sugar moieties. Here, we combine
acid hydrolysis and tailored fermentation by lactic acid bacteria (Lactiplantibacillus plantarum)
to convert the biologically less active flavonoid glycosides hesperidin and naringin into the
more active aglycones hesperetin and naringenin. Using a comprehensive approach, we
identify the most effective hydrolysis and fermentation conditions to increase the con-
centration of the aglycones in citrus extracts. The higher cellular transport and bioactivity of
the biotransformed citrus extract are also demonstrated in vitro and in vivo. Superior anti-
oxidant, anti-inflammatory and cell migration activities in vitro, as well as intestinal barrier
protecting and antioxidant activities in Drosophila melanogaster are identified. In conclusion,
the presented biotransformation approach improves the bioactivity of flavonoids, clearly
traced back to the increase in aglycone content.
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pounds, known as phytochemicals, have been a major

focus of plant research in recent years!2. For instance,
citrus flavonoids, polyphenolic phytochemicals found in plants of
the Rutaceae family such as sweet oranges (Citrus sinensis), bitter
oranges (Citrus aurantium) or grapefruits (Citrus paradisi) have
been of special interest’>=> due to their anti-inflammatory®>~7 and
antioxidant®> properties. One subclass of flavonoids are flava-
nones with naringin and hesperidin as the most abundant
representatives®. These flavanones naturally occur in their gly-
cosidic form, in which the respective aglycones naringenin and
hesperetin are bound to a sugar moiety that is either a neohe-
speridose (2-O-L-rhamnosyl-D-glucose) or a rutinose (6-O-L-
rhamnosyl-D-glucose)”3?. These sugar moieties prevent an effi-
cient absorption in the small intestine®? and therefore reduce the
bioavailability and bioactivity of flavanones>!®!1. Intact flavo-
noids enter the colon, where they undergo extensive metabolism
by the intestinal microbiota8.

One strategy to improve bioavailability and bioactivity of fla-
vonoids is to increase aglycone levels by deglycosylation!13. A
randomized, double-blind crossover trial with human subjects
could show that enzymatic removal of the sugar moiety from
hesperidin in orange juice changes the site of absorption from
colon to the small intestine, thereby improving flavanone
bioavailability!2. The classical approach for conversion of citrus
flavanones requires the hydrolases o-L-rhamnosidase (EC
3.2.1.40) and B-D-glucosidase (EC 3.2.1.21)°. As shown in Fig. 1,
a-L-rhamnosidase first cleaves terminal L-rhamnose from narir-
utin and naringin (1a) or hesperidin and neohesperidin (1b) and
converts them to naringenin-7-O-glucoside or hesperetin-7-O-
glucoside, respectively. Next, B-D-glucosidase splits off D-glucose
and releases the aglycones naringenin and hesperetin. A sus-
tainable and cost-efficient alternative to enzymes is fermentation,

The health-promoting effects of secondary plant com-

in which molecules are degraded by the enzymatic activities of
microorganisms. Lactic acid bacteria (LAB), especially Lactoba-
cillus species, are of particular interest here, as they catabolize
flavonoids in the human colon8. Many Lactobacillus species, such
as Lactiplantibacillus plantarum (L. plantarum) are generally
recognized as safe by the United States Food and Drug
Administration'# and included to the list of biological agents with
qualified presumption of safety by the European Food Safety
Authorities!?, justifying their use in food and feed. Previous
studies have demonstrated that various Lactobacillus species can
cleave flavanones®1%17, however, the reported conversion took
10 days and the aglycone yield was moderate®.

In the present study, we aimed to accelerate the conversion of
biologically less active flavonoid glycosides into more active
aglycones using a combination of acid hydrolysis and LAB fer-
mentation of citrus extracts. Our purpose was not to develop a
highly specific hydrolysis method, but to establish a bio-
transformation method that can be used in the food and feed
industry as an alternative to commercially available enzymes. In
addition, we wanted to determine whether the biotransformation
of flavonoids changes the bioactivity of the citrus extracts. For this
purpose, we implemented suitable in vitro and in vivo models to
study flavonoid transport and uptake, antioxidant and anti-
inflammatory properties, as well as intestinal barrier integrity.
A requirement for bioactivity is that the substances are available
to the cells. Thus, we first tested the uptake and transport of
flavonoids from our extracts in the human intestinal epithelial cell
line Caco-2. Differentiated Caco-2 cells express tissue-typical cell
membrane and transport proteins and have been established as
in vitro model to study drug absorption!®1°. Since oxidative
stress is a major cause of barrier disruption and inflammation in
the small intestine?0, experiments on oxidative stress and cell
migration were performed in the intestinal cell lines, Caco-2 and
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Fig. 1 Degradation of flavanones by a-L-rhamnosidase and -D-glucosidase. a Narirutin (naringenin-7-O-rutinoside) or naringin (naringenin-7-0O-
neohesperidoside) are converted to naringenin-7-O-glucoside by a-L-rhamnosidase. Next, p-D-glucosidase catalyzes the conversion of naringenin-7-O-
glucoside to naringenin. b Hesperidin (hesperetin-7-O-rutinoside) or neohesperidin (hesperetin-7-O-neohesperidoside) are hydrolyzed to hesperetin-7-0O-
glucoside by a-L-rhamnosidase. Hesperetin-7-O-glucoside is converted to hesperetin by p-D-glucosidase.
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IPEC-J2. The porcine IPEC-J2 intestinal epithelial cell line is a
valuable tool to study the effects of phytochemicals on intracel-
lular oxidative stress and wound healing?%2l. Cell migration
assays are simplified in vitro models of wound healing and
require cells with high migration rates, such as IPEC-J2, to dif-
ferentiate between cell migration and cell division?2. The anti-
inflammatory activities of flavanones were determined in human
monocytic THP-1 cells, a suitable model to study inflammatory
immune responses because differentiated THP-1 cells behave
similarly to native monocyte-derived macrophages?223. To verify
whether deglycosylation of flavanones in biotransformed citrus
extracts protects the intestinal barrier in vivo, we used the fruit fly
Drosophila melanogaster (D. melanogaster) model. The midgut of
D. melanogaster is well comparable with the mammalian small
intestine?4-27 making the fruit fly a valuable model organism for
studying the effects of bioactive compounds on the intestinal
barrier. We also investigated the antioxidant properties of gly-
cosylated flavanones and their aglycones in the fruit fly, as D.
melanogaster is a well-established model in oxidative stress
research?8-30,

Taken together, we demonstrated an efficient method of fla-
vanone biotransformation via a combination of acid hydrolysis
and 24 h-fermentation and provided a comprehensive approach
to study the bioactivity of these biotransformed flavanones.
Superior antioxidant and anti-inflammatory activities were
observed for biotransformed citrus extracts with increased
hesperetin and naringenin content.

Results

Combination of acid hydrolysis and fermentation increases
aglycone content in citrus extracts. First, we confirmed the
degradation process described in Fig. 1 by incubating an aqueous
extract (AQE) made of dried citrus fruits containing all eight
flavanones of interest (naringin, neohesperidin, hesperidin, nar-
irutin, naringenin-7-O-glucoside, hesperetin-7-O-glucoside, nar-
ingenin and hesperetin) with the enzymes a-rhamnosidase or p-
glucosidase. Our results indicated that a-L-rhamnosidase from
prokaryotic source was able to hydrolyze the rutinosides narirutin
and hesperidin, in which L-rhamnose is a-1,6-linked to B-D-
glucoside, but did not cleave the neohesperidosides naringin and
neohesperidin, in which L-rhamnose is a-1,2-linked to B-D-
glucoside (Supplementary Figure la). In contrast, B-D-
glucosidase increased naringenin and hesperetin by degradation
of naringenin-7-O-glucoside and hesperetin-7-O-glucoside,
respectively (Supplementary Figure 1b).

Next, we screened four different LAB strains, namely L. plantarum
DSM 20205, Lacticaseibacillus  rhamnosus NCTC 10302
(L. rhamnosus), Levilactobacillus brevis DSM 6235 (L. brevis) and
Lacticaseibacillus paracasei DSM 20312 (L. paracasei), to determine
whether they produce the enzymes required for increasing the
aglycone levels in AQE. The specific LAB strains were selected based
on literature research!®1731 and their safety for use in food and feed.
Bacterial growth was not inhibited by the concentration of citrus
extract used (5% of citrus extract; Supplementary Figure 2).
Although flavonoids have a low water solubility, water was used as
solvent for citrus extract preparation because other organic solvents
such as ethanol would have greatly inhibited bacterial growth during
fermentation. After fermentation, the citrus extracts were centrifuged
to remove the bacteria from the extract. Thus, the stated
concentrations refer to flavonoids dissolved in the supernatant.

