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Figure captions

Figure captions

Chapter 11

Figure 2.1. Contour plot of hop cones extracted at 280 nm, D column: Luna®
C18 150 x 1.0 mm, 5 pum; 2D column: Kinetex™ C18 50 x 3.0 mm, 1.7 um. For
MS Peak identification, see Table 2.1.

Figure 2.2. Contour plot of hop pellet extracted at 280 nm, D column: Luna®
C18 150 x 1.0 mm, 5 um; 2D column: Kinetex™ C18 50 x 3.0 mm, 1.7 um. For
MS Peak identification, see Table 2.1.

Figure 2.3. MS (top) and MS/MS (bottom) spectra showing structure elucidation
and fragmentation pattern of peak 12.

Figure 2.4 a-d. IT-TOF (a, b) and FT-ICR (c, d) spectra of unknown bitter acids
(peaks 66, 71).

Figure 2.5. Full scan (m/z region 310-380) of DI-FT-ICR-MS showing mass

accuracy and compound identification based on molecular formula.

Chapter 111

Figure 3.1. Fractionation of hop pellets phytocomplex in three different fractions
by semi-preparative liquid chromatography (a) and UHPLC-UV-MS analysis of
the different fractions (b).
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Figure captions

Figure 3.2. a-d) Cytofluorimetric analysis of the hop fractions activity on Human
Peripheral Blood Lymphocytes. Human-purified lymphocytes (PBL), negatively
selected (CD14-) by immunomagnetic procedure from human healthy peripheral
blood mononuclear cell (PBMCs), have been pre-stimulated with IL-2 at 100
IU/ml and IL-15 at 100 ng/ml for 72 h and then treated with 0.5 pg/ml of each
fraction (HFA-HFB-HFC-HP) for the last 24 h. At the end of cell culture, PBL
were recovered and stained using anti-CD3, anti-CD56, anti-CD69, and anti-
NKG2D mAb and analyzed by flow cytometry. Representative dot plots (left)
are presented (a, ¢). Bars graph (right) report the percentage + SD of CD69+ and
NKG2D+ of CD3+ gated T cells and of CD56+ CD3— gated NK cells (D) from
3 independent experiments using different donors (b, d). Statistical analysis is
indicated (ANOVA; *P < 0.05 compared with NK cells cultured in cytokines
supplemented medium). e-m) Levels of pro- and anti-inflammatory cytokines.
Human-purified lymphocytes (PBL) have been cultured in presence or absence
of IL-2 at 100 IU/ml and IL-15 at 100 ng/ml for 72 h. Where indicated, PBL have
been co-stimulated with 0.5 and 5 pg/ml of HFB fraction for the last 24 h of
treatment. At the end of cell culture, medium from treated PBL was assayed for
circulating cytokine levels by beads-based multiplex ELISA (LEGENDplex,
Biolegend, USA). Results were expressed as the mean = SD of all sample
determinations conducted in duplicate. All pairwise comparisons are statistically
significant (ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001).

Figure 3.3. Cytofluorimetric analysis of hop fractions effects on CD56+
CD3—NK cells activation. Human-purified CD56+CD3—-NK cells cultured for 72
h in complete medium (IL-2+IL-15 supplemented), with or without 0.5 ug/ml of
each fraction (HFA-HFB-HFC-HP) for the last 24 h, were stained using anti-
CD3, anti-NKp44 and anti-CD56 mAb and analyzed by flow cytometry. A
representative dot plot (left) is presented (a). An example for cytofluorimetric

histogram profiles of treated purified NK are shown (b). Bar graphs (lower right)

53



Figure captions

report percentage + SD or alternatively the mean + SD of the mean fluorescence
intensity (MFI) for NKp44 marker in CD56+CD3— gated NK cells from three
independent experiments using different donors (c). Statistical analysis is
indicated (ANOVA; **P < 0.01, ***P < 0.001).

Figure 3.4. HFB sub-fraction effects on cytotoxic potential of CD56+CD3— NK
cells. Human-purified CD56+CD3— NK cells cultured for 72 h in complete
medium (IL-2+IL-15 supplemented), with or without increasing doses of fraction
B (HFB) for the last 24 h, were stained using anti-CD3, anti-NKp44, anti-
KIR3DL1, anti-CD158k and anti-CD56 mAb and analyzed by flow cytometry.
Panel a shows the effects of titration of HFB on the surface expression of NKp44
activating receptor in CD56+CD3—NK cells compartment. Panel b displays the
effects of different concentration of HFB on the surface expression of the
inhibitory receptors KIR3DL1 and CD158K by of fraction B. Panel ¢ reports the
effect of different B sub-fractions (HFB1-HFB2-HFB3) on NKp44 activating
receptor. Panel d shows the percentage of lysis mediated by HFB sub-fraction.
Human-purified CD56+CD3— NK cells, cultured in complete medium alone
(medium; circles) or treated with different HFB sub-fractions at a selected
concentration of 0.5 pg/ml. (HFB1, squares; HFB2, triangles; HFB3, diamonds)
for 72 h, were then tested for cytotoxic activity against K562 cells, as described
in Materials and Methods. E:T ratios are indicated. The duration of the assay was
4 h. Results were expressed as the mean = SD of two independent experiments
conducted in triplicate. Pairwise comparisons statistically significant among
treatment groups are shown (ANOVA; **P < 0.05, **P < 0.01).

Figure 3.5. Extracted ion chromatogram (EIC) of hop sub-fraction 3 (HFB3)
showing the main compounds detected in this fraction (top) HRMS and MS/MS
spectra of bitter acids detected in sub-fraction HFB3 (bottom).
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Chapter IV

Figure 4.1. The effects of different secretory size fractions of B. infantis on anti-
inflammation and cytotoxicity in H4 cells. H4 cells were pretreated with or
without B. infantis secretory size fractions (SFs) before IL-1p stimulation (a) or
treated with SFs alone (b). The secretion of IL-8 (a, b) and lactate dehydrogenase
(LDH) (c) into the cell culture supernatant was determined by ELISA and
cytotoxicity assay—LDH assay. Graphs represent means = SEM (n = 3) from
three independent experiments. One-way analysis of variance (ANOVA) and
Tukey’s post hoc tests were used for statistical analysis (**P < 0.01, P <0.001,

n.s., not significant).

Figure 4.2. Comparison of ultra-high-performance liquid chromatography-UV
(UHPLC-UV) profiles of the media, < 3 and 3-10 kDa B. infantis SFs, and
identification of indole-3-lactic acid (ILA) as the structure of the specific peaks
from B. infantis SF by an extracted ion chromatogram (EIC). a-c, RP-UHPLC-
UV chromatograms (280 and 254 nm) showing the comparison of B. infantis
culture media with B. infantis secretion size fractions < 3 and 3-10 kDa. The
circle shows the ILA peak, which is absent in culture media and present in both
of the B. infantis SFs. To confirm ILA, was compared the ILA standard
compound retention time with the B. infantis fractions. d, EIC showing the ILA
[M-H]™ peak in B. infantis fractions (black line) overlapped with the
corresponding standard (pink line). e-h, MS and MS/MS spectra of ILA peak in
B. infantis fraction (e, f) compared with MS and MS/MS spectra of standard
compound (g, h).

Figure 4.3. The effect of indole-3-lactic acid (ILA) on anti-inflammation in H4

cells, NEC enterocytes, and immature human intestinal organoids. H4 cells (a),

77
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primary enterocytes isolated from resected intestine of a NEC patient (b), and
immature human intestinal organoids isolated from therapeutically aborted
fetuses at gestational ages 15 (c) and 22 weeks (d) were pretreated with or
without ILA before IL-1f stimulation. The secretion of I1L-8 into the cell culture
supernatant was determined by ELISA (N = 3). Graphs represent the mean +
SEM from three independent experiments. One-way analysis of variance
(ANOVA) and Tukey’s post hoc tests were used for statistical analysis (*P <
0.05, **P <0.01, ¥P < 0.001, n.s., not significant).

Figure 4.4. ILA anti-IL-1p-induced IL-8 induction is mediated by aryl
hydrocarbon receptor (AHR) in H4 cells and TLR-4 is required for ILA anti-
inflammation in immature intestine. a, H4 cells were pretreated with or without
different doses of AHR inhibitor—CH223191 and then treated with ILA before
exposure to IL-1p. The secretion of IL-8 into the supernatant was determined by
ELISA. b, TLR-4-knockout immature mice (embryonic day 18.5) small
intestinal organ cultures were pretreated with or without 5 pM of ILA before IL-
1B stimulation. The secretion of microphage inflammatory protein 2 (MP2) into
the supernatant was determined by ELISA. Data are represented as the mean +
SEM, n = 3 from three independent experiments for a and n = 6 from the repeated
experiments for b. One-way analysis of variance (ANOVA) and Tukey’s post
hoc tests were used for statistical analysis (*P < 0.05 and P < 0.001, n.s., not

significant).

Figure 45. AHR and ILA anti-inflammatory responses to IL-1f are
developmentally regulated. C57BL6 (a) immature (embryonic day 18.5) and (b)
adult (8-week-old male) mice small intestinal organ cultures were pretreated with
or without ILA before IL-1B stimulation. The secretion of MP2 into the
supernatant was determined by ELISA. c) Expression of AHR mRNA in H4 cells
and hydrocortisone-treated H4 (HC-H4) cells. d) IL-8 reaction in HC-H4 cells’
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exposure to ILA before an IL-1B stimulus. €) AHR mRNA in H4 and Caco-2
cells. f) IL-8 secretions in Caco-2 cells pretreated with or without ILA before IL-
1B stimulus. Data are represented as the mean = SEM, n = 6 for mice and n = 3
for cells (from three independent experiments). T test was used for two-group
and one-way analysis of variance (ANOVA), and Tukey’s post hoc tests were
used for multiple-group statistical analysis (*P < 0.05, **P < 0.01, P < 0.001,
n.s., not significant).
84

Figure 4.6. Cartoon of suggested mechanism of anti-inflammatory effect of ILA
in B.infantis secretions on intestinal epithelial cells. (1) Degradation of lumen
protein leads to the release of tryptophan (Trp). Under the influence of the gut
microbiota, Trp is converted to indole-3-lactic acid (ILA) (2) by the indole/AHR
pathways. ILA acts on the aryl hydrocarbon receptor (AHR) found in fetal
enterocytres (3) thereby affecting the innate immune responde in a ligand-
specific fashion suppressing a pathogen-mediated inflammatory cytokine IL-13-
induced IL-8 secretion (4). TLR-4 is required for ILA anti-inflammation in

immature enterocyte with the unknown mechanism (5). 86

Chapter V

Figure 5.1. Metabolic stability curve of parent ICE-4 a- and B-acids expressed

as Remaing of parent %. 111

Figure 5.2. Extracted ion chromatograms (a) and MS? spectra with the

fragmentation pathways (b-e) of ICE-4 a-acids phase | metabolites. 118
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Figure 5.3. Extracted ion chromatograms (a) and MS? spectra with the

fragmentation pathways (b-e) of ICE-4 B-acids phase | metabolites.

Figure 5.4. Extracted ion chromatograms (a) and MS? spectra with the
fragmentation pathways (b-g) of ICE-4 a-acids phase Il metabolites.

Chapter VI Section |

Figure 6.2.1. MALDI-MS images of double derivatized dopamine (DA + [2
(FMP-10)-CHj3]) (a) and single derivatized 3-Methoxytyramine (3-MT + FMP-
10]) (b) in coronal rat brain sections comparing unnormalized, RMS, and IS
normalized MSI data in FF and HS tissues (at bregma 2.28 mm, Paxinos and
Watson, 2014). Scale bar =2 mm. Colour scale bars are shown as percentage of
maximum intensity. IS: DA-da. Lateral resolution, 150 um. Abbreviations: RMS,
root-mean square normalization; IS, Internal standard normalization; FF, fresh

frozen; HS, heat stabilized.

Figure 6.2.2. MALDI-MS images of neurotransmitters and related metabolites
acquired from FF and HS tissue sections. a, DA double derivatized; b, NE double
derivatized; c, DOPAL double derivatized; d, DOPAC double derivatized; e,
HVA single derivatized; f, 3-MT single derivatized; g, MOPAL single
derivatized (coronal rat brain section at bregma 2.28 mm, Paxinos and Watson,
2014); h, DOPEG double derivatized; i, 5-HT-single derivatized; j, 5-HIAA
single derivatized; k, 5-HIAL-single derivatized; I, GABA single derivatized:;
(coronal rat brain section at bregma —2.04 mm, Paxinos and Watson, 2014); m,
n, Bar charts graphs reflecting normalized average intensity of precursors DA
(m) NE and 5-HT (n) and their metabolites between HS and FF protocols. Error

bars represent standard deviation between technical replicates (**p < 0.01, *p <
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0.05). Scale bar = 2 mm. Colour scale bars are shown as percentage of maximum
intensity. Lateral resolution, 150 um. Data were normalized against IS: DA-d,
for DA, DOPAL, DOPAC, 3-MT, MOPAL, 5-HT, NE, DOPEG, 5-HIAL, 5-
HIAA. HVA-ds for HVA; GABA-ds for GABA. Abbreviations: FF, fresh
frozen; HS, heat stabilized.

Figure 6.2.3. MALDI-MS images of enkephalins in coronal rat brain sections.
Imaging experiments compared the distribution of full-length peptides (a-f, j-k,
n) and related fragments (g-i, I-m, 0) between FF and HS tissues at bregma —2.04
mm (a-i), —5.64 mm (j-m) and —2.92 mm (n-0) (Paxinos and Watson, 2014). a,
Leu-enk; b, Met-enk; c, Metorphamide; d, j, Met-enk-RF; e, Met-enk-RGL,; f, Kk,
PENK (219-229); g, |, Des-Y-Met-enk-RF; h, Met-enk-R; i, m, PENK (220-229);
n, PENK (198-209); o, PENK (201-219); Scale bar = 5 mm. Colour scale bars
are shown as percentage of maximum intensity. Data were normalized against
RMS. Lateral resolution, 150 pm. Abbreviations: FF, fresh frozen; HS, heat

stabilized.