All tested bacteria were able to convert naringenin-7-O-
glucoside and hesperetin-7-O-glucoside into the aglycones
naringenin and hesperetin, respectively. The highest aglycone
increase with 168 uM of naringenin and 105 pM of hesperetin was
observed after 24 h of fermentation with L. rhamnosus. However,

the flavanones naringin, neohesperidin, narirutin and hesperidin
were hardly metabolized during incubation with bacteria for
144h (6 d) (Supplementary Figure 3a). These findings led us to
the assumption that all strains have B-glucosidase activity but no
noticeable a-rhamnosidase activity. Addition of 2% of glucose to
AQE improved bacterial growth (Supplementary Figure 3b) but
reduced the B-glucosidase activity of the bacteria resulting in
significantly lower aglycone levels (Supplementary Figure 3c).
Thus, medium without glucose was used for fermentation of
extracts.

Next, we enhanced the efficiency of glycolytic cleavage by
adding acid hydrolysis. First, the L-rhamnose group was split off
from naringin, neohesperidin, hesperidin and narirutin using
citric acid, resulting in citric acid hydrolyzed extract (CAE). In a
next step, the resulting 7-O-glucosides, namely naringenin-7-O-
glucoside and hesperetin-7-O-glucosides, were converted to
aglycones by the bacterial B-glucosidase activity. A fermentation
period of 24 h was chosen because a longer incubation time did
not show any improvement in our previous experiments. As
presented in Fig. 2b, fermentation of CAE with bacteria resulted
in significantly higher aglycone levels compared to the control
treatment incubated without bacteria. The maximum increases in
naringenin (463 uM) and hesperetin (144 uM) above the initial
concentrations were achieved by fermenting CAE with L.
plantarum. Thus, this strain was used for preparation of the
final extracts (Fig. 3a). As shown in Supplementary Figure 4, co-
cultivation of L. plantarum with different LAB strains did not
improve the aglycone yield significantly.

Next, we performed acid hydrolysis with different citric acid
concentrations to optimize the deglycosylation process. We first
aimed to increase the content of 7-O-glucosides by acid
hydrolysis so that they could be converted to aglycones by
bacterial B-glucosidase activity. As shown in Fig. 3b, citric acid
hydrolysis significantly enhanced the levels of 7-O-glucosides in a
concentration-dependent manner. The higher the acid concen-
tration, the more efficient the hydrolysis of naringin to
naringenin-7-O-glucoside as well as neohesperidin to hesper-
etin-7-O-glucoside was. Subsequent fermentation by L. plan-
tarum significantly reduced these 7-O-glucosides to aglycones
(Fig. 3c). The increase of naringenin and hesperetin was
significantly higher in fermented extract that was previously
treated with 0.25 M of citric acid compared to fermented aqueous
extract (FermAQE; O M citric acid). Contrary to expectations,
higher initial 7-O-glucoside levels due to higher citric acid
concentrations (0.50 M or 1.00 M) did not improve the final
aglycone content, indicating limited B-D-glucosidase activity.
Thus, we used the lowest citric acid concentration (0.25 M) to
prepare the final CAE and fermented citric acid hydrolyzed
extracts (FermCAE). Flavanone profiles of the four final extracts
(AQE, FermAQE, CAE and FermCAE) that were used for in vitro
and in vivo experiments are provided in Fig. 3d and
representative chromatograms in Supplementary Figure 5. Citric
acid hydrolysis proved to be an effective way to increase the
overall yield of 7-O-glucosides since CAE contained the highest
naringenin-7-O-glucoside (638 +201 uM) and hesperetin-7-O-
glucoside (180 +40 uM) levels. Nevertheless, the maximum
content of aglycones was achieved after fermentation in
FermCAE (812+132uM of naringenin and 291 +30puM of
hesperetin), which was 4.5-fold (naringenin) and 3.1-fold
(hesperetin) higher than the aglycone content in AQE.

As mentioned above, only dissolved flavonoids in the super-
natant after centrifugation were considered for our final extracts.
However, the entire fermentation product also includes pre-
cipitated flavonoids in the residue. We could show that the
percentage of flavonoids in the pellet was low, with a maximum of
2.20% of the total flavonoid content (FermCAE). Of these,
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Fig. 2 Enzymatic activity of various LAB strains for the formation of aglycones from 7-O-glucosides present in citric acid hydrolyzed citrus extract.
a Representative images of L. plantarum, L. rhamnosus, L. brevis and L. paracasei showing gram-positive rods. Scale bar: 10 um. b Concentrations of flavanones
in citric acid hydrolyzed extract (CAE) after 24 h incubation with each strain at 37 °C. Control refers to the sample without bacteria. Data are mean + SD of
n =6 samples/strain. Differences to control are analyzed by Kruskal-Wallis's test with Dunn’s multiple comparisons test, with exception of data set for
hesperetin which is analyzed by ordinary one-way ANOVA with Dunnett's multiple comparison test.

aglycones accounted for the largest proportion with 0.63%
(FermCAE). Supplementary Figure 6 summarizes the proportions
of flavonoids in supernatant and pellet for all extracts.

Taken together, the combination of citric acid hydrolysis and
fermentation with L. plantarum was proven to be the most
effective method to transform glycosides into aglycones in the
citrus extract.

Intestinal epithelial cells take up and transport more bioactive
flavonoids from biotransformed citrus extracts. To demon-
strate, whether the amount of aglycones present in bio-
transformed citrus extracts is bioavailable to intestinal epithelial
cells, we investigated the cellular uptake and transport of flava-
nones from AQE and FermCAE in differentiated Caco-2 cells.
For uptake tests, the cells were incubated with AQE or FermCAE
(2.5% in Hank’s balanced salt solution; HBSS) for 4 h (Fig. 4a, 1).
First, we could prove that cellular uptake of the aglycones nar-
ingenin and hesperetin was significantly better than uptake of
glycosylated flavonoids in both AQE and FermCAE (Fig. 4c, d).
Moreover, when cells received higher concentrations of hesper-
etin and naringenin in form of FermCAE (Fig. 4b), they absorbed
significantly higher absolute amounts of these aglycones (3.26

and 0.57 nmol - mg™! protein for naringenin and hesperetin)
compared to AQE (0.96 and 0.25 nmol - mg~! protein,
respectively).

For transport tests, Caco-2 monolayers were incubated with
AQE or FermCAE (2.5% in HBSS) for 4h and the transport of
flavanones from the apical to the basolateral compartment was
determined (Fig. 4a, 2). The monolayer integrity was controlled
by transepithelial electrical resistance (TEER) measurements. As
shown in Fig. 4e, TEER values remained above 500 Q2 throughout
the experiment indicating intact monolayers. We could confirm
that the aglycones have higher transport rates (above 32%) than
their respective glycosylated forms (below 2%). More impor-
tantly, we showed that this remains true when flavonoids were
applied as a mixture in form of the citrus extracts AQE and
FermCAE (Fig. 4g, h). When epithelial cells received higher
concentrations of flavonoid aglycones in FermCAE, they could
transfer significantly higher amounts of hesperetin and narin-
genin compared to AQE (p <0.0001; Fig. 4f). Neither narirutin
nor the 7-O-glucosides could be detected in the basolateral
compartment after 4 h.

Our findings showed that citric acid hydrolysis and fermenta-
tion of citrus extract did not change the dynamics of cellular
uptake or hinder cellular transport. On the contrary, we
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demonstrated that epithelial cells could take up and transport
higher absolute amounts of flavonoids without reaching satura-
tion within the concentrations in FermCAE. Taken together,
higher flavonoid contents, provided by biotransformed citrus
extract, resulted in a significantly higher uptake and transport
creating conditions for superior bioactivity of FermCAE.

Biotransformed citrus extracts reduce oxidative stress and
improve cell migration of intestinal cells under challenging
conditions. The influence of individual flavanones (naringin,
naringenin, hesperidin and hesperetin) and the four citrus
extracts of different biotransformation level (AQE, FermAQE,
CAE and FermCAE) on cell viability and intracellular reactive
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Fig. 3 Citric acid-based hydrolysis and fermentation affect flavanone profiles in citrus extracts. a Schematic diagram of extract preparation. For citric
acid hydrolyzed extract (CAE), bioflavonoid complex was treated with citric acid solution at 90 °C for 4 h. Then, sodium citrate solution was added to reach
a final concentration of 10% (w/w). Aqueous extract (AQE) was prepared with water instead of citric acid. For fermentation, AQE and CAE were incubated
with L. plantarum at 37 °C for 24 h (referred to as FermAQE and FermCAE). Control extracts were diluted in modified MRS and incubated without bacteria
(referred to as AQE and CAE). b Influence of hydrolysis with increasing citric acid (CA) concentrations (0.25 M CA, 0.50 M CA, or 1.00 M CA) on
flavanone concentrations in citrus extracts before incubation with bacteria. Data are mean + SD of n = 4 samples/treatment. Differences to 0 M CA are
analyzed by ordinary one-way ANOVAs with Dunnett's multiple comparison test, with exception of data set for hesperidin which is analyzed with Kruskal's
test with Dunn’s multiple comparisons test. ¢ Increase in aglycones after 24 h-incubation with L. plantarum. For calculation of the aglycone increase, the
initial aglycone concentration (at O h) was subtracted from the total concentration at 24 h. Data are mean = SD of n =5 samples/treatment. Differences to
0 M CA are analyzed by Kruskal's test with Dunn’s multiple comparisons test. d Flavonoid concentrations in the final extracts prepared with water (AQE
and FermAQE) or 0.25M CA (CAE and FermCAE). Data are mean = SD of n =9 samples/extract. Differences between treatments are analyzed by
ordinary one-way ANOVAs with Tukey's multiple comparison test (narirutin, neohesperidin and hesperetin) or Kruskal's test with Dunn’s multiple
comparisons test (naringin, naringenin-7-O-glucoside, naringenin, hesperidin and hesperetin-7-O-glucoside).
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Fig. 4 Transport and uptake of flavonoids from AQE or FermCAE in Caco-2 cells. a Schematic overview of uptake test (1) or transport test (2) in
differentiated Caco-2 cells. b Comparison of aglycone uptake in Caco-2 cells treated with AQE or FermCAE for 4 h, normalized to cell protein content.
Uptake of detectable flavonoids from (¢) agqueous citrus extract (AQE) and (d) fermented citric acid hydrolyzed citrus extract (FermCAE) in Caco-2 cells,
normalized to cell protein content. e TEER values of Caco-2 monolayers before and during transport studies. f Comparison of absolute aglycone
concentrations detected on the basolateral side after treatment with AQE or FermCAE on the apical side for 4 h. Transport rate of detectable flavonoids
from AQE (g) and FermCAE (h) across a Caco-2 monolayer. Data are mean + SD of n = 6 samples/treatment. Differences are analyzed by ordinary one-
way ANOVAs with Sidak's multiple comparison test.
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Fig. 5 Impact of citrus extracts of different biotransformation level on ROS production and cell migration of intestinal epithelial cells under challenging
conditions. Percentage of intracellular reactive oxygen species (ROS) accumulation in human Caco-2 cells after treatment with pure flavanones (a), or
citrus extracts (b) and subsequent stress induction by 2,2'-azobis (2-amidinopropane) dihydrochloride (AAPH), normalized to stressor treatment. AQE
stands for aqueous citrus extract, CAE for citric acid hydrolyzed citrus extract, FermAQE for fermented aqueous citrus extract, FermCAE for fermented
citric acid hydrolyzed citrus extract. Percentage of intracellular ROS accumulation in swine epithelial IPEC-J2 cells after treatment with pure flavanones (¢)
or citrus extracts (d) and subsequent stress induction by tert-butylhydroperoxide (tBHP), normalized to stressor treatment. Control refers to untreated
cells; quercetin was used as antioxidant positive control. Data are mean £ SD of n =9 samples/treatment. Differences are analyzed by ordinary one-way
ANOVAs with Sidak’s multiple comparison test. e Cell front velocity [um - h=1] of IPEC-J2 cells pre-treated with citrus extracts for 6 h and stressed with
tBHP after scratching. Data are mean £ SD of n= 6 samples/treatment. Differences are analyzed by ordinary one-way ANOVAs with Sidak's multiple
comparison test. f Representative brightfield images of the scratch-wounded area at start (15 min after scratching) and end point (420 min). The wounded
area is highlighted in yellow ocher.

oxygen species (ROS) formation was investigated in Caco-2 and
IPEC-J2 cells. For ROS measurements, Caco-2 and IPEC-J2 cells
were first treated with the phytochemicals and then with suitable
stressors, respectively. The applied concentrations of pure flava-
nones (150 uM) or extracts (1.25% and 2.5%) and subsequent
treatment with the respective stressor did not affect cell viability
(Supplementary Table 1). We compared antioxidant effects of

glycosylated flavanones (naringin and hesperidin) with their
respective aglycones (naringenin and hesperetin) when applied at
the same concentration (flavonoid stocks prepared in dimethyl
sulfoxide, DMSO). Both aglycones, naringenin and hesperetin,
exhibited a significantly stronger reduction of ROS formation in
stressed Caco-2 cells than their glycosylated forms naringin and
hesperidin (Fig. 5a). Along with this, the biotransformed extract
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with the highest aglycone content, FermCAE at a concentration
of 2.5%, reduced ROS levels in stressed Caco-2 cells by 34%, being
significantly different to AQE (p <0.0001) at the same con-
centration (Fig. 5b). Similar findings were obtained for stressed
IPEC-J2 cells. Here, the difference between hesperidin (ROS
reduction by 12%) and its aglycone hesperetin (ROS reduction by
25%) was significant with p<0.0001 (Fig. 5c). In addition,
FermCAE at a concentration of 2.5% had the best antioxidant
effect, reducing ROS by 37% (Fig. 5d). This was significantly
different from the non-biotransformed extract AQE with ROS
reduction by 16% at a concentration of 2.5% (p <0.0001). Sam-
ples containing only bacteria (FermBlank) or citric acid solution
(CA Blank) without flavanones did not reduce ROS formation in
stressed intestinal epithelial cells. This finding suggests that the
superior effect of FermCAE over other citrus extracts was due to
its higher aglycone content.

Since high ROS levels are associated with impaired wound
healing®?, we next investigated whether the extracts could also
improve cell migration and thereby potentially wound healing
capacity of IPEC-]J2 cells, using a scratch assay. For this purpose,
cells were pre-treated with 1.25% of citrus extracts for 6 h. After
scratching, cells were incubated with the stressor in presence of
the citrus extracts and cell migration was recorded by automated
time lapse microscopy for 7h (Supplementary Movie). To
compare cell migration between treatments, the cell front velocity,
defined as the speed at which cells move toward each other, was
calculated.

As shown in Fig. 5e, f, stressor treatment strongly impaired cell
migration of IPEC-J2 cells. In contrast, all citrus extracts restored
cell migration ability, as evident by a significant rise in cell front
velocities compared to stressor treatment. The best effect was
observed with FermCAE, which increased cell front velocity by
238 um - h~! (p <0.0001). In comparison, the effect of AQE was
lower, showing an increase in cell front velocity by 1.35 um - h—!
with p = 0.0069, but not significantly different from FermCAE.

To summarize, these data indicate that the increase of
naringenin and hesperetin in biotransformed citrus extracts leads
to an enhanced reduction of oxidative stress and improved cell
migration compared to the respective non-biotransformed
extracts.

Biotransformed citrus extracts attenuate LPS-induced inflam-
mation in macrophages. To study the influence of investigated
extracts on inflammatory processes, we first performed a semi-
quantitative cytokine array analysis. Therefore, differentiated
THP-1 macrophages were challenged with lipopolysaccharides
(LPS) for 24 h to trigger an inflammatory response and simul-
taneously treated with 1.25% FermCAE or AQE. The con-
centrations were selected based on cytotoxicity testing
(Supplementary Figure 7). Membranes pre-loaded with anti-
bodies specific for 105 human cytokines were incubated with the
supernatants of treated THP-1 cells. Captured analytes were then
visualized as spots (Fig. 6a). Spot intensities of important cyto-
kines that were upregulated upon LPS stimulation compared to
control are presented in Fig. 6b, the overall expression profiles are
summarized in a heat map in Fig. 6¢c. Both extracts, AQE and
FermCAE, reduced the concentrations of insulin-like growth
factor-binding protein 3 (IGFBP-3), interleukin 6 (IL-6), inter-
leukin 17A (IL-17A), C-X-C motif chemokine ligand 11
(CXCL11), CC-chemokine ligand 2 (CCL2), CC-chemokine
ligand 7 (CCL7), C-X-C motif chemokine ligand 9 (CXCL9),
CC-chemokine ligand 20 (CCL20), osteopontin, regulated upon
activation, normal T-cell expressed and presumably secreted
(RANTES) and tumor necrosis factor a (TNF-a). The previously
most promising extract FermCAE caused stronger reduction of

these cytokines than the non-biotransformed extract AQE. Three
cytokines, epithelial neutrophil-activating protein 78 (ENA-78 or
CXCL5), granulocyte macrophage-colony stimulating factor
(GM-CSF) and vascular endothelial-derived growth factor
(VEGEF), were upregulated by treatment with both extracts but
not with LPS alone. Additional data of cytokine array analysis
with the aglycone naringenin are provided in Supplementary
Figure 8, showing a similar cytokine profile to the one with the
extracts.

Based on our findings, we selected five cytokines for further
investigation via bead-based multiplex immunoassay (Fig. 7a),
namely IL-6, CXCL11, CCL7, CXCL9 and TNF-a. As expected,
LPS significantly upregulated the secretion of these cytokines
compared to unstimulated control. Concurrent treatment with
pure flavanones significantly (p <0.0001) reduced IL-6 (Fig. 7b),
CXCL11 (Fig. 7c) and CCL7 (Fig. 7d) and showed a slight
decrease in CXCL9 (Fig. 7e) and TNF-a (Fig. 7f). Distinctively,
the anti-inflammatory effects of the aglycones naringenin and
hesperetin were more pronounced than of their glycosylated
forms. Significant differences between naringin and its aglycone
naringenin were found for IL-6 (p = 0.0042), CCL7 (p = 0.0003)
and TNF-a (p = 0.0076), while the aglycone hesperetin showed a
significantly stronger reduction of CCL7 than hesperidin
(p =0.0497). Consistent with these data, flavonoid-rich extracts
also strongly decreased IL-6, CXCL11, CCL7, CXCL9 and TNF-a
(Fig. 7g-k) in a concentration-dependent manner. Furthermore,
the extract with the highest aglycone content, FermCAE, reduced
pro-inflammatory cytokines more efficiently than the other
extracts.