Figure 6.2.4. Bar charts graphs reflecting normalized average intensity of
enkephalins between HS and FF protocols. a-c, Full-length peptides and related
fragments at bregma —2.04 mm (a), —5.64 mm (b) and —2.92 mm (c). Error bars
represent standard deviation between technical replicates (****p < 0.0001, ***p
<0.001, **p <0.01, *p <0.05). Abbreviations: PIPAG, pleoiglia periaqueductal
gray; SNR, reticular part of substantia nigra; HS, heat stabilized; FF, fresh frozen.

Figure 6.2.5. MALDI-MS images of dynorphins and tachykinins in coronal rat
brain sections. Imaging experiments compared the distribution of full-length
peptides (a-d, i-1) and related fragments (e-h, m-n) between FF and HS tissues
at bregma —2.04 mm (a, c, e, g, 1, k, m) and —5.64 mm (b, d, {, h, j, I, n) (Paxinos
and Watson, 2014). a, b, Dyn A (1-8); ¢, d, a-Neo; e, f, Dyn A (2-8); g, h, a-Neo
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(2-10); i, j, Neurokinin A; k, I, SP (1-11); m, n, SP (1-9); o, p, Bar charts graphs
reflecting normalized average intensity of full-length peptides and related
fragments at bregma —2.04 mm (o) and —5.64 mm (p) between HS and FF
protocols. Error bars represent standard deviation between technical replicates
(***p < 0.001, **p <0.01, *p < 0.05). Scale bar = 5 mm. Colour scale bars are
shown as percentage of maximum intensity. Data were normalized against RMS.
Lateral resolution, 150 um. Abbreviations: PIPAG, pleoiglia periaqueductal
gray; SNR, reticular part of substantia nigra; FF, fresh frozen; HS, heat stabilized.

Figure 6.2.6. Molecular distributions determined by MALDI-MSI in coronal rat
brain sections comparing FF with HS tissues (at bregma —2.04 mm, Paxinos and
Watson, 2014) of a, SST-28(1-12); b, N-El; ¢, PEP-19 (48-62); d, PEP-19 (51-
62) and e, nociception; f, Bar charts graphs reflecting normalized average
intensity of SST-28(1-12) and N-EI between HS and FF protocols. Scale bar =
5 mm. Colour scale bars are shown as percentage of maximum intensity. Data
were normalized against RMS. Lateral resolution, 150 pm. Abbreviations: FF,

fresh frozen; HS, heat stabilized.

Chapter VI Section 11

Figure 6.3.1. MALDI-MS images of ICE-4 a- and B-acids in mouse liver
sections at 1 and 2 h after oral administration. Imaging experiments compared
the distribution of parent compounds and mono-oxidized metabolites. a, f, optical
images of mouse liver sections; b, g, Cohumulone (m/z 347.1867, -0.28 ppm) at
1 (b) and 2 h (g); ¢, h, Mono-oxidized cohumulone (m/z 363.1813, -0.27 ppm)
at 1 (c) and 2 h (h); d, i, Humulone (m/z 361.2019, -0.10 ppm) at 1 (d) and 2 h
(i); e, j, Mono-oxidized Humulone ( m/z 377.1970, 0.28 ppm) at 1 (¢) and 2 h (j)
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;Scale bar = 2 mm. Colour scale bars are shown as percentage of maximum

intensity. Data were normalized against RMS. Lateral resolution, 100 pm.

Chapter VII

Figure S2.1. MS and MS/MS spectra showing structure elucidation and
fragmentation pattern of peak 31.

Figure S2.2. Separation of hop cones extract, column Luna® HILIC 150 x 2.1
mm, 3.0 um, injection volume 2 pL, flow rate 0.1 mL/min, mobile phase: A)

H.O/ACN 80/20 + 0.1 % CH3COOH; B) ACN.

Figure S2.3. First dimension separation of hop cones extract, column Luna® C18
150 x 1.0 mm, 5.0 pm, injection volume 1 pL, flow rate 30 uL/min, mobile phase:

A) 10 mM CH3COONHg4 in H20, pH 9; B) ACN.
Figure S2.4. Shifted gradient approach employed in the 2D of LC x LC setup.

Figure S5.1. UHPLC-PDA chromatograms (A: 330 nm) (&, ¢) with a gradient
starting from high percentage of organic modifier (50% ACN) and ESI negative
- MS/MS total ion chromatograms (TIC) (b, d) of ICE-4 sample using
CH3;COOH (a, b) and HCOOH (c, d) as additives of the mobile phase. e, UHPLC-
ESI Negative - MS TIC of ICE-4 sample with optimized conditions employed
for the final UHPLC-HRMS setup. Peak: 1, Cohumulone; 2, n-Humulone; 3,

Adhumulone; 4, Colupulone; 5, n-Lupulone; 6, Adlupulone.
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Figure S5.2. Extracted ion chromatograms (a) and MS? spectra with the
fragmentation pathways (b-e) of ICE-4 a- (b, ¢) and B- (d, e) acids parent

compounds.

Figure S5.3. UHPLC-HRMS base peak chromatograms (BPC) of mouse liver
microsomal digested at 0, 30, 60 and 120 min (a), mouse plasma at 1 and 2 h (b)
and urine at 24 and 48 h (c) extracts.

Figure S5.4. UHPLC-PDA chromatograms (A: 330 nm) of ICE-4 sample
subjected to gastric (0.1 M HCI, pH 2) (a), intestinal (HCOONH4 10 mM,
adjusted to pH 8 with NaOH) (b) and mouse plasma (c) stability evaluation. Time
points: TO, 0 min; T1, 30 min; T2, 60 min; T3, 120 min.

Figure S5.5. Potential prediction of glucuronide derivative of a- and iso-a-acids
by FAMES3 (https://nerdd.zbh.uni-hamburg.de/fame3/). As a result, the approach

proposed as first hits the hydroxyl substituents in position C3 and C4 for a-acids
and C1 and C2 for iso-a-acids as most probable SOM for UGTs catalyzed

glucuronidation.

Figure S6.2.1. Optical images of coronal rat sections from four HS brains and
four FF brains, which shows the changes to the tissue structure caused by heating.
The HS tissues appear dryer, their edges are jagged and some holes can be
observed (distance from bregma, 2.28 mm, Paxinos and Watson, 2014).
Abbreviations: FF, fresh frozen; HS, heat stabilized.

Figure S6.2.2. Molecular distributions determined by MALDI-MSI in coronal
rat brain sections comparing FF with HS tissues. a, PENK (114-133); b, PENK
(212-229); ¢, PENK A (239-260); d, Dyn B (1-13); e, Dyn B (1-6); f, Dyn B (15-
28) (distance from bregma, —2.04 mm, Paxinos and Watson, 2014); g, B-Neo; h,
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Figure captions

C-terminal flanking peptide; i, neuropeptide gamma (distance from bregma,
—2.92 mm, Paxinos and Watson, 2014); j, Bar charts graphs reflecting normalized
average intensity of full-length peptides and related fragments between HS and
FF protocols. Error bars represent standard deviation between technical
replicates (***p < 0.001, **p <0.01, *p < 0.05). Scale bar = 5 mm. Colour scale
bars are shown as percentage of maximum intensity. Data were normalized
against RMS. Lateral resolution, 150 um. Abbreviations: FF, fresh frozen; HS,
heat stabilized.

Figure S6.2.3. Molecular distributions determined by MALDI-MSI in coronal
rat brain sections comparing FF with HS tissues. a, cerebellin 1; b, cerebellin 1
(2-16); c, cerebellin 1 (1-15); d, cerebellin 1 (2-15); e, cerebellin 4 (66-77); f,
PC1 (619-628); g, Bar charts graphs reflecting normalized average intensity of
peptides between HS and FF protocols. Error bars represent standard deviation
between technical replicates (***p < 0.001). Scale bar = 5 mm. Colour scale bars
are shown as percentage of maximum intensity. Data were normalized against
RMS. Lateral resolution, 150 pm. Abbreviations: FF, fresh frozen; HS, heat

stabilized.

Figure S6.2.4. Schematic of the experiments performed in rat brains to monitor
preservation of neurotransmitters and neuropeptides from post mortem
degradation, comparing fresh freezing and heat-stabilization as tissue fixation
approaches. Eight rats were sacrificed by decapitation and the brains were
quickly removed. Four brains were immediately frozen by immersion in —45 °C
dry-ice-cooled isopentane and stored at —80 °C, the other four brains were heated
at 95 °C within 1 min following decapitation with minimal compression and
cavity vacuum, using the Stabilizor T1™ instrument. MALDI-MSI for both
neurotransmitters and neuropeptide were performed on coronal rat sections at six

levels, distance from bregma: 2.28 mm, 0.00 mm, —2.04 mm, —2.92 mm, —5.04
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mm, —5.64 mm (Paxinos and Watson, 2014). Abbreviations: FF, fresh frozen;
HS, heat stabilized.
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Table captions

Chapter 11
Table 2.1. LC x LC-PDA-IT-TOF characterization of hop cones and pellets

extracts.

Chapter V

Table 5.1. Parameters for analytical method validation. Values are expressed as

mean of three experiments * standard deviation.

Table 5.2. Parameters of ICE-4 a- and B-acids in vitro metabolic stability. Values

are expressed as mean of three experiments + standard deviation.

Table 5.3. Quantitative profile of ICE-4 a- and -acids in mouse plasma and urine

samples. Values are expressed as mean of three replicates + standard deviation.
Table 5.4. Observed metabolites of ICE-4 o- and B-acids in mouse liver
microsomes, in mouse plasma and urine, Abbreviation: P, parent compound; O,

oxidation; OH, hydroxylation; Gluc., glucuronidation.

Table S2.1. DI-FT-ICR identification of hop cones and pellets extracts based on

Accurate Formula and Compound Crawler Database searching.

Table S2.2. Peak capacity values corrected for undersampling (*) and

orthogonalithy Aw.

Table S2.3. Repeatability data for 2D peak areas and 2D retention times.
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Table captions

Table S3.1. List of all compounds detected in the hop pellets fractions.

Table S3.2. Quantitative profile of bitter acids in hop target phytocomplex and
sub-fraction B3.

Table S4.1. B. Infantis culture media. The table shows the ingredients of the
B.infantis culture media that is a modification of the combination of the intestinal
epithelial cell culture media and the B.infantis culture media. Abbreviation:
MEMNEAA- MEM non-essential amino acids, BPE-Bovine pituitary extract,
BHI- Brain and heart infusion broth.

Table S5.1. Concentrations of a- and B-acids in ICE-4 standard solutions at each

concentration level of calibration curves.

Table S6.2.1. Complete list of the neurotransmitters detected in heat-stabilized
(HS) and fresh frozen (FF) brain tissues by MALDI MSI.

Table S6.2.2. Average intensity ratio between metabolite and neurotransmitter for
heat stabilized (HS) and fresh frozen (FF) brain tissues.
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CHAPTER I:
Research  project presentation: Onconutraceutics and
personalized medicine: isolation, characterization,
pharmacokinetics and biological evaluation of antiproliferative

compounds from complex natural matrices

1. Introduction

Bioactive secondary metabolites from phytocomplexes possess a broad spectrum
of healthy properties, and more often are included in formulations employed as side
or complementary therapy to drugs in the treatment of chronic diseases, in the
growing field of onconutraceutics M. This new topic is directed to the development
of new nutraceuticals products, which could be useful not only for the prevention
of cancer, but also a valid support to the pharmacological therapies acting in
additive or synergic way and, at the same time, reduce side effects of drugs [?1. One
of the most novel and promising strategies in cancer treatment consists in using
natural immunomodulators as adjuvants in chemotherapy protocols, which are
characterized by lower toxicity and price compared to drugs, in order to improve
the immune response and reduce the suppression effect produced by drugs 1. This
project is focused to characterize bioactive molecules obtained from natural
matrices that are able to modulate the physiological processes underlying the onset
of cancer or, that possess immunomodulatory activities, directing their use towards
the prevention and as support to drugs for the treatment of important cancer
pathologies and chronic disease. Furthermore, the study aims to develop and apply

suitable analytical techniques that can be used in pharmaceutical and biomedical
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field, in particular characterize in detail their chemical diversity, to elucidate the
fate of target compounds after assumption, and, finally, understand their mechanism
of action by the analysis of metabolic changes occurring in biological systems
following their employment in disease conditions, and highlight the potential

positive modulation of key molecular pathways.
1.1. Aim of the work

The first part of the project has been focused on chemical characterization and
the evaluation of the immunomodulatory potential of secondary metabolites
deriving from the extract of Humulus lupulus L. (hop). Hop is a flowering perennial
plant belonging to the family of Cannabaceae with a millennial history. A plethora
of healthy properties has been attributed to hop and its compounds, such as
antioxidant, anti-inflammatory, and anti-proliferative I ®! due to the various and
complex content of bioactive secondary metabolites. In the natural products field,
one of the main challenges is the complexity of crude extracts. In this regard, high
resolution analytical techniques cover a pivotal role for the identification of novel
compound and to avoid dereplication [& 71, In the present study, efficient and high-
resolution analytical techniques, namely online comprehensive two dimensional
Liquid Chromatography (LC x LC) coupled to Tandem Mass Spectrometry
(MS/MS) and Direct Infusion Fourier Transform lon Cyclotron Resonance Mass
Spectrometry (DI-FT-ICR-MS) has been developed and optimized for a detailed
metabolite profiling of the hop phytocomplex and to identify the main bioactive
molecules (Chapter II). Subsequently, besides the entire phytocomplex, class
specific fractions obtained by semi-preparative Liquid Chromatography, have been

tested through flow cytometric assay for the ability to modulate the immune
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response of CD3+ T cells and the innate compartment of CD3-CD56+ Natural
Killer (NK) cells, with regard to their phenotype and cytotoxic activity (Chapter
).