In conclusion, the results of our in vitro experiments revealed
that the aglycones naringenin and hesperetin have a higher
bioactivity than respective glycosylated flavonoids found in citrus
extracts. Accordingly, the increase of the aglycone concentration
in citrus extracts improved their anti-inflammatory properties.

Biotransformed citrus extracts reduce intestinal barrier
damage and mortality in female D. melanogaster. Based on the
in vitro experimental results, we further investigated antioxidant
and intestinal barrier protective properties of AQE and its cor-
responding biotransformed extract FermCAE in female D. mel-
anogaster. Considering the metabolic complexity of the whole
organism compared to the cell culture, the effect of food matrix
on bioavailability33-** and the involvement of gut microbiota of
D. melanogaster in intestinal function3>3¢, we doubled the
treatment extract concentrations compared to the in vitro
experiments. The dextran sulphate sodium (DSS) induced
intestinal barrier challenge was performed simultaneously with
AQE or FermCAE treatment (Fig. 8a, 1). DSS-induced rupture of
intestinal barrier led to leakage of the blue dye through the entire
fruit fly, turning them into so called Smurfs (Fig. 8b, 1). The
choice of the fruit fly sex was based on the technical aspect of the
experiment, such as clear visual identification of Smurfs, and was
not due to the expectation of sex-specific effects. We scored and
compared the mortality and visible midgut leakage (Smurf phe-
notype) separately, because some DSS-fed flies were not
demonstrating Smurf phenotype (Fig. 8b, 2). Our findings con-
firmed, that DSS significantly increases mortality and induces
intestinal barrier rupture compared to control fruit flies. Impor-
tantly, we observed a significant decrease of mortality in D.
melanogaster supplemented with higher concentrations of both
citrus extracts (Fig. 8c), 5% AQE (p =0.0069) or 5% FermCAE
(p <0.0001), respectively, with FermCAE demonstrating better
protective effect compared to AQE (14.43% vs. 8.61% of mortality
reduction compared to untreated DSS-challenged group). Visible
damage of intestinal barrier was reduced for fruit flies treated
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Fig. 6 Change in cytokine expression profiles in LPS-stimulated THP-1 macrophages treated with citrus extracts of different biotransformation level.
a Representative images of cytokine arrays incubated with supernatants of differentiated THP-1 macrophages treated with aqueous citrus extract (AQE) or
fermented citric acid hydrolyzed citrus extract (FermCAE) under lipopolysaccharide (LPS) challenge. Cytokines expressed are presented as duplicate spots.
Important cytokines are outlined and marked with numbers. The corresponding spot intensities (stated as arbitrary units, A.U.) of these analytes are

presented in b. Data of technical duplicates are shown. ¢ Heat map of 105 cytokines with mean spot intensities in a color range from white (low level) to

blue (high level).

with both extracts in a concentration-dependent manner
(Fig. 8d). Moreover, Smurf phenotype reduction was comparable
in 5% AQE and 5% FermCAE treatments (both p <0.0001) with
19.87% and 21.06% respectively, compared to the untreated DSS-
challenged group.

Taken together, the aglycone-enriched biotransformed citrus
extract demonstrated a significant protective effect in female D.
melanogaster under induced intestinal barrier challenge and
reduced mortality in stressed fruit flies.

Biotransformed citrus extracts reduce ROS level and improve
climbing performance in stressed female D. melanogaster. To
test whether the observed antioxidant effect of biotransformed
extracts in vitro could be transferred to an in vivo model, we
induced oxidative stress in female D. melanogaster using sup-
plementation of ferrous iron (Fe?t) several times above the
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physiological level?”-38 (Fig. 8a, 2). ROS formation and intracel-
lular metabolic activity were quantitated after 70h of induced
oxidative stress. In consistency with our in vitro results, citrus
extracts significantly reduced ROS in fruit flies in a
concentration-dependent manner (Fig. 8e). Particularly, the
extract with the highest aglycone content FermCAE at a con-
centration of 5% showed the best antioxidant effect reducing ROS
by 64.27% compared to the group with stressor only. Both con-
centrations of FermCAE also showed a trend towards better
antioxidant activity compared to respective concentrations of
AQE, with a significant difference between the 2.5% extract
groups (p =0.0014). No significant improvement of suppressed
metabolic activity was observed in any of the stressed and extract-
treated flies (Fig. 8f), compared to the untreated control group
with significantly higher metabolic activity (p <0.0001). All
groups with ferrous iron diet demonstrated nearly equal levels of
metabolic activity reduction.
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Fig. 7 Biotransformed citrus extracts reduce pro-inflammatory cytokine levels in LPS-stimulated THP-1 macrophages. a Schematic graph of
lipopolysaccharide (LPS) challenge of THP-1 cells (1) with subsequent multiplex bead-based cytokine immunoassay (2). AQE stands for aqueous citrus
extract, CAE for citric acid hydrolyzed citrus extract, FermAQE for fermented aqueous citrus extract, FermCAE for fermented citric acid hydrolyzed citrus
extract. Effect of pure flavonoids (b—f) and citrus extracts (g—k) on expression of selected pro-inflammatory cytokines by differentiated THP-1
macrophages. Data are mean + SD of n =4 samples/treatment, measured in technical duplicates. Differences between treatments are analyzed by
ordinary one-way ANOVAs with Sidak’s multiple comparison test with exception of CXCL9 in pure flavonoid treatments (e), which is analyzed with
Kruskal-Wallis's test with Dunn's multiple comparisons test due to not normally distributed data.

In parallel to biochemical parameters, we investigated climbing
activity and mortality of D. melanogaster due to oxidative stress.
Our findings revealed that FermCAE significantly reduced
mortality in flies upon oxidative stress (Fig. 8g) in a
concentration-dependent manner; p=0.0252 for 2.5% and
p<0.0001 for 5% FermCAE. Similar to in vitro experiments, a
positive but much weaker effect was also observed for AQE,
which was significant only for 5% AQE with p=0.0002,
indicating superior protective properties of biotransformed
extract FermCAE. This weak positive effect of AQE completely
faded when the fitness level of D. melanogaster was concerned. In
the climbing assay, where negative geotaxis of fruit flies was tested
against time, only the group on a diet with the highest
concentration of FermCAE was significantly better (p = 0.0019)
than the stressor-only group (Fig. 8h).

In conclusion, biotransformed extract with highest aglycone
content showed a significant antioxidant effect upon induced
oxidative stress in female D. melanogaster, while the protective
effect of non-biotransformed extract was weak to absent.

Discussion

In this study, we demonstrated that combination of acid hydro-
lysis and fermentation with the probiotic bacterium L. plantarum
improves the cellular bioavailability and bioactivity of food grade
citrus extract due to deglycosylation of its prototypic flavonoids,

10

making this plant material well applicable in nutraceuticals, food
supplements or functional food and feed.

Providing mechanistic detail and quantification, we demon-
strated the superior antioxidant activity of biotransformed citrus
extract in two mammalian intestinal epithelial cell lines, IPEC-]2
and Caco-2, compared to non-biotransformed citrus extracts.
Moreover, we were able to show that improvement of bioactivity by
biotransformation was attributed to the increase in naringenin and
hesperetin levels, which were better taken up by cells than glyco-
sylated flavonoids. Our findings are consistent with literature on
flavonoid uptake in Caco-2 cells, where uptake of naringin nor-
malized to cell protein was previously found to be low. In con-
trast, uptake of its aglycone naringenin was comparatively higher, as
confirmed in other studies*>*!. Similarly, the transport rate of the
aglycone hesperetin was also found to be superior than that of the
glycoside hesperidin2. However, none of the aforementioned stu-
dies investigated the cellular uptake and transport of target flavo-
noids in a mixture within a matrix of a plant extract, in which
compounds other than naringin, hesperidin and the respective
aglycones were present. Noteworthy, the extracts were dissolved in
HBSS for uptake and transport studies, although HBSS does not
mimic the properties and composition of gastrointestinal fluids.
Due to technical limitations in HPLC analysis, it was not possible to
use a solvent that better simulated intestinal fluids. The necessary
purification steps for removing the interfering compounds would
have resulted in analyte concentrations below the detection limit.
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Fig. 8 Biotransformed citrus extracts improve intestinal barrier integrity and reduce oxidative stress in female w18 D, melanogaster under challenge
conditions. a Schematic overview of in vivo challenges: (1) dextran sulphate sodium (DSS) challenge to reduce intestinal barrier integrity; (2) ferrous iron
induced oxidative stress in female w8 D. melanogaster. AQE stands for aqueous citrus extract, FermCAE stands for fermented citric acid hydrolyzed citrus
extract, DCF(DA) stands for 2',7'-dichlorodihydrofluorescein (diacetate). b D. melanogaster fed with blue dye (1) with DSS-challenged intestinal barrier

(Smurf phenotype) and (2) in control group. Scale bar: 500 um. ¢, d Mortality and Smurf phenotype observed in D. melanogaster challenged by DSS and
treated with citrus extracts for 7 d. Data are mean = SD of n =300 flies/treatment. e, f Reactive oxygen species (ROS) level and metabolic activity of D.
melanogaster stressed with ferrous iron and treated with citrus extracts for 70 h, normalized to protein content. RFU stands for relative fluorescence units.
Data are mean = SD of n =12 samples (25 flies each)/treatment. g, h Mortality and climbing performance of D. melanogaster stressed with ferrous iron and
treated with citrus extracts for 7 d. Data are mean = SD of n = 225 flies/treatment. Differences are analyzed by ordinary one-way ANOVAs with Sidak’s

multiple comparison test.

Considering the connection between oxidative stress and
inhibition of wound healing, we could also confirm enhanced cell
migration and thus wound healing capacity of IPEC-J2 cells
incubated with biotransformed citrus extracts. No studies were
found on naringin, hesperidin and their respective aglycones in
the context of our IPEC-J2 experiments.

Moreover, the superior bioactivity of fermented citrus extract
over non-fermented was confirmed in D. melanogaster. Previous
studies indicated antioxidant activities of naringin*>** and
hesperidin®”#° in fruit flies. In particular, the survival as well as
climbing performance of D. melanogaster stressed by iron excess
and treated with purified hesperidin was improved3”:4>, which is
also confirmed with our results despite the slight differences in
treatment duration and the way of hesperidin supplementation.
The simultaneous treatment with a different oxidative stres-
sor — trichloroethylene — and hesperidin also significantly reduced
the ROS level and restored acetylcholinesterase activity in the
fruit flies compared to the stressor only group3”#>. The anti-
oxidant effects of the glycoside naringin were as well examined
with a different stressor, such as paraquat, and resulted in
improved survival rate, as well as locomotor activity*344. In

contrast, the aglycones naringenin and hesperetin or plant
extracts containing them have not been investigated in D. mela-
nogaster so far. Here, we demonstrated an enhanced antioxidant
capacity of biotransformed citrus extract with increased con-
centration of the respective aglycones fed to D. melanogaster.
Fermented citrus extract not only reduced ROS level in chemi-
cally stressed fruit flies significantly stronger compared to non-
biotransformed extract, but also led to superior reduction of
stress-induced mortality.

In consensus with our in vitro cell migration experiments in
intestinal epithelial cells, intestinal barrier challenge induced by
DSS confirmed protective properties of biotransformed citrus
extracts in vivo. DSS was proven to induce intestinal tissue
damage in D. melanogaster’®, but remains an underrated
instrument to study the protective capacity of phytochemical
compounds. It was previously shown that DSS-induced intestinal
inflammation could be reduced by anthocyanins?’. There, a
reduction of intestinal barrier damage of ~20% was achieved in
the simultaneous treatment of experimental flies with DSS and
bilberry anthocyanins extracts compared to DSS only. Another
study showed that the aglycone hesperetin ameliorated DSS-
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induced damage in Caco-2 cells, as well as reduces the damage in
mice®3. In the present study, we demonstrated that DSS-induced
intestinal barrier damage and related mortality in D. melanogaster
were as well reduced due to supplementation of flavonoids in
form of citrus extracts (hesperetin and naringenin included) and
this reduction was even greater when aglycone-enriched extracts
were applied. It is important to mention that gut microbiota of
living organisms can have an effect on flavonoid bioavailability.
Therefore, in the conducted experiments, the intestinal bacteria of
D. melanogaster might have influenced the intestinal deglycosy-
lation or further metabolization of naringin and hesperidin in the
fed extracts as well.

In the respective in vitro THP-1 model of inflammation, a
significantly stronger reduction of pro-inflammatory cytokines
could also be traced back to aglycones with naringenin expressing
the maximal anti-inflammatory effect. Our findings on reduction
of IL-6 and TNF-a are in line with previously investigated anti-
inflammatory properties of naringenin® and hesperetin®%>! and
expands these data with the anti-inflammatory properties of the
biotransformed citrus extracts that contain both aglycones. To
our knowledge, we first demonstrated flavanone-related decreases
of the chemokines CXCL11, CCL7, and CXCL9 in the LPS-
stimulated macrophage model. In particular, we showed the
superior anti-inflammatory properties of naringenin and
hesperetin compared to their glycosylated forms naringin and
hesperidin, respectively. Reduction of CCL7 upon naringenin
treatment was once demonstrated in high-fat diet-induced obese
mice®2, while CXCL9 and CXCL11 were not investigated in
context of flavanones at all.

The topic whether aglycones are more beneficial in the human
body than glycosylated citrus flavonoids has been discussed
extensively in literature, and to our knowledge, there is still no
clear answer. For example, it has been reported that O-glycosy-
lation of naringenin and hesperetin generally reduces the biolo-
gical activity, such as anti-inflammatory and antioxidant
properties of the compounds but can enhance other biological
benefits such as anti-HIV activity, tyrosinase inhibition or anti-
rotavirus activity!0. At this point it has to be emphasized that
findings from in vitro and in vivo studies are not directly
applicable to humans without further investigations. Therefore, it
can neither be generalized that aglycones always have a better
effect on human health nor that conversion to aglycones is
required to achieve a beneficial effect on health.

Given the demonstrated bioactivity of the aglycones naringenin
and hesperetin, the question arises whether existing methods of
flavonoid deglycosylation, such as enzymatic cleavage, acid
treatment or application of genetically modified organisms, are
optimal in terms of application field, sustainability and costs. It
was recently demonstrated that incubation with 0.5M hydro-
chloric acid in 80% ethanol effectively hydrolyzed the glycosy-
lated flavonoid rutin to its aglycone form quercetin within 3 h3.
However, application of hydrogen chloride is limited in food and
feed technology, unlike citric acid®* applied in this study.
Moreover, citric acid is considered more environmentally friendly
than hydrogen chloride because it is metabolized to carbon
dioxide and water. In our approach, a 4.5-fold (naringenin) and
3.1-fold (hesperetin) higher aglycone content was obtained by 4 h
of citric acid hydrolysis and 24 h fermentation with L. plantarum
compared to the citrus extract prepared with water. There have
been previous attempts to use citric acid for deglycosylation of
flavonoids®>. The researchers increased the extraction yield of the
aglycones apigenin and luteolin in celery extract by citric acid
hydrolysis and treatment with the purified enzyme B-glucosidase.
They could even increase the content of the aglycones luteolin
and apigenin by a factor of 14.5 and 83.6, respectively. However,
the biotechnological application of purified enzymes is associated

with high costs, since enzyme production is energy- and labor-
intensive®®, and free enzymes cannot be conveniently reused. In
this regard, immobilized enzymes offer the advantage that they
can be reused for multiple runs. For example, immobilized nar-
inginase was recently shown to retain 80% of its original activity
after 10 runs®’. While highly efficient, enzymatic cleavage, as well
as application of bioengineered microorganisms also imply
application limitations®® and heavier environmental footprint.
In our study, we presented a combination of citric acid
hydrolysis with tailored LAB fermentation for conversion of
glycosylated flavanones to aglycones in food grade citrus extracts.
When material costs are considered, our suggested method is a
cost-efficient alternative to the enzymatic deglycosylation and a
sustainable technology that assists deglycosylation of flavanones.
For instance, costs of citric acid, LAB strains and nutrient media
for initial LAB cultivation, required for biotransformation of one
unit of food grade citrus extract, are lower compared to the costs
for pure naringinase, required for deglycosylation of the same
weight unit, even if the enzyme will be reused multiple times.
Moreover, food-grade components allow the biotransformed
plant products to be used as dietary supplements, functional food
and beverages, as well as additives for animal feed. Therefore, it
might be of interest to use the entire fermentation product
including dissolved and undissolved flavonoids as well as bacteria
for large-scale applications. In this study, however, we only used
the supernatant with dissolved flavonoids as final extracts for
in vitro and in vivo experiments. Nevertheless, we consider our
biotransformation approach a promising method to improve the
bioavailability and bioactivity of plant extracts rich in flavanones.

Methods

Extract preparation and biotransformation of flavonoids.
Citrus bioflavonoids complex 60 T0110890 (named complex 60)
was purchased from Evesa Extractos Vegetales S.A (Cadiz, Spain).
Complex 60, a light brown powder, consists of whole dried fruit
of Citrus aurantium var. amara L., Citrus sinensis, and Citrus
paradisi collected from Seville, Spain and has a total flavonoid
content of > 60% with the main flavonoids identified as naringin,
neohesperidin and hesperidin.

For preparation of the non-biotransformed aqueous extract
(referred to as AQE), a 10% (weight per weight) solution of
complex 60 in deionized water was prepared, incubated at 90 °C
for 4h and centrifuged at 4,000x g for 10 min. After extraction,
approximately 60% of the flavonoids of complex 60 were
dissolved in the supernatant. Only the supernatant was used for
further experiments.