The use of nutraceuticals in combination with probiotics as therapeutic agents
for gastrointestinal disorders is rapidly moving into clinical usage . For this
reason, part of the research activity has been aimed to investigate the role of
breastmilk probiotics as immunomodulators and anti-inflammatory for the
prevention or reduction of necrotizing enterocolitis (NEC) in the very premature
infant. In particular, molecular cutoff fractionation and ultra-high-performance
liquid chromatography-tandem mass spectrometry analysis have been used for the
identification and isolation of an anti-inflammatory tryptophan metabolite of
Bifidobacterium longum subsp infantis (B. infantis) secretions, which has been then
tested in human fetal small intestinal cell line and necrotizing colitis enterocytes in
order to establish its anti-inflammatory effects in immature intestinal enterocytes
and elucidate the mechanism of action (Chapter 1V).

A critical and still poorly understood aspect is the metabolic stability of natural
compounds, which has a deep influence on pharmacokinetic characteristics and thus
their bioavailability [°1. For this purpose, in the next phase of the project, an ultra
high performance liquid chromatography-high resolution mass spectrometry
(UHPLC-HRMS) method has been developed and validated to assess the metabolic
stability of hop a- and B-acids and the detection of their I and 11 phase metabolites
in vitro and in vivo (Chapter V).

One of the most controversial and debated arguments is the ability of natural
compounds, but also of synthetic drugs, to reach specific tissues and exploit their

healthy effects. The most common methods to assess bioavailability of active
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molecules employ biofluids, such as plasma concentration, as predictive indicator
of tissue uptake. On the other hand, tissue analysis by LC-MS require
homogenization and further extraction, which, while reflecting the total amount in
the tissue, cannot provide geometric and spatial information on localization of
molecules in target tissue, as well as the molecular changes following their
distribution among the region of the tissues. Moreover, in modern, personalized
medicine, there is the need of chemical characterization of tissue biopsies, or the
evaluation of the drug distribution, and their effect in target organs. Mass
spectrometry imaging (MSI) is a powerful, label-free, analytical tool that able to
detect hundreds of molecules simultaneously in a single experiment, both
endogenous and xenobiotics, with subsequent in situ visualization of the
localization of each ion in a single tissue section %1, In this work, Matrix-assisted
laser desorption/ionisation mass spectrometry imaging (MALDI-MSI) methods has
been developed to map the spatial distribution of both small molecule
neurotransmitters and neuropeptides in rat brain sections, comparing two tissue
stabilization protocols to reduce post mortem metabolic reactions. Subsequently,
MALDI-MSI has been applied to visualize the distribution of Humulus lupulus L.
secondary metabolites in liver samples (Chapter VI).
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CHAPTER II:

Chemical profiling of bioactive constituents in hop cones and
pellets extracts by online comprehensive two-dimensional liquid
chromatography with tandem mass spectrometry and direct
infusion Fourier transform ion cyclotron resonance mass

spectrometry

Abstract

Humulus lupulus L. (hop) is highly interesting from a nutraceutical perspective.
The hop phytocomplex contains a wide range of bioactive metabolites, and its
characterization is challenging. To tackle such a task, in this study a combined
approach consisting of online comprehensive two dimensional liquid
chromatography-tandem mass spectrometry and direct infusion Fourier transform
ion cyclotron mass spectrometry has been applied and compared. A reversed phase
x reversed phase approach with a shifted gradient in the second dimension ensured
selectivity and two dimensional space coverage. Hyphenation with an ion trap time-
of-flight analyzer led to the annotation of 83 compounds in 70 min, comprising a
novel quercetin derivative and six unknown bitter acids. On the other hand, the
direct infusion method was able to identify 40 analytes (except isomers) with high
mass accuracy (< 0.1 ppm) in less than 1 min analysis time. The developed approach
can be used in a complementary way, combining the separation capability and high
informative spectra of two dimensional liquid chromatography-tandem mass

spectrometry with the ultra-high mass accuracy of direct infusion, for potential
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compound discovery or the accurate profiling of bioactive compounds in different
hop cultivars as well as for monitoring processing and storage of hop-based

products.
2. Introduction

Humulus lupulus L., better known as hop, is a flowering perennial plant
belonging to the family of Cannabaceae. Its female inflorescence, hop cones (or
hops), are widely used in the brewing process, in which they play a key role in
defining the aroma and bitterness of the beer, but also as a natural antibacterial agent
(11, Besides the employment in brewing industry, hops have been used for a long
time as herbal medicine, especially for its antibacterial and sedative properties [ %1,
In the last years, hop is gaining further interest in the pharmaceutical and
nutraceutical sector for its antiproliferative potential ™, and phytoestrogenic
activity B which is related to the presence of prenylated compounds such as
xanthohumol and 8-prenylnaringenin. In this regard, to understand the mechanisms
of different compounds and for structure activity relationship (SAR) studies, the
accurate characterization of the phytocomplex is mandatory. Hop possesses a
complex secondary metabolite pattern, comprising prenylated compounds, o and f3
bitter acids, polyphenols, and essential oils. These compounds can differ from each
variety, harvesting period, processing and storage, and from fresh and dried
(pellets) material [ 71, Different analytical methods have been employed for hops
metabolite fingerprinting such as GC-MS B LC-MS P! and NMR spectroscopy
[0 Many of these approaches are focused on a single class of compounds such as

bitter acids or prenylflavonoids or procyanidins ™ 2 but not on the global
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fingerprinting of the crude plant, which, on the other hand, can be difficult to realize
with a single analytical method. Given the sample complexity, often these
techniques lack enough resolution and are not sufficient to elucidate in detail the
hops metabolite composition, this can lead to loss of information regarding minor
or novel compounds that remain hidden behind overlapping or high abundant
compounds. Comprehensive 2D-LC (LC x LC) is one of the best strategies to obtain
higher peak capacity and selectivity for the analysis of very complex samples. In
this approach, the entire sample is subjected to two independent separations, the
eluent from the first dimension (D) is continuously collected and re-injected into
the second dimension (2D) through an interface, that is usually a multiport switching
valve, and the separated compounds can be detected with both UV and/or MS
detection ™31, On the other hand, metabolite identification by MS detection is
challenging, high mass accuracy and resolution are required to exactly calculate
molecular formula that can lead to unambiguous identification through database
searching. In this regard, Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS) is highly suitable for its intrinsic characteristics, and

also allows direct injection without chromatographic separation 41,
2.1. Aim of the work

With the aim to provide a detailed profiling of different classes of bioactive
compounds in hop, such as hydroxycinnamic acids, glycosylated flavonols,
procyanindins, prenylated derivatives, and bitter acids, in this work has been
applied for the first time a combined approach based on the separation capabilities

of comprehensive LC x LC coupled to photo diode array (PDA) and ion trap (IT)
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TOF-MS detection together with the high mass accuracy and resolution of direct
infusion FT-ICR-MS. The method is a useful tool for the simultaneous profiling of
hop bioactive compounds, and, moreover, novel compounds are described here for

the first time.
2.2. Results

2.2.1. Comprehensive 2-D LC-MS/MS identification of hop cones and pellets

constituents

The contour plots (extracted at 280 nm) relative to the separation of the hop
cones and pellets extracts are reported in Figures 2.1 and Figure 2.2, respectively.
A total of 83 analytes have been tentatively identified together with 18 unknown
compounds (Table 2.1). Among them were present: hydroxycinnamic acids (10),
flavonols (18), procyanidins (24), bitter acids (22), and prenylflavonoids (9). It is
noteworthy that unlabeled peaks were compounds that poorly ionize in the
employed MS conditions. Among hydroxycinnamic acids, chlorogenic acid
isomers were detected (peaks 1, 2, 3, 5). Peak 1 showed a fragmentation pattern
consisting of a base peak at m/z 191, resulting from the loss of the quinic acid
moiety and an intense secondary fragment at m/z 179 so it was tentatively identified
as 3’-caffeoylquinic acid. Peaks 2 and 3 presented both a weak secondary fragment
at m/z 135, consistent with the fragmentation pattern of 5’-caffeoylquinic acid. As
reported in literature [*°], the trans isomer elutes earlier than cis, therefore they were
respectively identified as trans-5’-caffeoylquinic acid and cis-5’-caffeoylquinic
acid. Lastly, peak 5 presented a strong fragment at m/z 173 and a minor fragment

at m/z 191, therefore it was tentatively identified as 4’-caffeoylquinic acid.
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Coumaroyl and feruloylquinic acid derivatives were also present. Peaks 4, 6, 8, 9
were all characterized by the same fragmentation pattern with a strong fragment at
m/z 163, resulting from the neutral loss of the quinic acid moiety, and a secondary
fragment at m/z 119. In particular, on the basis of the elution order, compounds 4
and 6 were tentatively assigned as cis and trans-3’-coumaroylquinic acid isomers,
respectively, while 8 and 9 were identified as cis and trans 4’-coumaroylquinic acid.
In fact, they presented an MS/MS fragment at m/z 173, relative to the loss of the
dehydroquinic acid. Peaks 7 and 10 both showed in the MS/MS spectra a base peak
at m/z 193, deriving from the loss of ferulic acid. These compounds, also referring
to previously published spectra [®1, were tentatively identified as cis and trans 3’-
feruloylquinic acid. Regarding flavonol derivatives several quercetin and
kaempferol glycosides were found, some of them were identified by standard
retention time comparison (14, 15, 21, 37, 38), and by a similar MS/MS
fragmentation resulting from a hexose [M-H-162] (11, 12, 13, 22, 31, 32, 34, 36,
45) or rutinose [M-H-308] (14, 37) cleavage. LC x LC possess several advantages
with respect to 1D-LC separations. As showed before, multiple compound classes
can be efficiently separated in a single run. Moreover, the increased peak capacity
can lead to the detection of novel compounds that remain “hidden” in LC-MS
methods. In this regard, among flavonol derivatives peak 12 showed a particular
fragmentation. As reported in Figure 2.3 the MS precursor derives from in source
loss of 44 Da [M-H-CO2]". MS/MS fragment at 609.1327 m/z reveals a malonyl
moiety loss [M-H-86]", while ion at 300.0217, belongs to the deprotonated aglycone
quercetin deriving from the consecutive loss of an hexose and pentose [M-H-162-
146]". Finally, this compound was tentatively identified as quercetin 3-O-(malonyl-
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hexoside)-O-rhamnoside, which has not been reported so far in hops by previous
LC-MS methods. Peak 31 showed a similar behavior, but the fragment at m/z 285
is typical of kaempferol aglycone, thus was proposed as kaempferol 3-O-(malonyl-
hexoside)-O-rhamnoside  (Supporting Information Figure S2.1). Several
procyanidins isomers, spanning from degree of polymerization (DP) 2 to 5, were
detected. Peaks 16, 23, 27, 41, 48, 52, all with [M-H] at m/z 577, showed the same
fragmentation pattern, with fragment at m/z 289 belong to the monomer
(epi)catechin, deriving from quinone methide (QM) cleavage of the inter-flavan
bond. The fragments at 425 and 407 result from a retro-Diels—Alder (RDA)
mechanism [M-H-152]" and subsequent loss of water respectively, so they were
identified as (epi)catechin dimers. Peaks 17, 24, 28, 42, 49, 53, 18, 25, 29, 43, 50,
54 were all characterized by the fragment at m/z 739, probably resulting from the
loss of phloroglucinol unit (heterocyclic ring fission, HRF, -126 Da). These
compounds were proposed as (epi)catechin trimers and tetramers, the latter detected
as [M-2H]? at m/z 576 71, Finally peaks 19, 26, 30, 44, 51, 55 were characterized
by multiple losses of 289 Da, resulting from consecutive (QM) cleavages between
the flavan units, and were tentatively identified as (epi)catechin pentamers [*1. Also
in this case the [M-2H]? at m/z 720 was the detected form. Isomers with DP > 2
were detected only in cones, which can be related to degradation of higher isomers
during storage or processing [*8. The more retained compounds, in the right part of
the 2D plot, were represented by bitter acids and prenylated compounds. Alpha
acids (peaks: 57, 57a, 61, 67, 70, 72, 74, 76, 77, 79, 80, 87, 90, 103) were all
characterized by a similar fragmentation pattern (-CsHo; -69 Da while iso-a. by -
CeHsO; -96 Da), deriving from the loss of a prenyl group or side chain scission
-12-
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respectively %1, Whereas, B-acids (peaks: 78, 81, 82, 84, 89, 92, 93, 95), showed
the loss of 112 Da, which can be attributed to the consecutive cleavage of CsHg (-
69 Da) and CsH7 (-43 Da) groups 2%, Among bitter acids, compounds 66, 68, 75,
96, 102 were proposed as unknown [-acids, since they showed losses of 112 and
120 Da whereas peak 71 was proposed as unknown a-acid, showing the elimination
of 96 Da. Their MS and MS/MS spectra are reported in Figure 2.4 a, b. Some of
these compounds can be the result of oxidation reaction, which can take place
during storage. Last, xanthohumol (100) was identified by standard retention time,
while isoxanthohumol (83) which is characterized by same fragmentation pattern,
showed a different retention time. Compounds 59 and 62 were tentatively identified
as oxidized derivatives of xanthohumol [M-H+16]". 8 and 6-prenylnaringenin (94,
97) were both characterized by the fragment at m/z 219 resulting from RDA
reaction, but also in this case they were distinct by retention time difference 2. It
is noteworthy that resveratrol and other stilbenes were not detected in this study,
probably for their low concentration, or for the MS approach used, based on data-
dependent approach and not in the more sensitive selected reaction monitoring
(SRM) [22],
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0.000 13.950 27.900 41.850 55.800 '

Figure 2.1. Contour plot of hop cones extracted at 280 nm, D column: Luna® C18 150 x
1.0 mm, 5 pm; 2D column: Kinetex™ C18 50 x 3.0 mm, 1.7 um. For MS Peak

identification, see Table 2.1.
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0.000 13.950 27.900 41.850 55.800 1
Figure 2.2. Contour plot of hop pellet extracted at 280 nm, D column: Luna® C18 150 x
1.0 mm, 5 pm; 2D column: Kinetex™ C18 50 x 3.0 mm, 1.7 pum. For MS Peak

identification, see Table 2.1.
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Figure 2.3. MS (top) and MS/MS (bottom) spectra showing structure elucidation and

fragmentation pattern of peak 12.