Citric acid hydrolysis. For citric acid hydrolysis, 10 g of complex
60 were incubated with 50 ml of citric acid solution (0.25 M,
0.50 M or 1.00 M) in a water bath under constant stirring at 90 °C
for 4 h. After incubation, sodium citrate solution (0.25 M, 0.50 M,
1.00 M, respectively) was added to reach a final weight of 100 g.
The final citric acid hydrolyzed extract (referred to as CAE) was
prepared with 0.25M of citric acid and sodium citrate solution.
Extracts were centrifuged at 4,000x g for 10 min to obtain the
supernatants which were used for fermentation.

Cultivation of bacteria. L. plantarum (DSM 20205), L. brevis
(DSM 6235) and L. paracasei (DSM 20312) were obtained from
the German Collection of Microorganisms and Cell Cultures
GmbH (Braunschweig, Germany), while L. rhamnosus (NCTC
10302) was purchased from the National Collection of Type
Cultures (NCTC, Salisbury, UK). All strains were cultivated
microanaerobically in de Man, Rogosa and Sharpe (MRS) broth
(Carl Roth GmbH, Karlsruhe, Germany) under agitation at 37 °C.
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Modified MRS (pH 6.5 +0.2) was prepared in-house by dissol-
ving 10 g of peptone from casein, 4 g of yeast extract, 6 g dipo-
tassium hydrogen phosphate, 5g of diammonium hydrogen
citrate and 0.04 g of manganese sulphate per liter (all Carl Roth
GmbH). The medium was heat-treated by autoclaving at 121 °C
for 12 min and stored at 4 °C before use.

Gram staining was performed with a Gram staining kit (Merck,
Darmstadt, Germany) according to the manufacturer’s instruc-
tions. Cells were observed via light microscopy (Nikon Eclipse
80i, objective Plan Fluor 100 x 1.30; Nikon Instruments,
Amsterdam, Netherlands) using differential interference contrast
(DIC). Photos were taken with the Nikon DS Ul camera (5 MPx)
using the NIS-Elements software (Version 5.02.01, Nikon
Instruments).

Fermentation. Fresh overnight cultures of each strain were pre-
pared in MRS by incubating under agitation at 37 °C for 24 h. On
the next day, bacteria were sedimented by centrifugation (4,000
g 10min) and resuspended in 12 ml of modified MRS with pH
6.5 to adjust the optical density at 600 nm (ODggo) to 0.8 (cor-
responds approximately to 5 x 1038 CFU - ml~1). Next, 3 ml of
either AQE or CAE were added. The pH value of the mixture of
medium and extract was approximately 5. For non-fermented
extracts, AQE and CAE were diluted in modified MRS without
bacteria (abbreviations remain AQE and CAE, respectively).
Culture vials were incubated under agitation at 37 °C for up to
144 h. The number of viable cells was determined using the plate
spread method. Extracts were incubated at 95°C for 10 min to
inhibit bacterial enzymes. Final extracts were fermented with L.
plantarum for 24h, and clarified by centrifugation (4,000x g,
10 min) before usage as 100% stocks (referred to as FermAQE
and FermCAE) for in vitro and in vivo experiments.

Changes in the flavonoid composition between start point
(t=0h) and end of fermentation (t =24 h) were determined by
high-performance liquid chromatography with ultraviolet detec-
tion (HPLC-UYV) as described in Section “Analysis of flavonoids
by HPLC-UV”. For analysis, 200 pl of sample were dried at 30 °C
for 2h using a vacuum concentrator (Labconco™ CentriVap™;
Fisher Scientific GmbH, Schwerte, Germany) and redissolved
with 200 ul of DMSO and 1800 ul of HPLC solvent (50% of
acetonitrile in deionized water). Redissolved samples were
centrifuged at 17,000x g for 10min and diluted 1:10 in
deionized water.

To determine precipitated flavonoids after centrifugation, the
pellet (from 250 pl sample) was redissolved in 65 pl of DMSO and
185 pl of 0.1% formic acid in methanol/50% acetone, centrifuged
at 17,000x g at 4 °C for 10 min and analyzed by HPLC.

Enzymatic hydrolysis by a-L-rhamnosidase and p-D-
glucosidase. For enzymatic hydrolysis of flavonoids, AQE was
diluted 200-fold in 100 mM sodium phosphate buffer with pH 6.5
and incubated with either a recombinant a-L-rhamnosidase from
prokaryotic source (1 U - ml~!; Megazyme, Wicklow, Ireland) or
B-D-glucosidase from almonds (1 U - ml~!; Merck) at 37 °C for
up to 120 min. Negative controls were prepared without enzymes.
Samples were taken every 30 min, immediately incubated at 95 °C
for 5min to inhibit enzymatic activity and clarified using cen-
trifugation at 17,000x g and 4 °C for 15 min. Supernatants were
analyzed using HPLC-UV as described in Section “Analysis of
flavonoids by HPLC-UV”.

Analysis of flavonoids by HPLC-UV. Reversed phase chroma-
tography was conducted using a Vanquish™ Core HPLC System
comprised of a quaternary pump, a split sampler, a diode
array detector, and a temperature-controlled column compartment

(all Vanquish™) equipped with the Chromeleon™ software (Version
7.3.1, Thermo Scientific* Dionex™, Waltham, MA, USA). Analyte
separation was performed on an Accucore™ C18 column (150 mm
x 3.0 mm inner diameter, 2.6 um particle size; Thermo Scientific).
The column temperature was set to 40 °C, and the injection volume
was 10 ul. UV-detection was performed at wavelength 260 nm.
Analytes were separated by gradient elution, with mobile phase A
containing 0.1% formic acid (FA) in water, and mobile phase B
containing 0.1% FA in acetonitrile, at a rate of 0.5ml - min~!
(FA and acetonitrile of analytical grade). The elution gradient
starting conditions were 95% A and 5% B. After 5 min of equili-
bration time, the starting conditions were maintained for 2 min
before the proportion of B was increased to 20% at 5 min, to 30%
at 15min, to 40% at 20 min, to 60% at 23 min, and to 80% at
25min. The last condition was held for 3 min, followed by
reducing the proportion of B to 5% within 2 min. Finally, the
condition with 95% A and 5% B was maintained for 10 min.
The internal standards narirutin, naringin, naringenin-7-O-gluco-
side, hesperidin, neohesperidin, hesperetin-7-O-glucoside, nar-
ingenin (all Extrasynthese, Genay, France) and hesperetin
(Sigma-Aldrich, Schnelldorf, Germany) were used for calibration in
a linear range. Detailed information on calibration curves, linearity,
limit of detection (LOD) and limit of quantification (LOQ) are
provided in Supplementary Table 2 and Supplementary Figure 9.

Cell culture maintenance. All chemicals and reagents were
obtained from Sigma-Aldrich, if not stated otherwise. Porcine
IPEC-J2 (ACC 701) and human Caco-2 (ACC 169) cells were
purchased from German Collection of Microorganisms and Cell
Cultures GmbH, while human THP-1 (TIB-202™) monocytes
were obtained from American Type Culture Collection (Mana-
ssas, VA, USA). IPEC-J2 cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM), Caco-2 cells in MEM Eagle
with non-essential amino acids and THP-1 cells in RPMI-1640
medium, all supplemented with 10% fetal bovine serum (FBS),
100 pg - ml~! penicillin and 100 pg - ml~! streptomycin (all PAN-
Biotech, Aidenbach, Germany). Growth medium for THP-1 cells
was additionally enriched with 0.05mM of 2-mercaptoethanol
(PAN-Biotech), as recommended by ATCC. Cells were grown at
37°C in a humidified atmosphere (295%) with 5% CO,.

Cell viability assay. Toxic effects of test extracts and flavanones
were evaluated using a resazurin-based in vitro toxicology assay
kit according to the manufacturer’s instructions. Briefly, cells
were seeded into black 96-well plates at a density of 2 x 10%
(IPEC-J2), 1.5 x 10° (Caco-2) or 10° (THP-1) cells per well,
grown to 90% confluency, and incubated with test substances in
growth medium for 20 min (IPEC-J2 and Caco-2) or 24 h (THP-
1) at 37°C. Then, medium was aspirated, and cells were incu-
bated with 10% resazurin in growth medium for 1.5h. The
amount of resorufin was measured using a microplate reader in
fluorescence mode (544 nm excitation, 590 nm emission;
POLARstar Omega, BMG LABTECH, Ortenberg, Germany).
Data were analyzed using the Omega MARS Data analysis soft-
ware package (BMG LABTECH). Cell viability was normalized to
untreated cells (control) grown under the same conditions.

Transport and uptake tests in vitro. For uptake studies, Caco-2
cells were seeded in 6 cm dishes at 4.4 x 10° cells per dish and
grown overnight. Cells were differentiated on day 2 using DMEM
supplemented with 100 ug - ml~! penicillin and 100 pug - ml~!
streptomycin, 0.1% MITO+ Serum Extender (Corning, FAL-
355006) and 5 mM butyric acid, which was refreshed on the third
day. Cell layers acquired a differentiated phenotype, which was
observed as the formation of domes under the microscope®.
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Differentiated Caco-2 cells were washed with HBSS and incu-
bated with 5ml of AQE or FermCAE (2.5% in HBSS) for 4 h at
37°C. Then, the supernatant was removed, cell layers were
washed twice with Dulbecco’s phosphate buffered saline (DPBS;
PAN-Biotech) and detached using a cell scraper. After cen-
trifugation and removal of DPBS, cell pellets were resuspended in
50% acetonitrile and placed into the ultrasonic bath for 15 min to
break up the cells. For precipitation of cellular proteins, the
suspensions were frozen at —20°C for 30 min. Samples were
centrifuged and the obtained supernatants were analyzed by
HPLC to quantitate flavonoids taken up by the cells. The
remaining pellets were dissolved in 1 M NaOH, and the protein
content was determined by Quick Start™ Bradford 1x Dye
Reagent (Bio-Rad Laboratories, CA, USA) according to the
manufacturer’s protocol.