2.2.2. Direct infusion Fourier transform ion cyclotron resonance

measurements

Regarding FT-ICR MS measurements, the separation of hop compounds is
achieved by high mass resolution, which in this study was roughly 150.000 at m/z
400. The obtained results can be appreciated in Figure 2.5 showing the full scan
window from 310 to 380 m/z, numerous bitter acids were simultaneously identified
with minimal chance of interference from overlap of other species in the mass

spectrum as highlighted in the figure expansion. The high mass accuracy allows to
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unambiguous assignment of molecular formula that can be used for database
searching by elemental composition, especially when combined with the high
informative MS/MS spectra of IT-TOF detection. With respect to the LC x LC-IT-
TOF approach, 40 compounds were identified (Supporting Information Table
S2.1), in a very short analysis time (< 1 min), with a very low average mass error
(0.083 ppm, Figure 2.5) especially for lower m/z compounds, well below the IT-
TOF average value (~5 ppm). The high mass accuracy, together with isotopic fine
structure, is highly beneficial for the confirmation of molecular formula of
unknown compounds, such as the unknown bitter acids derivatives 66, 68, 71, 96,
102 (corresponding to 20, 23, 36, 39 in Supporting Information Table S2.1). As
highlighted in Figure 2.4 c, d, showing the isolation and fragmentation of peaks 66
and 71 by FT-ICRMS/MS, higher quality spectra were obtained for these
compounds. The high mass accuracy obtained for the fragments, further confirmed
their tentative identification as  (—112 Da) and a (—96 Da) acids respectively.

The RSDs of peak intensities were < 20% (calculated over five consecutive
infusions) for all detected peaks, which demonstrated a good stability and
reproducibility of the DI-FT-ICR method.
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Figure 2.4 a-d. IT-TOF (a, b) and FT-ICR (c, d) spectra of unknown bitter acids (peaks

66, 71).
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Figure 2.5. Full scan (m/z region 310-380) of DI-FT-ICR-MS showing mass accuracy and

compound identification based on molecular formula.
2.2.3. System performance

System performance, in terms of peak capacity values, is reported in Supporting
Information Table S2.2. The peak capacity of the LC x LC system can be calculated
by multiplying the individual peak capacities obtained for the two dimensions,

resulting in a value of 2418. However, this value is only theoretical and should be
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taking into account the undersampling effect 2 using Eq. (1), in which £ is the

correction factor described as:

B= \/ 1+3.35 (i—i)z
1)
Where 2t; is 2D cycle time (which is equal to the 2D gradient time, plus the 2D
re-equilibration time), and w the average *D peak width. After this correction a peak
capacity of 1478 was calculated. Moreover, the degree of dissimilarity between the
two separation dimensions, or the orthogonality (Ao) of the system, must be
considered 24 231 Finally, the value of 756 was obtained, which is similar to
previous RP x RP approaches 262l detailed calculation are reported in Supporting
Information. To assess the repeatability, LC x LC analyses were run in triplicate,
the average CV% values < 0.1 and 10% for retention time and peak areas

respectively (Supporting Information Table S2.3).
2.3. Discussion

The search for bioactive compounds deriving from natural or food origin is of
particular interest in drug discovery, for the pharmaceutical and nutraceutical
industry. In this regard, the development of advanced analytical techniques is a
fundamental requirement to achieve an accurate characterization of
multicomponent mixtures and link a potential effect to the presence of specific
metabolites in a phytocomplex. Online comprehensive two dimensional Liquid
Chromatography (LC x LC), taking advantage of two different separation methods,
is one of the best strategies to simplify very complex samples prior to MS analysis,

expanding the potential of the MS itself in terms of sensibility and identification
-20-
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capability 8], 2D GC-MS techniques have been previously applied to the
characterization of volatile fraction of hops [® 2°1 whereas a stop flow 2D-LC
method has been applied non-volatile metabolite characterization B but not in
continuous comprehensive LC x LC and without tandem MS detection. Here, LC
x LC-MS/MS platform has been applied for the detailed and multiclass accurate
profiling of secondary metabolite extracted from two type of commercial hop, dried
pellet and fresh cones.

In comprehensive LC x LC, usually the two dimensions should employ different
separation mechanisms to maximize the orthogonality of the system. The choice of
1D column has a significant impact on the selectivity and peak distribution in the
2D space. Moreover, the employment of narrow or microbore columns is beneficial
to inject low volumes onto the 2D column 3. In our approach, we tested both a
microbore RP column and a narrow-bore HILIC stationary phases. The coupling of
HILIC with RP can provide high levels of orthogonality [?°l. Despite this, an
insufficient retention of most analytes was observed with the 2.0 mm i.d. HILIC
column (Supporting Information Figure S2.2). In particular, the entire fraction of
a- and B-acids, which are the most hydrophobic compounds, was not retained, also
employing a gradient starting from lowest possible percentage of water, together
with a short isocratic step at the beginning of the run (detailed conditions are given
in the Supporting Information). Thus, this stationary phase was not suitable for this
sample. On the other hand, with the 1.0 mm i.d. RP column, a good retention and
peak distribution were obtained. To increase the differences with respect to the 2D,
carried out with the same separation mode, different organic modifiers (CH3OH and
ACN) and pH conditions were tested. The best results were obtained employing a
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pH of 9 and with ACN as phase B (Supporting Information Figure S2.3). The effect
of gradient time and injection volume were also evaluated. An injection volume of
2 uL was selected together with a slow gradient ramp; to sample more efficiently
1D peaks, these conditions were used for D in LC x LC. Since the 2D was also
performed in RP mode, a shifted gradient mode was considered (Supporting
Information Figure S2.4), in which the percentage of organic solvent changes
according to the property of the eluted fraction. This approach is highly useful in
RP x RP separations to increase the peak distribution across the 2D space 1. As
can be appreciated from contour plots in Figures 2.1 and Figure 2.2 peaks spread
across the 2D separation space and not along a diagonal line, clearly indicating the
benefits of the shifted gradient approach in the 2D of RP x RP separations 21, A
slight 2D retention time shift can be noted for peaks 4 and 6. This is due to the
employment of older generation ten-port two-position switching valve, that,
differently from last generation eight port valves that characterized by exactly
symmetrical flow path, (denoted also as the four-port duo valves), possess still
minimal differences 3. Moreover, also their large D peak width could contribute
to this slight offset. However, this effect was not a problem in the identification of
compounds, thanks to extracted ion chromatograms (EIC). Symmetrical peak shape
was obtained for almost all other peaks, except for peaks 74 and 76 that were
partially co-eluted in both samples, probably for their high concentration that led to
peak broadening.

A sub-2 um RP core-shell column was selected, the performance in the 2D of LC
x LC for this column were reported previously 1. The 2D was carried out at high
flow rate (2.2 mL/min) and with a column temperature of 55 °C, in these conditions

-22-



Chapter Il: Chemical profiling of bioactive constituents in hop cones and pellets
extracts by online comprehensive two-dimensional liquid chromatography with
tandem mass spectrometry and direct infusion Fourier transform ion cyclotron
resonance mass spectrometry

an optimum compromise among backpressure values and reconditioning time was
obtained, within the total D? analysis time of 45 s. These conditions were employed
for the LC x LC final setup. Hyphenation with an ion trap time-of-flight analyzer
led to the detection of a number of compounds higher than previous profiling
analyses on hop carried out by MS or combined techniques " 1% 34 comprising a
novel Quercetin derivative and six unknown bitter acids. Multiple compound
classes were simultaneously identified and separated, without any particular
extraction process or fractionation 1% 34 presenting an exhaustive snapshot of the
molecules that constitute the hop phytocomplex which may be valid candidates for
bioactivity studies. Furthermore, by comparing two types of matrices, it was shown
that oligomeric procyanidins from dimer to pentamer were detected exclusively in
fresh cones, probably due to the reduction of their content following the drying and
compression processes for pellet production [ 31 while prenylflavonoids and bitter
acids profiles remained almost unchanged.

FT-ICR MS, for its high mass accuracy, resolution, and wide dynamic range,
represents a useful tool for metabolomics and profiling studies 1 361, Differently
from LC x LC-IT-TOF approach, a key advantage of the direct infusion approach
relies on considerable reduction of the analysis time. This was kept below 1 min
(compared to the 70 min of the LC x LC approach) per sample by introduction of
the sample in infusion mode and accumulating 16 or 32 scans, with a resolution of
approximately 150.000 at m/z 400. In addition, a drastic reduction of the solvent
consumption is achieved. This aspect is really useful for high-throughput studies,
which could be correlated to statistical analysis. Moreover, to not incur in ICR cell
oversaturation, the concentration of sample used for the DI-FT-ICR was diluted
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1000 times with respect to the LC x LC method, highlighting the sensitivity of the
full-scan direct injection method and the need of very low amounts of sample.
Clearly, in comparison to the LC x LC-MS/MS approach, the isomers that are
resolved by chromatography can not be differentiated. Moreover, some compounds
were not detected probably due to ion suppression and space charge effects in some
m/z regions, due to the simultaneous arrival of multiple ions into the ESI source 71,
It should be pointed out that for all these compounds, as well as for peaks 12 and
31, other analytical techniques complementary to MS B8 such as NMR
spectroscopy or isolation of pure compounds, are mandatory to confirm their
identification. Nevertheless, the combination of LC-free and LC-based MS methods
represent a powerful tool for deep characterization of complex, multi-analyte,

natural matrices.
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Table 2.1. LC x LC-PDA-IT-TOF characterization of hop cones and pellets extracts.

Error  PDA Amax Molecular

Peak re Compound [M-H] [MS/MS] Cones  Pellets

(ppm) (nm) Formula
Hydroxycinnamic acid

1 4.87 3’- caffeolquinic acid (Chlorogenic acid) 353.0850  191.0625,179.0385  0.85 320 C16H1809 v v
2 71z 7 caffeolauinicacid (NeoChlorogenicacid) 5550863 101.0650,135.0522 0 4, CisH150s v v
3 8.58 5’ - caffeolquinic acid (Neo chlorogenic acid) cis 353.0858 191'05558_‘01575%0534 -4.28 322 C16H1809 v v
4 10.13 3’- coumaroylquinic acid cis 337.0922 163.0407,119.0394  -2.67 304 C16H180s v X
5 11.62 4’ - caffeolquinic acid 353.0891 173.0852,191.0606  -4.25 322 C16H1809 v v
6 13.10 3’- coumaroylquinic acid trans 337.0920 163.0407,119.0394  -2.67 308 C16H180s v v
7 1695 3 - feruloylquinic acid cis 367.1034 193'015195"031'0357 0.27 322 C17H200 v v
8 18.49 4’ - coumaroylquinic acid cis 337.0909 173.0470, 163.0871  -5.93 226, 310 Ci6H180s v x
9 19.20 4’ - coumaroylquinic acid trans 337.0944 173.0470, 163.0871 4.45 226, 310 C16H180s v v
10 20.52 3’ - feruloylquinic acid trans 367.1040 193.0516, 134.0216 1.36 322 C17H2009 X
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Flavonols
11 2068 Quercetin 3-O-(2-thamnosyl) -hexoside 755203  OMOSS3 A0S 553 256,209 CasbaoOao
12 20.82 Quercetin 3-O —(malor_1yl-hex05|de)-0- 651.1530 300.0261, 271.0220 061 311 C29H32017
rhamnoside 255.0307

13 2152 Quercetin 3-O-thamnosyl-hexoside 6oo.a12  SOTOZO CILOZAL 181 255,352 CorHOss

. 301.0362, 255.0306

# ’

14 22.27 Rutin 609.1445 271.0269 345 255, 352 C27H30016
15 2229 Quercetin 3-O-galactoside” 463.0855 301'05’;‘56'0222%)'0255 389 255 CatHoO12
20 23.01 Quercetin 3-O- di-hexoside 609.1445 301'03%2 ’0225659'0306 443 353 C27H30016
21 23.02 Quercetin 3-O-glucoside® 463.0855 301'();;56’0%%'0255 -4.53 255 C21H20012
2 2303 Quercetin 3-O-(acetyl) -hexoside 505.0972 301'023’§é'022;}3'0204 317 31 C2sH22013

Kaempferol 3-O-(malonyl-hexoside )-O- 285.0384, 593.1373
31 2457 thamnoside 635.1601 255.0300 227.0416 0.63 262,345 C29H32016
32 25.98 Kaempferol 3-O-B-(0-malonyl)-hexoside 533.1861 251.0940, 255.8909  -2.81 262, 345 C23H34014
33 26.02 Kaempferol 3-O-di-hexoside 593.1413 285.0393, 255.0279 -2.42 265, 344 C27H30015

227.0656
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285.0433, 255.0302

34 26.06 Kaempferol 3-O-hexoside 447.0949 297 0741 403 264,345 C21H20011 v X
36 2672 Kaempferol 3-O-B-(6-O-malonyl) -hexoside 5331861  251.0940,255.8909 -2.81 262,345  CosHOuwu v v
37 2677 Kaempferol 3-O-di-hexoside s03.0413 29003 200279 595 265,344 CarHOss v x
38 2679 Kaempferol 3-O-hexoside a470049 OO 20302 157 264,35 CarboOu v v
45 27.48 Kaempferol 3-O-glucoside* 447.0940  255.0279,285.0377 157 264,345  CaHzO1 x v
Flavan-3-ols
35 2650 Catechin® 289.0719 245.0784 381 278 CisH1406 x v
39 27.26 Epicatechin’ 289.0711 245.1008 242 278 CisH1406 x v
Procyanidins
16 22.70 Epicatechin dimer 577.1247  407.0662,289.0448 -4.97 279 CaoH26012 v v
. o 407.0696, 289.0663
17 22.71 Epicatechin trimer (EC-3) 865.1918 449.0774. 577.1076 -4.51 283 Cs5H38018 v X
407.0828, 289.0769
* ’ v
18 2272 Epicatechin tetramer (EC-4) 576.1180 425.0817 1.29 278 CooHs0024 X
19 2272 720.1428*  289.0673,287.0524 -2.70 278 C75H62030 v X
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Epicatechin pentamer (EC-5) 449.1207
23 2350 Epicatechin dimer isomer | 577.1247  407.0662, 289.0448  -5.97 279 CaoH26012 v v
24 2351 Epicatechin trimer (EC-3) isomer | 865.1918 3%8?32 ggggg?g -4.51 283 CasHzs01s8 v X
25 2352 Epicatechin tetramer (EC-4) isomer | 576.1180« 070528, 2890769 400 78 CooHs0O2s v x
26 23.52 Epicatechin pentamer (EC-5) isomer | 720.1428* 289'02193"122%77'0524 510 278 C75H62030 v X
27 24.27 Epicatechin dimer isomer 11 577.1288 407.0729, 289.0619  1.73 279 CszoH26012 4 4
28 24.28 Epicatechin trimer (EC-3) isomer Il 865.1864 407.0795, 289.0705  -4.51 283 CasHzs01s8 v X
20 2429 Epicatechin tetramer (EC-4) isomer 11 5761180+ 0T F0T0 15 arg CooHs0O24 v x
30 24.29 Epicatechin pentamer (EC-5) isomer Il 720.1428* 289'02193_‘122%77'0524 1.20 278 C75H62030 v X
41 27.34 Epicatechin dimer isomer 111 577.1288 289'02213_’045%'0729 1.73 279 CsoH26012 v X
42 27.35 Epicatechin trimer (EC-3) isomer IlI 865.1864 g?g(ﬁgg ég;gzgg -4.51 283 Cs5H38018 v X
43 2736 Epicatechin tetramer (EC-4) isomer 111 576.1180* 407'052258"0%%'0769 352 278 CeoHs0024 v x
44 27.36 Epicatechin pentamer (EC-5) isomer 111 720.1428* 289'02193-‘122%77'0524 -4.22 278 C75H62030 v X
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289.0619, 407.0729

48 30.34 Epicatechin dimer isomer IV 577.1288 425 0905 1.73 279 CsoH26012 v X
. L . 289.0705, 407.0795
- ' - v
49 30.35 Epicatechin trimer (EC-3) isomer 1V 865.1864 577.1302. 739.1650 4.51 283 Cs5H38018 X
50 30.36 Epicatechin tetramer (EC-4) isomer 1V 576.1180* 407'022258 ‘0%81%'0769 -2.51 278 CeoHs0024 v X
51 30.37 Epicatechin pentamer (EC-5) isomer 1V 720.1428* 289'02193 ‘122%77'0524 151 278 C7sHs2030 v X
52 31.10 Epicatechin dimer isomer V 577.1288 289'02213‘1%%10729 1.73 279 CsoH26012 v X
53 31.11 Epicatechin trimer (EC-3) isomer V 865.1864 407.0795, 289.0705  -4.51 283 CasH3s01s8 v X
54 3112 Epicatechin tetramer (EC-4) isomer V 5761180+ 0T P0T 55 g CooHs0O24 v x
55 3112 Epicatechin pentamer (EC-5) isomer 720.1428* 289'0213'122%77'0524 315 278 CrsHs2030 v <
a-acids and derivatives
57 34.98 Cohumulinone 363.1807 249'121323512774561418 -1.38 275, 310 C20H2806 v X
57a 37.21 Cohumulinone isomer 363.1807 249'12155’127156'1418 -1.38 275, 310 C20H2806 v X
61 4240 Oxy-humulinone 3030012 S9ZBO A2 44y 255,323 CaHwOr v v
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263.1285, 295.1130

67 44.63 Oxy-adhumulinone 409.1879 3331577 098 285,323 C21H300s v X
70 50.68 Humulinone 3771928  263.1250,221.0969 -5.04 285,323  CauHaOs v v
v
72 5141 Cohumulinone 363.1806 249'1213?3'122715;1332 4165 275,310  CooHzsOs x
74 5289 Cohumulinone isomer 363.1807 249'12153'1271%1418 138 275,310  CooHzsOs v v
76 5441 Adhumulinone 3771956  2031285,359.1793 a0 985 323 CoHuOs v
2231381
77 5463 Is0-o-ad/n-humulone 3611998  363.1861,265.1468 221 285323  CauHuOs v v
79 55.19 Deoxycohumulone 331.1920 262.1292,194.0621 151 290, 335 C20H2804 v X
80 5528 Iso-o-ad/n-humulone 3612015  265.1428,363.1836 221 285,323  CauHuOs x v
87  57.44 Prehumulone 375.1818 306.1319 240 285,325  CaHaOs v v
90 5770 Cohumulone 3471862 2006242781176 e g5 393 ChoHz0s v
223.0747
103 65.14 Deoxyhumulone/deoxyadiupulone 345.2064 346'221235"0%%%'2297 203 290,335  CaHaOs v v
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p-acids and derivatives
78 5515 Cohulupone 317.1765 2480959, 1800271 551 98335 CigH0s v v
1522327
81 56.10 Lupulone E 4152489 259.1037,303.1277 -024 235360  CosHaeOs v v
82  56.65 Postlupulone 3851228 2730003, 2489524 -3.63 280,335  CauHaOu v v
84  56.60 Lupulone E isomer | 4152502  250.0084,303.1511 361 235360  CosHaOs x v
89  57.68 Lupolone E isomer 11 4152487 2991036, 1920597 555 935360 CasHacOs x v
371.2276
92 50.68 Colupulone 399.2541  287.1253,219.0712 -025 280,335  CasHacOs v v
93 5971 Adlupulone 4132709  301.1456,276.1469 290 280,335  CasHasOu x v
95 6123 Adlupulone isomer 4132701  301.1448,276.3570 436 280,335  CasHasOu v v
103 65.14 Deoxyhumulone/deoxyadiupulone 345.2064 346'221235"0%%%'2297 203 590,335 CaHa0s v v
Prenylflavonoids
59 4164 Ox-Xanthohumol derivative 1 360.1336  191.0420,247.0340 540 255,307  CaHzOs v v
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62 4242 Ox-Xanthohumol derivative 2 369.1356  191.0396,247.0338 325 255307  CaiHzOs x v
83 5667 Iso-Xanthohumol 3531302  2o3082L,189.0277 105 990,325  CarHzOs v v
165.0467
94 6050 8-Prenyl-naringenin 339.1229  219.0672,245.0805 7° 294,337  CaHxOs v v
97 6128 6-Prenyl-naringenin 330.1225  219.0623,2455915  -13 292,337  CaoHzOs v
98  61.98 Desmethylxanthohumol 339.1252 150'05213 ‘6%3;%0792 4.13 370 C20H2005 x v
99  62.73 Desmethylxanthohumol isomer 330.1068 0008841750789 g5, 370 C20H200s v v
100 6276 Xanthohumol* 3531405 2930921, 189.0277 405 379 CatH220s v v
175.0147
101 62.79 Diprenyl naringenin 407.1885 287.1307, 243.1390 2.70 292, 337 Ca2sH280s
Unknown
40 2728 Unknown 557.1866  280.1074,301.0085 250 273 CazH260 x v
46 2822 Unknown 489.1038 353.9013 593 266 CaiHa0013 v v
58 37.94 Unknown 237.1116 193.4907 877 269 C13H104 v v
60 4173 Unknown 195.0684 151.0749 6.77 278,201  CioH10s x v
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63 4243 Unknown 2511293  253.1937,123.0991  1.59 268 C14H2004 x v
64  42.49 Unknown 195.0684 151.0749 871 278,291 CioH1204 x v
65 233.0867 151.0689 Ci6H28012
4458 Unknown 411.1489 347 1238 0.90 273,316 x v
66 4461 Unknown B-acid 333.1701  249.0842,221.0769  -0.30 275 Ci9H260s x v
68  45.33 Unknown B-acid 333.1706  249.0766,221.0489  -1.80 275 Ci9H260s v v
69 4761 Unknown 4111516  2330862,251.0987 090 5.5 55 CioHzs0r2 x v
347.1524
71 5138 Unknown a—acid 391.1756  235.0494,295.1238  -1.53 278 C21H2507 v v
. 335.1234, 262.1461
75 53.66 Unknown B—acid 447.2495 282.1230 378.1776 -5.50 293 C29H3604 x 4
251.1265, 331.1070
85  57.29 Unknown 349.1285 3511390 -2.29 270 CisH2207 x v
415.2041,
86  56.93 Unknown 447.2382 233.07897 -1.34 299 C2sHas07 v x
349.1997
88  57.49 Unknown 375.1811 273'028gf’13;56€1682 -1.84 268,330 C21H280s6 v x
91 5823 Unknown 3751811 2/30805,357.1682 ;o) 96g 330 C21H280s6 v x
251.1160
9%  61.25 Unknown B—acid 3051415  193.0946, 123.8334  -0.33 268, 330 C17H220s v v
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353.1918, 231.0691  4.10 278 v

102 64.33 Unknown pB-acid 351.1271 188.8398 C21H200s X

* Detected as [M-2H]*

# |dentified according to the standard retention time
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2.4. Materials and methods
2.4.1. Chemicals

Ultra pure water (H20) was obtained by a Direct-8 Milli-Q system (Millipore,
Milan, Italy), LC-MS grade acetonitrile (ACN), methanol (CH30OH), LC-MS
additives acetic acid (CH3COOH), ammonium formate (CHsCOONHj4) were all
purchased from Sigma-Aldrich (St. Louis, Mo, USA). Standards of: quercetin-3-
O-glucoside, quercetin-3-O-galactoside, rutin, xanthohumol and kaempferol-3-O-
glucoside were purchased from ExtraSynthese (Lione, France). Standards of (+)-

catechin and (-)-epicatechin were purchased from Sigma Aldrich.
2.4.2. Sample preparation

Hop cones (originary of Calabria region) and pellets (variety Hallertauer
Magnum and Target T90) were kindly donated by AEFFE craft brewery company
(Castel San Giorgio, Salerno, Italy). Cones and pellets were grounded in a porcelain
mortar, 1 g of sample was extracted with 12.5 mL of CH3OH and kept under stirring
for 15 minutes in the dark at room temperature. The operation was repeated three
times. The supernatants were pooled, dried under reduced pressure and lyophilized.
The sample was injected in a concentration of 20 mg/mL in the LC x LC setup
whereas 10 pg/mL were infused in DI-FT-ICR-MS.

2.4.3. Columns

For LC x LC analyses a Luna® C18 was employed as 'D with geometry (L x
I.D): 150 mm x 1.0 mm, 5.0 um (200 A) from Phenomenex® (Castel Maggiore,
Bologna, Italy), whereas a Kinetex™ C18 50 mm x 3.0 mm, 1.7 um (80 A) from
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Phenomenex® was used in the 2D. Moreover, a Luna® HILIC 150 mm x 2.0 mm,
3.0 um (200 A) from Phenomenex® was used for comparison purpose as first

dimension column.
2.4.4. Instrumentation

Mono-dimensional LC and LC x LC analyses were performed on a Shimadzu
Nexera (Shimadzu, Milan, Italy), consisting of a CBM-20A controller, four LC-
30AD dual-plunger parallel-flow pumps, a DGU-20 A5 degasser, an SPD-M20A
PDA detector (equipped with 2.5 pL detector flow cell volume), a CTO-20AC
column oven, a SIL-30AC autosampler. The two dimensions were connected by an
ultra-high pressure 10 port-two position switching valve with micro-electric
actuator (model FCV-12 AH,1.034 bar; Shimadzu, Kyoto, Japan), placed inside the
column oven and equipped with two 22.5 pL stainless steel sampling loops. A 35
cm x 0.130 mm 1.D. viper capillary was used to connect the autosampler to D
column (4.6 pL), while a 10 cm x 0.130 mm 1.D viper capillary was used to connect
the 10 port switching valve with 2D column (1.32 uL). All other connections were
0.130 mm 1.D. and kept of the shortest length possible. A total extra-column volume
of 28.6 pL was determined injecting toluene by using a zero dead volume union in
place of the column. Both dimensions and the switching valve were controlled by
the LCMS solution® software (Version 5.54, Shimadzu). The instrument was
coupled online with a LCMS-IT-TOF (Shimadzu, Kyoto, Japan) equipped with an
electrospray source (ESI) operated in negative mode. The LC x LC data were
visualized and elaborated into two and three dimensions using Chromsquare® ver.

1.5.01 software (Chromaleont, Messina, Italy). Direct infusion high resolution mass
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spectra were obtained on a Bruker SolariX XR FT-ICR 7-Tesla (Bruker Daltonics,
Bremen, Germany) equipped with an Apollo Il ESI source operating in negative-

ion mode.
2.4.5. Chromatographic conditions: LC x LC-PDA-ESI-IT-TOF

D separation was carried out employing as mobile phases: A) 10 mM
CH3COONHg4 in H20 adjusted to pH 9 with NH4OH; B) ACN, with the following
gradient: 0-40 min 5-30% B, 40-50 min, 35-70% B, 50-52 min, 70-98% B, 52-70
min hold 98% B. The flow rate was set to 30 uL/min. Column oven was set to 25
°C, 2 L of extract were injected. For 2D separation mobile phases were: A) 0.1 %
CH3COOH in H20, B) ACN plus 0.1 % CH3COOH v/v. The 2D separation was
performed with a continuous shifted gradient approach (detailed conditions are
reported in Supporting Information). Flow rate was set to 2.2 mL/min. Column oven
was set to 55 °C. The modulation time was 45 s, corresponding to an injected
volume of 22.5 uL. PDA detection parameters were: sampling rate 100 Hz, time
constant 0.025 s, wavelength 254-500 nm. The flow from the LC was split by a tee
union (Valco®, Houston TX, U.S.A) so that 0.5 mL/min entered in the ESI source.
Interface and curved desolvation line (CDL) temperature: 250 °C, nebulizing and
drying gas (N2): 1.5 and 10 L/min. Probe voltage -3.5 kV. MS Scan: 150-1600 m/z,
MS/MS: Data dependent mode. Scan speed was 10 spectra/s. For the prediction of
molecular formula the “Formula Predictor” software (Shimadzu) was used with the
following settings: maximum deviation from mass accuracy: 10 ppm, fragment ion
information, and nitrogen rule. The identification of compounds was based on

accurate MS and MS/MS spectra, retention time of available standards, and
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comparison with literature. Moreover the following free on-line databases were

consulted: Mass bank of North America (https://mona.fiehnlab.ucdavis.edu/), Phenol-

Explorer (www.phenol-explorer.eu) and Sirius (https://bio.informatik.uni-

jena.de/software/sirius/) for in silico MS/MS spectra matching.