For transport studies Caco-2 cells were seeded at 1.65 x 10°
cells per trans-well insert (Thin-Cert, 0.336 cm?2, 0.4 um pore size;
Greiner-Bio One, GRE-662640) and grown overnight. Cell layers
were differentiated as described before and cell layer integrity was
assessed by TEER measurement with a Millicell-ERS-2 Voltohm-
meter (Merck, Darmstadt, Germany). For the experiment,
differentiated cells were washed twice with HBSS and the inserts
were placed in a fresh microtiter plate prefilled with 1040 pl HBSS
per well. Cell layers were provided with 300l of AQE or
FermCAE (2.5% in HBSS) in the apical compartment and
incubated for 4h at 37°C. To ensure cell layer integrity is
maintained throughout the experiment, TEER measurements
were performed directly after the treatment (t=0h) and at the
end of the transport test (t =4 h). Flavonoid concentrations were
determined by HPLC analysis as described in Section “Analysis of
flavonoids by HPLC-UV”.

ROS quantification assay in vitro. Cells were seeded into black
96-well plates at a density of 2 x 104 (IPEC-J2) or 1.5 x 10°
(Caco-2) cells per well and grown overnight. Next, cells were
washed with DPBS and incubated simultaneously with 50 uM of
the ROS probe 2°,7’-dichlorodihydrofluorescein diacetate
(H,DCFDA)®0 and extracts (1.25% and 2.5% in HBSS) or flavo-
noids (150 uM of naringin, naringenin, hesperidin or hesperetin
in HBSS). Quercetin (20 uM) was used as an antioxidant positive
control. Flavonoid stocks were prepared in DMSO, but con-
centrations applied to cells did not exceed 0.1% of DMSO. After
incubation for 20 min, cells were washed twice with DPBS and
stressed with 100 uM of tert-butyl hydroperoxide (tBHP; for
IPEC-J2) or 500uM of 2,2’-azobis(2-methylpropionamidine)
dihydrochloride (AAPH; for Caco-2). Two different stressors
were used because not every cell line responds to each stressor.
Cells treated with HBSS were used as control. The amount of
produced dichlorodihydrofluorescein (DCF) was determined with
a microplate reader in fluorescence mode (485nm excitation,
520 nm emission; POLARstar Omega, BMG LABTECH). Data
were analyzed using the Omega MARS Data analysis software
package (BMG LABTECH). Measurements started immediately
after stressor addition at 0, 15, 30, 60 and 90 min. This oxidative
status over time was summarized by calculation of the area under
the curve normalized to the stressor treatment.

Cell migration assay in IPEC-J2 cells. The effect of bio-
transformed citrus extracts on migration of stressed IPEC-]2 cells
was assessed using a scratch assay20. IPEC-]2 cells were seeded in
24-well imaging plates with cover glass (MoBiTec, Goettingen,
Germany) at a density of 2.5 x 10° cells per well and grown
overnight. When confluency was achieved, cells were pretreated
with the extracts at a concentration of 1.25% for 6h. Then, a
straight scratch was generated with constant pressure, speed and

angle using a 100 pl plastic pipette tip. Excess debris was removed
by washing with DPBS. Cells were stressed with 100 uM of tBHP
while incubated with the extracts. Extract treatments were com-
pared to cells stressed with tBHP only. Untreated cells were used
as control. For scanning of the scratched area, automated
brightfield imaging was performed every 15 min for 420 min on
an epi-fluorescent microscope (Nikon Eclipse Ti2, Tokyo, Japan)
using a 2x CFI Plan Apochromat objective (NA =0.1) with
additional 1.5x magnification. For temperature and CO, control,
the microscope was equipped with a cage incubator (Okolab,
Shanghai, China) allowing imaging of cell culture at 37 °C and 5%
CO,. NIS-Elements software package (Version 5.02.01, Nikon,
Tokyo, Japan) enabled definition of acquisition positions with
respect to the scratch in each well. For scanning of multiple stage
positions in one experiment, the microscope was further equip-
ped with a x-y-stage (CMR-STG-MHIX2-motorized table,
Mirzhduser, Germany) and a sSCMOS camera (Zyla 4.2, Andor,
Northern Ireland). Image analysis was carried out using Image]
and the Wound_healing_size_tool.ijm plugin®!. Cell front velocity
(um - h~1) was calculated as indicated in Eq. 1:

wound closure speed
length of cell frontx 2

cell front velocity =

M

with wound closure speed calculated from the slope of the linear
trend line (area vs. time; standardized to 15—420 min) and the
length of cell front x 2 corresponded to the length of the gap area
considering two cell fronts that migrate towards each other (see
also ibidi-cells in focus®2).

LPS challenge assay in THP-1 cells. THP-1 cells were seeded in
6-well plates at a density of 2.75 x 10° cells per well and stimu-
lated with 50ng - ml~! of phorbol-12-myristate-13-acetate
(PMA) for differentiation into macrophages. After incubation for
48 h, depleted medium was aspirated, and adherent macrophages
were incubated simultaneously with 250 ng - ml~! of LPS and
extracts (1.25% or 2.5%) in growth medium with 1% of FBS (in
total 2.5ml per well). Cell culture supernatants containing
secreted cytokines were harvested after 24 h and stored at —80 °C
prior to analysis. Supernatants of extract treated cells were
compared to the ones of cells challenged with LPS only.
Untreated cells were used as control.

Cytokine array analysis. The expression profile of cytokines,
including chemokines, and growth factors was assessed using
Human XL Cytokine Array Kit (Proteome Profiler™ Array, Bio-
Techne Ltd., Abingdon, UK) following the manufacturer’s
instructions. Briefly, the membranes were blocked at room tem-
perature (RT) for 60 min and incubated with samples at 4°C
overnight. After washing, the membranes were treated with bio-
tinylated detection antibodies at RT for 90 min. Finally, they were
washed and incubated with streptavidin-horseradish peroxide at
RT for 30 min. Captured proteins were visualized by incubation
with chemiluminescent detection reagents for 1 min, followed by
measuring the luminescence using a ChemiDoc MP Imaging
System (Bio-Rad Laboratories). Semi-quantitative comparison
was performed using the Image Lab Software (Bio-Rad Labora-
tories). The pixel intensity in each spot of the array was analyzed
and the background signal was subtracted from each spot.

Cytokine multiplex immunoassay. Based on cytokine membrane
array results, the selected cytokines CCL7, CXCL11, CXCL9, IL-6,
and TNF-a were quantified with Luminex xMAP® custom mul-
tiplex assay (Bio-Techne Ltd.). For this purpose, cell culture
supernatants of LPS-stimulated THP-1 cells were applied undi-
luted for CCL7, CXCL11, CXCL9 and diluted 1:100 for IL-6 and
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TNF-a quantitation, respectively. Samples or standards were
incubated for 2h in presence of antibody-coated magnetic
microbeads, followed by washing step (Fig. 7a). This and all the
next incubation periods were performed in a sealed, light-
protected black well plate agitated with thermo-shaker at RT,
800 rpm. For the next 1h of incubation, biotinylated detection
antibodies were added. Microbeads with analyte sandwiches were
then washed and incubated with streptavidin-phycoerythrin
solution for 30 min. Afterwards, unbound reagent was removed.
Prepared samples were resuspended with washing buffer,
acquired by Luminex® 200™ and analyzed with xPonent® acqui-
sition software, Version 4.3 (both Luminex Corp., Austin, TX,
USA) in technical duplicates. Calibration and interpolation of
unknown concentrations was performed with weighted logistic
5P curve with intra-assay goodness-of-fit R* = 0.995. Intra-assay
coefficient of variation equaled 5.26%, intra-assay recovery of
standards equaled 100.53%. Detailed inter-assay characteristics
per analyte are listed in Supplementary Table 3.