2.4.6. Direct infusion FT-ICR

For HRMS measurements, the instrument was tuned with a standard solution of
sodium trifluoracetate (NaTFA). Spectra were recorded in the range 150-1600 m/z,
with an ion accumulation of 0.010 ms with 16 scan of time-domain transient signals
in 2 mega-point time-domain data sets (1M). Source parameters: Dry gas
temperature 200 °C, nebulizer (N2) and drying gas (Air) 1.0 and 4.0 L/min.,
capillary voltage +4.0 kV. Samples were infused by a Hamilton syringe at 240 pL/h.
The instrument was controlled by Bruker FTMS Control, MS spectra were
elaborated with Compass Data Analysis version 4.2 (Bruker), identification of
compounds based on accurate MS measurements was performed by Compound

Crawler ver. 3.0 (Bruker).
2.5. Conclusions

The characterization of hop phytocomplex is a challenging task. In this approach,
we investigated the composition of hop cones and pellets extracts by the
combination of two different analytical methods, namely LC x LC-MS/MS and
Direct Infusion FT-ICR-MS. Without any particular extraction process, the
developed platform was able to detect 101 compounds, comprising a novel
quercetin derivative and several unknown bitter acids. The LC x LC-IT-TOF

approach was able to resolve with satisfactory selectivity multiple compound
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classes, as well isomeric compounds, thanks to the coupling of different separation
dimensions, and is very suitable for accurate profiling or novel compound
discovery. On the other hand, the Direct Infusion FT-ICR method led to a fast and
accurate profiling in a very short analysis time (< 1 min). The ultra-high mass
accuracy provided can be very useful for the assignment of molecular formula,
leading to more confident identification results. The combination of these two
approaches can be used for the detailed profiling of bioactive compounds present
in different hop varieties as well as to monitor the composition during storage or

processing of hop-based formulations.
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CHAPTER III:
Immunomodulatory activity of Humulus lupulus L. bitter acids
fraction: enhancement of natural Killer cells function by NKp44

activating receptor stimulation

Abstract

Hop contains numerous metabolites with anticancer potential. Despite this, their
immunomodulatory activity, and in particular of bitter acids, is unknown. In this
study, we demonstrated that a hop pellet extract fraction containing bitter acids
possesses immunomodulatory activity by enhancing Natural Killer (NK) cells
function. After fractionation by semi-preparative Liquid Chromatography, three
different fractions were obtained. The phytocomplex and the fractions were tested
to verify the ability to modulate the NK compartment. Cytofluorimetric analysis
revealed that a fraction containing bitter acids was able to up-regulate of NKG2D
and NKp44 activating receptors. A further semplification yield a fraction mainly
composed by Humulinones and Cohulupone derivatives that at the concentration of
0.1 pg/mL induced selective activation of Nkp44 receptor and enhanced the
cytolytic activity of NK cells against leukemia cell line K562. Those results point
out the possible use of hop bitter acids as natural immunomodulator and adjuvants

in chemotherapy protocols.
3. Introduction

Numerous epidemiological data correlate the influence of dietary habits with the

onset of oncologic diseases 1. In this regard, the interest towards foods that,
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consumed regularly, can provide benefits to the human health in reducing the onset
of cancer 2 is continuously growing in current therapeutic protocols, and paves
the way to the employment of novel nutraceuticals formulations based on
phytochemical extracts with potential anticancer activity. This approach is useful
not only for the prevention of cancer, but could be also a valid support to the
pharmacological therapies. In fact, nutraceuticals can be used in a combined way
with drugs, counteracting their side effects and lowering their dosages 1. The most
recent antitumor strategies involve the use of natural immunomodulators,
characterized by low toxicity and lower price compared to drugs. These substances
can be employed during chemotherapy, with the aim to improve the immune
response against the tumors, that overcome the immune surveillance, and to reduce
the suppression effect produced by the chemotherapeutic drugs ™ Cytotoxic
immune cells, including natural killer (NK) cells and CD8+ T cells, are important
in tumor surveillance. CD8+ T cells are key players in adaptive immune responses,
and have been shown to be crucial for protective responses against a wide range of
tumors through cytokine expression and cytolytic activity 1. Contrariwise, natural
killer (NK) cells are innate immune lymphocytes involved in the early fight against
viral infections, local tumor growth and even metastases, without prior
immunization or activation & 71, NK cells express various receptors, and their
functions tightly depend on the balance between activating and inhibitory signals
81 Normally, NK cells inhibitory receptors recognize self-MHC class | molecule in
healthy cells, being so responsible of the self-tolerance !, Instead, the cancer cells
loss or downregulate one or several MHC class | molecules, while overexpress

ligands for activating receptors, therefore NK cells can recognize and destroy them
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(191 Unfortunately, several cancer diseases are characterized by a dysregulation of
NK cell activity both in peripheral blood and tumor site and present defective
expression of activating receptors and overexpression of inhibitory receptors 4,
Several phytochemicals, extracted from natural matrices, have shown to be able to
enhance the cytolytic activity of NK cells by direct modulation or making target
cells more susceptible [*2, In this regard, many studies have demonstrated that the
flavonol quercetin and the flavanone naringenin, two polyphenols present in fruit
and vegetable in a wide concentration range, induce the expression of the activating
receptor [3 4 Moreover, resveratrol directly modulates the activity of NK cells
together with the sensitization of malignant cells to NK cytotoxicity 15 161,
Humulus lupulus L., better known as hop, is a flowering perennial plant belonging
to the family of Cannabaceae. Its female inflorescence, hop cones, are mainly used
in the brewing process, defining the aroma and bitterness of the beer, but also as
natural antibacterial agent [*]. The hop phytocomplex contains numerous secondary
metabolites, such as glycosylated and prenylated flavonoids, procyanidins, a and 3-
bitter acids and essential oils [*8l. Their concentration and presence can differ from
each cultivar, harvesting period, processing, and between fresh and dried (pellets)
material. Hop metabolites, in particular prenylated derivatives and bitter acids,

demonstrated beneficial health properties, also in the treatment of cancer [19-231,
3.1. Aim of the work

Several scientific evidences have been collected about the cancer preventive
potential of hop compounds related to its antioxidant, anti-angiogenic 241 and anti-
inflammatory activities 1. Nevertheless, the immunomodulatory potential of the

hop bioactive compounds, namely the ability to modulate the cytotoxic potential of
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lymphocytes and in particular of innate compartment of NK cells, has been scarcely
investigated. For this purpose, in the present study the ability of hop secondary
metabolites to induce the finely tune of the NK immune responses has been
investigated. Indeed, besides the entire phytocomplex and class specific fractions
obtained through an analytical workflow were tested for the ability to target NK

cell functions with regard to their phenotype and cytotoxic activity.
3.2. Results

3.2.1. Hop phytocomplex class fractionation and tentative identification by
mass spectrometry

With the aim to test the immunomodulatory activity of different hop metabolites,
the entire phytocomplex was fractionated in class of metabolites by Reversed Phase
semi-preparative Liquid Chromatography. As can be appreciated from Figure 3.1
a, three main fractions were collected on the basis of the retention time, and thus
hydrophobicity. Fraction A contained hydroxycinnamic acids, glycosylated
flavonols and oligomeric procyanidins, fraction B was composed by o and 3 and
iso-a bitter acids, while fractions C prenylated flavonoids (Figure 3.1 b). The
identity of metabolites in the three fractions was assessed by further UHPLC-
MS/MS analysis and supported by comparison with the MS/MS data deriving from
the previously developed method (Chapter Il). The list of tentatively annotated

compounds is reported in Supporting Information Table S3.1.
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Figure 3.1. Fractionation of hop pellets phytocomplex in three different fractions by semi-
preparative liquid chromatography (a) and UHPLC-UV-MS analysis of the different
fractions (b).
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3.2.2.  Functional and phenotypical characterization of the

immunomodulatory effects of hop fraction on T and NK cell compartments

Next, the ability of the three different fractions to affect lymphocyte cell
population with particular attention to CD3+ T cells and CD3 CD56+ Natural Killer
(NK) cells has been evaluated. Specifically, the effects of a selected concentration
(0.5 pg/ml) of the entire phytocomplex and main fractions on human-purified
Peripheral Blood Lymphocytes (PBL), stimulated with IL-2 and IL-15 cytokines
for 72 h, which led to the generation of Lymphokine-activated killer LAK cells, has
been analyzed. Interestingly, cytofluorimetric analysis revealed that in the presence
of Fraction B (HFB), NK but not T cells displayed a sharp and significant up-
regulation of NKG2D-activating receptors, whereas surface expression of CD69
early activation marker on two cell subsets was not affected (Figure 3.2 a-d).
Furthermore, the analysis of cyto-chemokine secretory profile of resting and
cytokines primed-PBL (e.g. LAK) co-stimulated with HFB revealed a peculiar dual
action; while HFB had a dose-response (0.5 pg -5 ug/ml) immunosuppressive effect
on resting (non-stimulated) PBL by inhibiting TNF-alpha, IFN-gamma, IL-6, MCP-
1, IL-8 secretion, it didn’t interfere with the activity of IL-2+IL-15 primed-PBL,
with the exclusion of IL-10 secretion, cytokine critical to inhibit the immune
responses (Figure 3.2 e-m).

This first evidence prompted us to deeply dissect hop co-stimulatory actions on
NK cell compartment, upon proper cytokine priming. For this purpose, the effects
of entire phytocomplex (HP) and its main fractions (HFA, HFB, HFC) on human-
purified NK cells in the presence of cytokine support (IL-2 and IL-15) have been

evaluated. Consistent with previous data, the costimulatory action of HFB induced
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a significant up-regulation of the natural cytotoxicity receptor (NCR) NKp44 in
cytokines-primed NK cells, in terms both of percentage of positive cells (Figure
3.3 a) and mean fluorescence intensity (Figure 3.3 b, ¢). On the contrary, HFA and
HFC showed an inhibitory effect on the NKp44 expression profile in the same

experimental conditions (Figure 3.3 c).
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Figure 3.2. a-d) Cytofluorimetric analysis of the hop fractions activity on Human
Peripheral Blood Lymphocytes. Human-purified lymphocytes (PBL), negatively selected
(CD14-) by immunomagnetic procedure from human healthy peripheral blood
mononuclear cell (PBMCs), have been pre-stimulated with I1L-2 at 100 1U/ml and IL-15 at
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100 ng/ml for 72 h and then treated with 0.5 pg/ml of each fraction (HFA-HFB-HFC-HP)
for the last 24 h. At the end of cell culture, PBL were recovered and stained using anti-
CD3, anti-CD56, anti-CD69, and anti-NKG2D mAb and analyzed by flow cytometry.
Representative dot plots (left) are presented (a, ¢). Bars graph (right) report the percentage
+ SD of CD69+ and NKG2D+ of CD3+ gated T cells and of CD56+ CD3— gated NK cells
(D) from 3 independent experiments using different donors (b, d). Statistical analysis is
indicated (ANOVA, *P < 0.05 compared with NK cells cultured in cytokines supplemented
medium). e-m) Levels of pro- and anti-inflammatory cytokines. Human-purified
lymphocytes (PBL) have been cultured in presence or absence of I1L-2 at 100 IU/ml and
IL-15 at 100 ng/ml for 72 h. Where indicated, PBL have been co-stimulated with 0.5 and
5 ng/ml of HFB fraction for the last 24 h of treatment. At the end of cell culture, medium
from treated PBL was assayed for circulating cytokine levels by beads-based multiplex
ELISA (LEGENDplex, Biolegend, USA). Results were expressed as the mean + SD of all
sample determinations conducted in duplicate. All pairwise comparisons are statistically
significant (ANOVA,; *P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 3.3. Cytofluorimetric analysis of hop fractions effects on CD56+ CD3—NK cells
activation. Human-purified CD56+CD3—NK cells cultured for 72 h in complete medium
(IL-2+1L-15 supplemented), with or without 0.5 pg/ml of each fraction (HFA-HFB-HFC-
HP) for the last 24 h, were stained using anti-CD3, anti-NKp44 and anti-CD56 mAb and
analyzed by flow cytometry. A representative dot plot (left) is presented (a). An example
for cytofluorimetric histogram profiles of treated purified NK are shown (b). Bar graphs
(lower right) report percentage + SD or alternatively the mean + SD of the mean
fluorescence intensity (MFI) for NKp44 marker in CD56+CD3— gated NK cells from three
independent experiments using different donors (c). Statistical analysis is indicated
(ANOVA,; **P < 0.01, ***P < 0.001).