Husbandry of D. melanogaster and preparation of experi-
mental fruit flies. Parental fruit flies D. melanogaster, strain
wll18 (University of Kiel, Kiel, Germany; strain no. 5905 Bloo-
mington Drosophila Stock Center, Bloomington, IN, USA), were
reared in our laboratory for over 60 generations in standardized
conditions at 25°C, 60% relative humidity (RH), 12:12 h light-
dark cycle. Controlled climate conditions were insured by cli-
mate chamber HPP750 eco (Memmert GmbH + Co. KG, Ger-
many). If not stated otherwise, all reagents in the D. melanogaster
experiments were purchased from Carl Roth GmbH. To prepare
aged-synchronized fruit flies, parental flies were transferred to
the embryo collection cages with Nutri-Fly® grape agar petri
dishes (both Genesee Scientific, San Diego, CA, USA) prepared
according to the manufacturer’s instructions. To induce egg
laying behavior, parental flies were provided with fresh yeast
paste consisting of active dry yeast “Red star” (Genesee Scien-
tific) and deionized water. After 24 h, the petri dish was replaced
with a fresh one. In ca. 20 h, eggs were collected from grape agar,
washed with sterile DPBS 3 times, and dispensed on larval
growth medium (35 pl per stock bottle). In 9 d freshly eclosed
synchronized adults were transferred to the stock bottles with
sugar-yeast medium and allowed to mate for 2 d before the
sorting to sexes. The medium for larval growth was prepared as
described?%03 from 1% agar, 5.5% glucose, 3% sucrose, 2.5%
inactive dry yeast, 6% yellow cornmeal (both Genesee Scientific),
all percentage is weight per volume. Sugar-yeast medium con-
sisted of 1.5% agar, 5% sucrose, 10% inactive dry yeast (weight
per volume). Both media were preserved with 1% of methyl
4-hydroxybenzoate solution (10% solution in absolute ethanol,
weight per volume), and 0.48% propionic acid (volume per
volume).

Intestinal barrier challenge in D. melanogaster. To investigate
the protective effect of biotransformed citrus extracts in vivo, a
series of three experiments with DSS challenge were conducted.
The experiments were based on the method of Amcheslavsky
et al. 46 with our modifications??> (Fig. 8a, 1). 5 days old (d. o.)
wll18 female D. melanogaster were sorted to groups of 25+2
adult flies per vial and transferred to non-nutritional medium
(1.5% agar in water) in order to prevent drying out of the
experimental media in the empty vials. Experimental liquid media
consisted of aqueous solution of 5% sucrose, 1% Brilliant Blue
FCF (C.I. 42090), 5% DSS with average MW 40,000 g - mol~},
and either 2.5% or 5% of AQE or FermCAE, and were introduced
on a piece of 1.5 x 3cm, 1.5mm thick gel blotting paper
(Whatman, Cytiva, UK). The control group was fed with aqueous

solution of 5% sucrose and 1% Brilliant Blue FCF only. Each
experimental condition was represented by 4 vials (=100 fruit
flies) per experiment. These experimental flies were maintained in
standard climate conditions at 25°C and 60% RH for 7 d and
were transferred to a fresh agar vial with a soaked filter paper 4
times per experiment. The number of dead flies as well as of flies
with Smurf phenotype was scored daily. Female D. melanogaster
were scored as Smurfs as described by Rera et al.% when they
demonstrated blue coloration observed outside intestinal area, e.g.
in thorax and limbs (Fig. 8b, 1).

Induction of oxidative stress in D. melanogaster. To evaluate
possible antioxidant effects of the biotransformed extract
FermCAE in vivo, series of twelve experiments were conducted
using ferrous iron as oxidative stressor. For that 5 d. o. w!lI8
female D. melanogaster were sorted to groups of 25 + 2 adult flies
per vial and placed on solid experimental media that was
exchanged every 2—3 d. Experimental media were based on
sugar-yeast medium described above (also applied as control
group) with addition of 30 mM iron (II) sulphate heptahydrate
as oxidation-inducing stressor37:%> and 2.5% or 5% of AQE
or FermCAE in one of the 4 treatment groups, respectively
(Fig. 8a, 2). Each experimental group was represented with =~ 100
flies (4 vials) per experiment. With respect to physiological
changes related to circadian rhythm®-68 fruit flies were placed
on experimental media at the exact same day time (11:30 am) in
each of 3 experiments for biochemical assays or for survivorship
and climbing performance.

ROS quantification and metabolic activity assays in D. mela-
nogaster. For both biochemical assays, female D. melanogaster
were sacrificed exactly after 70h. Homogenizer tubes with
stainless steel beads (Precellys Lysing Kit for Hard Tissue
Grinding, Bertin Technologies, Main, Germany) were filled with
300 pl of ice-cold DPBS containing 1 pl - ml~! protease inhibitor
cocktail (PIC; Sigma-Aldrich). Flies were anesthetized with CO,
for 10s, transferred with a funnel to the homogenizer tubes and
homogenized in Precellys Evolution tissue homogenizer (Bertin
Technologies) at 6000 rpm for 40 s. Afterwards, 700 ul of DPBS-
PIC mix were added to homogenate on ice. 800 pl of sample
were transferred to the fresh tubes without steel beads and
centrifuged for 10 min at 4 °C and 14,000x g. Clear supernatant
was kept on ice and assayed immediately in ROS quantification
and metabolic activity assays, as well as in Bradford assay for
protein normalization. For ROS quantification, 90 ul of DPBS,
100 pl of samples and 10 pl of 100 uM H,DCFDA were incu-
bated in a black 96-well plate light-protected for 2h. Addi-
tionally blanks of homogenization buffer with H,DCFDA and
sample supernatants without H,DCFDA were tested to exclude
autofluorescence interference. End point measurement of
fluorescent DCF product was performed as described in Section
“ROS quantification assay in vitro”. The metabolic activity assay
was based on reduction of resazurin to fluorescent resorufin by
NADH, NADPH, or FADH. In brief, 50 ul of sample and 50 pl of
25 uM resazurin solution (Thermo Fisher Scientific) were incu-
bated light-protected for 2h. Analogue to ROS assay, blanks
were tested to exclude variating autofluorescence of samples or
homogenization buffer. End point measurement of fluorescent
resorufin was performed as described in Section “Cell viability
assay”. To normalize obtained values of biochemical assays,
proteins in sample supernatants were quantified with Bradford
assay® with modifications. Obtained supernatants were diluted
1:20 in 20 mM sodium chloride solution and assayed with Quick
Start™ Bradford 1x Dye Reagent (Bio-Rad Laboratories) in 1:5
proportion. Calibration was performed with 2-fold dilution of
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BSA solutions (Sigma-Aldrich) in concentrations from 0 to
100 pg - ml~L. After 1 h incubation, absorbance was measured
with POLARstar® Omega Microplate Reader at 590 nm and
normalized at 450 nm. The second wavelength was used for
linearization of calibration graph as suggested by Ernst&Zor7".
All fluorescence and absorbance measurements were processed
with Omega Software, Version 2.10 and Mars Data Analysis
Software, Version 2.30 (both BMG LABTECH GmbH). All
measurements were performed in technical duplicates except
Bradford assays, which were run in technical triplicates.

Mortality and climbing performance experiments in D. mela-
nogaster. To further investigate physiological effects of citrus
bioflavonoids on fruit flies under the oxidative challenge, 5 d. o.
wll18 female D. melanogaster flies were reared on experimental
media with ferrous iron for 7 d. During that period D. melano-
gaster were transferred to fresh media 4 times, dead flies were
scored during every transfer. Results were expressed as percent of
dead insects from all fruit flies in each vial. Climbing activity of D.
melanogaster was assessed as previously described’’72 with
minor modifications: on day 7 percent of subjects, climbed to the
top of the vial (5cm distance) in 20 s after being tapped to the
bottom, was scored. For each vial, the measurement was per-
formed twice, and the mean value was obtained.

Statistics, reproducibility and visual content. All statistical tests
were performed in GraphPad Prism, Version 9.4.1 (GraphPad
Software, San Diego, CA, USA) as recommended in GraphPad
Statistics Guide. Prior to significance tests each data set was tested
to normality of data distribution with Shapiro-Wilk test. Nor-
mally distributed data were analyzed with two-tailed t-test (for 2
data sets) or ordinary one-way ANOVA (for > 2 data sets).
Dependent on the research question, ANOVA was extended with
one of the following multiple comparison tests: 1) comparison of
all data sets with each other—Tukey’s test, 2) comparison of
treatment group vs. control or stressor group—Dunnett’s test, 3)
comparison of selected groups with control, stressor, or each
other — Sid4K’s test. Data that did not pass normality distribution
test were analyzed with Kruskal-Wallis’s test with Dunn’s mul-
tiple comparisons test (for > 2 data sets). All tests were conducted
with 95% confidence interval (CI). Detailed summaries of sta-
tistical tests including number of subjects in each group #, F-, H-
or t-values, as well as degree of freedom are provided in Sup-
plementary Tables 4—6. p values <0.05 were considered sig-
nificant and indicated as * (p<0.05), ** (p<0.01), ***
(p £0.001) or **** (p <0.0001). The uncertainty of the visualized
data was expressed via standard deviations (SD) shown as error
bars. All graphs were constructed in GraphPad Prism, Version
9.4.1. Schematic overviews of respective methods were created by
authors in BioRender application (Science Suite Inc., Toronto,
ON, Canada). Images and photos were processed in Corel-
DRAW?® Graphics Suite, Version 21.0.0.593 (Corel Corporation,
Ottawa, ON, Canada).

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability

Numerical source data for all charts and graphs can be found in Supplementary Data.
Further data that support the findings of this study are not openly available due to
reasons of sensitivity and are available from the corresponding author upon reasonable
request.
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