3.2.3. Dose response effect of hop fraction on natural killer cell receptor

repertoire

To corroborate these findings, next the effects of HFB active fraction in dose

response from 0.1 pg/ml to 1 pg/ml have been investigated. Therefore, NK cells
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from healthy donors were maintained in culture medium, supplemented with 1L-2
and IL-15 cytokines, in the presence or absence of increasing doses of HFB.
Interestingly, the stimulation of NK cells with 0.1 pg/ml and 0.5 ug/ml HFB
induced a sharp up-regulation of NKp44 on cytokines-primed NK cells. Worth of
note the entire phytocomplex (HP) at the concentration of 10 ug/ml showed the
same stimulatory effect. On the contrary the treatment with the highest dose of HFB
(Lug/ml) significantly decreased the NKp44 expression (Figure 3.4 a). This
phenomenon might be partly explained by the desensitization of NKp44 activating
receptor and its rapid internalization [?6],

As the activity of NK cells is finely controlled by the relative balance of
inhibitory and activating receptors on their surface, we also tested the influence of
HFB fraction on KIR3DL1 and CD158k inhibitory receptors on the surface of
cytokines-primed NK cells (Figure 3.4 b). Interestingly, HFB co-treatment at the
highest dose of 1 pg/ml resulted in a significant up-regulation of both inhibitory
receptors analyzed while their surface expression was not affected neither by the
stimulation with 0.1 ug/ml and 0.5 pg/ml HFB, or by the entire phytocomplex HP,
raising the intriguing possibility that dosage-related dual activity of HFB can
diversify the human NK cell response.

3.2.4. Sub-fractionation of HFB fraction and its related immunostimulatory

effects

Given the interest in the B fraction, this was further simplified (by semi-prep
liquid chromatography) into three sub-fraction HFB1, HFB2, HFB3. Interestingly,
flow cytometric analysis of NKp44 surface expression on stimulated NK cells,

showed HFB3 0.1 pg/ml as the most active sub-fraction in inducing the activating
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receptor (Figure 3.4 c). The main compounds in this sub-fraction are the four a-
acids namely humulinone, adhumulinone, oxy-adhumulinone, cohumulinone and
the B-acid cohulupone, their structures as well as tandem mass spectra are reported
in Figure 3.5. Since no pure individual corresponding standards are available, and
their chemical synthesis would be time consuming and highly expensive, these
compounds were quantified using a mixture of few a- and B-acids as surrogate
standards that however are slightly different from the compounds in the fraction of
interest 27, The quantitative analysis of HFB3, reported in Supporting Information
3.2 and Table S3.2, showed that the most abundant compounds were humulinone
and cohulupone.

As it is associated with the NK cytotoxic function, it seemed interesting to
determine whether the HFB sub-fractions treatment of cytokines-primed NK cells
may enhance their cytolytic activity against the NK-susceptible target cell line
K562 at different E:T ratios. Data on Figure 3.4 d clearly show that cytokines-
primed NK cells displayed intermediate levels of cytotoxicity with respect to the
higher efficiency of killing by IL-2-primed NK cells co-treated with HFB3. No
cytotoxic improvement was detected after HFB1 and HFB2 co-treatment.
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Figure 3.4. HFB sub-fraction effects on cytotoxic potential of CD56+CD3— NK cells.
Human-purified CD56+CD3— NK cells cultured for 72 h in complete medium (IL-2+IL-
15 supplemented), with or without increasing doses of fraction B (HFB) for the last 24 h,
were stained using anti-CD3, anti-NKp44, anti-KIR3DL1, anti-CD158k and anti-CD56
mAb and analyzed by flow cytometry. Panel a shows the effects of titration of HFB on the
surface expression of NKp44 activating receptor in CD56+CD3—NK cells compartment.
Panel b displays the effects of different concentration of HFB on the surface expression of
the inhibitory receptors KIR3DL1 and CD158K by of fraction B. Panel c reports the effect
of different B sub-fractions (HFB1-HFB2-HFB3) on NKp44 activating receptor. Panel d
shows the percentage of lysis mediated by HFB sub-fraction. Human-purified

CD56+CD3— NK cells, cultured in complete medium alone (medium; circles) or treated
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with different HFB sub-fractions at a selected concentration of 0.5 ug/ml. (HFB1, squares;
HFB2, triangles; HFB3, diamonds) for 72 h, were then tested for cytotoxic activity against
K562 cells, as described in Materials and Methods. E:T ratios are indicated. The duration

of the assay was 4 h. Results were expresse as the mean + SD of two independent

experiments conducted in triplicate. Pairwise comparisons statistically significant among
treatment groups are shown (ANOVA; **P < 0.05, **P < 0.01).
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Figure 3.5. Extracted ion chromatogram (EIC) of hop sub-fraction 3 (HFB3) showing the
main compounds detected in this fraction (top) HRMS and MS/MS spectra of bitter acids

detected in sub-fraction HFB3 (bottom).
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3.3. Discussion

There is a growing interest to use phytochemical compounds in therapeutic
protocols to modulate the complex immune system in the prevention of chronic
diseases, and are ideal candidates as immunostimulatory in chemotherapy without
displaying side effects [28l. Several phytochemicals have been reported to be NK
cell stimulators, such as Curcumin ! and Ginsenosides B%. Among Humulus
lupulus compounds only Xanthohumol has been reported to affect cytotoxic activity
of splenic T cells BY. Taking advantage from an in vitro human experimental cell
model, here we proceeded to evaluate both the entire phytocomplex and class
specific fractions for their ability to finely modulate NK cells functions in both
resting and in cytokines primed-conditions. While according to Gao et al. 3, the
most active fraction (HFB) has been shown to inhibit the secretion of IFN-gamma
and TNF-alpha by human resting PBL, no significant effect was reported under
activating conditions.

Notably, HFB is comprised of bitter acids; these compounds, which are
prenylated phloroglucinol derivatives, are divided into o (or humulones) and 3 (or
lupulones), and are responsible for the beer bitterness and are highly abundant in
hop cones 2. Alpha acids are isomerized into the more water soluble iso—o acids
during the wort boiling conditions of the brewing process, which are the main
responsible of the bitter taste. Bitter acids, in particular B-acids, are extremely
sensitive to oxidation, this is why hops are rapidly dried and pelleted (3. Hop bitter
acids have been reported as promising compounds in cancer chemoprevention 34,
Hop extracts consisting of 49.39% a-acids and 24.94% [-acids have been reported

to activate the mitochondrial apoptotic pathway 5. Both humulone and lupulone
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have been reported to inhibit the proliferation of human leukemia U937 cells and
colon cancer cells SW620 respectively 38371, Besides a direct cytotoxic action, here
we uncover new complementary anti-tumor activity of this class of compounds.
Indeed, in this study selected concentrations of class specific fractions was tested
on human peripheral blood mononuclear cells cultured in the presence or absence
of cytokines cocktail (1L-2/1L-15), that play a major role in NK cell survival and
activation (e.g. LAK cells) 8. The results here shown demonstrated that a bitter
acid fraction (HFB) potently synergizes with IL-2 and IL-15 and up-regulates
NKp44 activating receptor on NK cell surface. The activity of NK cells is regulated
by a fine balance of activating and inhibitory signals, mediated by different surface
receptors %, Further, the effect achieved by test compounds was also linked to the
concentration used, which is in accordance with similar studies carried out by
Zhang et al. with Genistein, who reported an increased activity of NK cells using a
concentration range of 0.1-0.5 mmol/L and an opposite effect at increasing
concentrations 1%, Accordingly, the granule exocytosis and cytotoxicity against
tumor target cells are enhanced, suggesting that this hop bitter acids fraction may
serve as a novel costimulatory ligand in NK cells. In the search for the molecular
mechanism subtending the specific biological activity of HBF, many evidences
indicated that isoprenylated compounds, both natural and synthetic ones, can exert
immunostimulatory activity by stimulating the innate immune artillery. Isopentenyl
diphosphate (IPP) accumulation in myeloid cells when PBMC are treated with
aminobisphosphonates potently stimulate VYOV62 T cells in the peripheral blood
[411 At the same way, it was previously reported that the isoprenoid compound N6-

Isopentenyladenosine (i6A) and its N6-benzyl adenosine derivative are endowed
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with a potent ability to boost innate cytotoxic compartment of NK cells at low doses
[421 \while inhibiting them to the highest doses in a murine model of croton oil-
induced dermatitis in vivo [“3l. Here, the proved immune regulatory role of Hop
bitter acids can represent new promising tool for immune intervention to boost
immune surveillance, that will be interesting to explore in more detail in different
physiopathological contexts in vivo. Indeed, by enhancing NK-mediated tumor
elimination while mediating direct tumor cytotoxicity, it may give support in
modern regimen of immunotherapy combined with chemotherapy. Moreover, these
findings pave the way to drug discovery campaigns aimed at the identification of

chemically accessible small molecules with immune modulatory properties.
3.4. Materials and methods
3.4.1. Chemicals

Ultrapure water (H-O) was obtained by a Direct-8 Milli- Q system (Millipore,
Milan, Italy), LC-MS-grade acetonitrile (ACN), methanol (CH3OH), LC-MS
additives acetic acid (CHsCOOH), were all purchased from Sigma—Aldrich (St.
Louis, MO, USA). Standards of quercetin-3-O-glucoside, quercetin-3-O-
galactoside, rutin, procyanidin B2, kaempferol-3-O-glucoside and xanthohumol
were purchased from ExtraSynthese (Lione, France).

3.4.2. Sample preparation

Hop pellet is produced by pressing hop powders, which are subsequently
packaged under vacuum and stored at -2 to +4°C %l and this material was used in
this work. Hop pellets (Target T90) were kindly donated by a local brewery
company (AEFFE, Castel San Giorgio, Salerno, Italy). The whole phytocomplex
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was extracted from hop pellets as reported in Chapter II. In detail, 1 g of sample
was extracted with 12.5 mL of CH3OH and kept under stirring for 15 minutes in the
dark at room temperature. The operation was repeated three times. The supernatants
were pooled, dried under reduced pressure and lyophilized. Sample was solubilized

in methanol, filtered on a 0.45 um nylon membrane prior injection in the LC system.
3.4.3. Cells

All donors gave written, informed consent in accordance with the Declaration of
Helsinki to the use of their residual buffy coats for research purposes, under
approval of the University Hospital of Salerno Review Board. Peripheral Blood
Mononuclear Cells (PBMCs) from healthy donors were isolated over Ficoll-
Hypaque gradients (lymphocyte separation medium; MP Biomedicals, Aurora, OH,
USA). Peripheral Blood Lymphocytes (CD14-) have been negatively selected by
immunomagnetic procedure (CD14 MicroBeads, Miltenyi Biotec, Bergisch
Gladbach, Germany) from PBMCs and resuspended al 4x10%/ml in in RPMI-1640
culture medium (Gibco) supplemented with 10% fetal bovine serum,
penicillin/streptomycin (1%) (Lonza), L-glutamine (1%), sodium pyruvate (1%)
(Lonza) and NEAA (1%) (Lonza). Cells have been pre-activated with IL-2 at 100
IU/ml (Roche Gmbh) and IL-15 at 100 ng/ml (Invivogen) for 72 h and then co-
stimulated with 0.5 pg/ml of each compound (HFA-HFB-HFC-HP), or 1.0 pg/ml,
0.5 pg/ml, 0.1 pg/ml of HFB, or finally with 0.1 pg/ml of each sub fraction (HFB1-
HFB2-HFB3) for the last 24 h. Then, human NK cells were negatively selected
from PBMCs by an immunomagnetic procedure (NK cell isolation kit; Miltenyi

Biotec, Calderara di Reno, Italy). According to cytometry, typical purified NK cells

-63 -



Chapter 11I: Immunomodulatory activity of Humulus lupulus L. bitter acids
fraction: enhancement of natural killer cells function by NKp44 activating
receptor stimulation

were 98% pure. NK cells were plated in 96-well round-bottom plates (Falcon,
Becton Dickinson, Franklin Lakes, NJ, USA) at the concentration of 4x10°
cells/well and treated as described above. The cell line K562 (ATCC) was
maintained in RPMI complete medium. All cell cultures were mantained at 37°C in
humidified 5% CO; atmosphere.

3.4.4. Flow Cytometry

Before the flow cytometry acquisition and analysis, the cells have been washed
with PBS and resuspended in staining buffer (PBS 2%FBS). For each analysis about
1x10° cells have been collected. Conjugated monoclonal antibodies against CD3,
CD56, CD69, NKG2D, CD107a have been purchased from BD Biosciences,
CD158K and KIR3DL1 from R&D Systems, NKP44 from Miltenyi Biotec. After
20 min incubation at 4°C in the dark, cells were washed and resuspended in PBS
for the FACS acquisition. For each test, cells were analyzed using FACS Verse
Flow Cytometer (BD Biosciences).

3.4.5. Cytokine detection

For cytokines measurement on conditioned medium collected from stimulated
PBL, a beads-based multiplex ELISA (LEGENDplex, Biolegend, USA) was used.
Diluted cell culture supernatants were incubated for 2 hours with the beads and
detection antibodies, followed by 30 min incubation with SA-PE as reported
elsewhere %1, After washing, beads were resuspended in washing buffer and
acquired using a FACS VERSE flow cytometer (BD Biosciences). Data were

analyzed with the LEGENDplex Data Analysis Software; concentration values
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were exported to Excel and then subjected to statistical analysis by using GraphPad
prism 6.0 software for Windows (GraphPad software).

3.4.6. Flow cytometric assay of NK cell cytotoxicity

Purified NK cells of healthy donors were stimulated with IL-2 and IL-15 in the
presence or absence of each indicated test substance following the experimental
procedure described above. Then they were used as effectors against the K562
human cell line using the fluorescent CFDA NK cytotoxicity assay. Briefly, the
K562 target cells were labeled with CFDA (Molecular Probes, Eugene, OR, USA).
Target cells were mixed with effector cells at different E:T ratios and incubated at
37°C for 4 h in 96-well round-bottom plates (Falcon, Becton Dickinson) in a final
volume of 200 pl RPMI 1640 complete medium/well in a humidified 5% CO.. In
parallel, target cells were incubated alone to measure spontaneous cell death. At the
end of the incubation time, the total contents of the U-bottom plate were transferred
to Falcon tubes, put in ice, and incubated with P1, 30 pg/ml for 10 min, followed
by flow cytometric analysis within 1 h. During data acquisition, a “live gate” was
set on a CFDA-stained target cell population using a FL1 histogram, and 5000 target
events were collected. For data analysis, target cells (R1) were analyzed further in
a F1/F3 dot plot, where dead target cells (CFDA+PI1+) were visualized on the upper-
right quadrant. The percentage of target cell death (cytotoxicity) was calculated as
follows: (% of experimental dead target cells in the sample - % of spontaneously
dead target cells)/(% of maximal cytotoxicity - % of spontaneously dead target
cells) x 100.
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3.4.7. Phytocomplex mass spectrometry based metabolite characterization and

fractionation by semi-preparative Liquid Chromatography

The whole phytocomplex was characterized as reported in Chapter II.
Phytcomplex fractionation was performed on a semi-prep HPLC system LC20AP
system (Shimadzu, Milan, Italy). A Luna® C18 column 250 mm x 10 mm, 5 pm
was employed at a flow rate of 6 mL/min, mobile phase was: A) 0.1% CH3sCOOH
in H20, B) 0.1% CH3COOH in ACN. Analysis was performed in gradient as
follows: 0 min, 5%B, 10 min, 5-40%B, 15 min, 40-75%B, 17 min, 75-100%B, 22
min 100%B. Detection was performed by photo diode array (PDA) and
chromatograms were extracted at 280 and 330 nm. Three fractions were collected
based on the retention time. In order to assess the correct fractionation process, the
obtained crude fractions were further screened on a UHPLC Nexera coupled to an
IT-TOF mass spectrometer (Shimadzu, Milan, Italy). The confirmation of
metabolite identity was assessed High resolution MS and MS/MS spectra, retention
time of available standards, and comparison with online database (Mass bank of
north America (MoNA) and PubChem) and previous MS/MS data obtained on the
same MS device [Chapter I1]. Detailed UHPLC-MS/MS parameters are reported in

Supporting Information 3.1.
3.4.8. Statistical analysis

Statistical analysis have been performed in all the experiments shown by using
the GraphPad prism 6.0 software for Windows (GraphPad software). For each type
of assay or phenotypic analysis, data obtained from multiple experiments are
calculated as mean = SD and analyzed for statistical significance using the two-
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tailed Student’s t-test, for independent groups, or ANOVA. p values <0.05 have
been considered significant (*p<0.05, **p<0.01 and ***p<0.001).

3.5. Conclusions

The employment of phytochemical based nutraceuticals as immunostimulators
IS growing. In this regard, Humulus lupulus L. contains an interesting class of
compounds, known as bitter acids. The present study demonstrated for the first time
that a bitter acids fraction is able to modulate the NK cell compartment increasing
their cytolytic activity. In particular, a sub-fraction containing the alpha and beta
acids induces activation of Nkp44 receptor and enhances cytolytic activity of NK
cells against myelogenous leukemia cell line K562. These data highlights the
potential of hop bitter acids as natural immunostimulants and their possible role as

adjuvants in chemotherapy protocols.
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CHAPTER IV:
Indole-3-lactic acid, a metabolite of tryptophan, secreted
by Bifidobacterium longum subspecies infantis is anti-

inflammatory in the immature intestine

Abstract

Necrotizing enterocolitis (NEC), a necrotic inflammation of the intestine,
represents a major health problem in the very premature infant. Although
prevention is difficult, the ingestion of maternal-expressed breastmilk in
conjunction with a probiotic provides an interesting option for prevention. In this
study, the mechanism for breastmilk/probiotic protection has been investigated.
Ultra-high-performance liquid chromatography-tandem mass spectrometry was
used to identify indole-3-lactic acid (ILA), a metabolite of breastmilk tryptophan,
as the anti-inflammatory molecule of B. infantis secretions. ILA was tested on
human fetal small intestinal cell line, necrotizing colitis enterocytes and also fetal
human organoids, providing to be able to reduce the inflammatory cytokine IL-8
response after IL-1B stimulus through the interaction with the factor aryl
hydrocarbon receptor (AHR), preventing the transcription of IL-8. However, ILA
was developmentally functional in immature but not mature intestinal enterocytes.
Therefore, B. infantis probiotics and ingested breastmilk act in a complementary
manner to produce a molecule that could become useful in the treatment of all at
risk premature infants for necrotizing enterocolitis if safety and clinical studies are

performed.
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4. Introduction

Neonatal necrotizing enterocolitis (NEC) is an extensive intestinal inflammatory
disease that affects very low birth weight premature infants generally with
postmenstrual ages of 28-31 weeks . This condition results in an inflammatory
necrosis principally of the distal small intestine and the colon, leading, to
considerable morbidity, mortality and medical expense [,

The rapid progress of the symptoms, often within hours, requires a frequent
radiological surveillance of neonates to guide management and the treatment of the
disease M. In this regard, in addition to the consequences of advanced NEC in
survived infant as stricture formation and short bowel syndrome 3, it is important
to not underestimate the effects that the constant radiation exposure can have on
cognition, reproduction and increase the onset of chronic disease and cancer
mortality risks in children ™. The treatments with laparotomy and primary
peritoneal drainage can also be invasive and often the result of surgery can be poor,
which is why it is increasingly mandatory to invest in an effective strategy for the
disease prevention.

The research group of Dr. W. Allan Walker, Director of the Division of Nutrition
(DON) at Harvard Medical School (HMS), with whose collaboration this study was
conducted, proved that the combination of maternal-expressed breastmilk with
probiotics provides an interesting option for protection from NEC 5 1. This result
is based on their previous studies. In particular, they hypothesized that NEC is in
part caused by an aberrant reaction of the immature intestine to colonizing bacteria
[791 when the immature intestine of the newborn interact with the enormous

numbers of colonizing bacteria of the extrauterine environment 10 In this
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condition, the immature human intestinal cells favor inflammation over immune
homeostasis with microbial-epithelial interaction [*2. Inflammation can be evoked
by commensal as well as pathogenic organisms impart [l because of a
developmentally regulated innate immune response and an increased surface
expression of TLR-4 receptors ¥ as well as overexpressed signaling molecules
(NFKp and IL-8) and under expressed regulatory molecules (SIGRR, IRAK-M, A-
20, etc.) 1. However, paradoxically it has been shown that feeding mother’s-
expressed breastmilk or probiotics to the premature can either prevent or reduce the
severity of NEC [ 151 Although expressed breastmilk contains many passively
protective factors and microorganisms [*®1 has been reported that breastmilk
ingestion can stimulate the proliferation of a so-called “pioneer” bacteria over
formula-fed infants that are uniquely suited for activation of protective immune
responses and anti-inflammation 7 81,

A common “pioneer” bacterium associated with ingested breastmilk is
Bifidobacterium longum subsp infantis (B. infantis) [8l. B. infantis secretions can
protect against an IL-1B (a common inflammatory cytokine in NEC-induced

inflammation 24 and require a TLR-4 receptor to be effective 5291,
4.1. Aim of the work

As stated above, based on the previous consideration, has been recently
demonstrated that feeding expressed breastmilk with B. infantis is clinically the best
way to prevent NEC [ 8. The aim of this study was to identify the anti-
inflammatory molecules of B. infantis secretions, provide evidence for the isolation
and identification of the bioactive molecule/s and begin to determine its anti-

inflammatory mechanism in the immature human and mouse small intestine.
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4.2. Results

4.2.1. Secretory fractions of Bifidobacterium longum subsp infantis are anti-

inflammatory with H4 cells

Bacterial secretions from Bifidobacterium longum subsp infantis were
specifically separated into different sized fractions (> 3 kDa, 3-10 kDa, >10 kDa)
and exposed to H4 cells before adding the inflammatory stimulus IL-1p, which is
regularly found in the intestinal secretions of prematures developing NEC 22, A
highly significant reduction in IL-8 secretion was seen with all fractions (Figure
4.1 a) and when the fractions were exposed to H4 cells in the absence of IL-1f, they
had no effect on inflammation (Figure 4.1 b) and the bacterial secretion fractions

were not cytotoxic (Figure 4.1 c).
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Figure 4.1. The effects of different secretory size fractions of B. infantis on anti-
inflammation and cytotoxicity in H4 cells. H4 cells were pretreated with or without B.
infantis secretory size fractions (SFs) before IL-1p stimulation (a) or treated with SFs alone
(b). The secretion of IL-8 (a, b) and lactate dehydrogenase (LDH) (c) into the cell culture
supernatant was determined by ELISA and cytotoxicity assay—LDH assay. Graphs

represent means + SEM (n = 3) from three independent experiments. One-way analysis of
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variance (ANOVA) and Tukey’s post hoc tests were used for statistical analysis (**P <
0.01, P <0.001, n.s., not significant).

4.2.2. ldentification of the B. infantis anti-inflammatory secretory molecule as
indole-3-lactic acid

To identify the metabolites in the different molecular weight fractions of B.
infantis secretions, Ultra high-performance liquid chromatography (UHPLC)
coupled to high resolution Mass Spectrometry (HRMS) was employed in a typical
untargeted workflow 2241, Reversed phase (RP) chromatography ensured a good
separation of both polar and non-polar analytes. The metabolite profile of secretions
revealed the presence of multiple analytes such as amino acids, sugars, dipeptides,
nucleosides, glycolipids and fatty acids. By comparison of UV-MS traces relative
to the separation of cell media alone and < 3 kDa, 3-10 kDa and < 10 kDa (not
shown) B.Infantis size fractions, an intense peak possessing absorbance at 280 nm
was revealed, notably, this peak was absent in the media (Figure 4.2 a-c). The high
resolution MS spectrum showed an ion with m/z 204.0659 [M-H]" in negative ESI,
with a molecular formula of C1:H1:NOgz. This was identified as indole-3-lactic acid
(ILA). The MS/MS fragmentation pattern and retention time were consistent with
those reported in on-line spectral libraries. The identity was confirmed with MSI
level 1 identification through further comparison with the standard (Figure 4.2 d-
h). The amount of ILA in the different sized fractions was comprised between 22.17
to 33.12 pg/mL. The differences in ILA content among the fractions is probably
due to different mechanical properties of the molecular cut-off centrifugal filters

employed for the fractionation.
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Figure 4.2. Comparison of ultra-high-performance liquid chromatography-UV (UHPLC-
UV) profiles of the media, < 3 and 3-10 kDa B. infantis SFs, and identification of indole-
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3-lactic acid (ILA) as the structure of the specific peaks from B. infantis SFs by an extracted
ion chromatogram (EIC). a-c, RP-UHPLC-UV chromatograms (280 and 254 nm) showing
the comparison of B. infantis culture media with B. infantis secretion size fractions < 3 and
3-10 kDa. The circle shows the ILA peak, which is absent in culture media and present in
both of the B. infantis SFs. To confirm ILA, was compared the ILA standard compound
retention time with the B. infantis fractions. d, EIC showing the ILA [M—H]" peak in B.
infantis fractions (black line) overlapped with the corresponding standard (pink line). e-h,
MS and MS/MS spectra of ILA peak in B. infantis fraction (e, f) compared with MS and
MS/MS spectra of standard compound (g, h).

4.2.3. Indole-3-lactic acid (ILA) is anti-inflammatory in H4 cells

Having identified the peak in sized fractions of B. infantis secretions as ILA, it
was tested for its anti-inflammatory activity in H4 cells. Accordingly, H4 cells were
trated with ILA before exposing them to IL-1p and then measuring IL-8 as a
representative inflammatory cytokine by ELISA assay. At levels of 1uM, 5uM and
20uM, ILA was significantly anti-inflammatory following IL-1 stimulus (Figure
4.3 a). However, at the same doses of ILA alone, without any inflammatory stimuli,
no inflammation was noted and the various doses were not cytotoxic (data not

shown).

4.2.4. ILAis also anti-inflammatory in small intestine from a patient with NEC

and other fetal enterocytes

To confirm that ILA was generally anti-inflammatory in immature intestine, a
primary cell line isolated from resected small intestine from a NEC patient (Figure
4.3 b) and organoids from the therapeutically aborted human fetuses at 15 (Figure

4.3 ¢) and 22 (Figure 4.3 d) weeks gestation were exposed to ILA before adding
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IL-1B. The various concentrations of ILA resulted in a significant anti-

inflammatory effect.
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Figure 4.3. The effect of indole-3-lactic acid (ILA) on anti-inflammation in H4 cells, NEC
enterocytes, and immature human intestinal organoids. H4 cells (a), primary enterocytes

isolated from resected intestine of a NEC patient (b), and immature human intestinal
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organoids isolated from therapeutically aborted fetuses at gestational ages 15 (c) and 22
weeks (d) were pretreated with or without ILA before IL-1p stimulation. The secretion of
IL-8 into the cell culture supernatant was determined by ELISA (N = 3). Graphs represent
the mean + SEM from three independent experiments. One-way analysis of variance
(ANOVA) and Tukey’s post hoc tests were used for statistical analysis (*P < 0.05, **P <
0.01, ¥P <0.001, n.s., not significant).

4.2.5. ILA causes anti-inflammation through an aryl hydrocarbon receptor

(AHR) and responds to TLR-4 expression

It has been reported that ILA interacts with an AHR in intestinal epithelial cells
[25 28] To determine if this receptor/transcription factor is involved in the anti-
inflammatory effect of H4 cells, we determined the expression of AHR and the
effect of the AHR inhibitor CH223191 (24) on ILA anti-inflammation after IL-1p
stimulation. Figure 4.4 a shows that inhibition of AHR abrogates the anti-
inflammatory effects of ILA in H4 cells. However, in TLR-4 knockout fetal mice,
the anti-inflammation was lost without a TLR-4 receptor (Figure 4.4 b).
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Figure 4.4. LA anti-IL-1p-induced IL-8 induction is mediated by aryl hydrocarbon
receptor (AHR) in H4 cells and TLR-4 is required for ILA anti-inflammation in immature
intestine. a, H4 cells were pretreated with or without different doses of AHR inhibitor—
CH223191 and then treated with ILA before exposure to IL-1p. The secretion of IL-8 into
the supernatant was determined by ELISA. b, TLR-4-knockout immature mice (embryonic
day 18.5) small intestinal organ cultures were pretreated with or without 5 uM of ILA
before IL-1p stimulation. The secretion of microphage inflammatory protein 2 (MP2) into
the supernatant was determined by ELISA. Data are represented as the mean + SEM, n =3
from three independent experiments for a and n = 6, from the repeated experiments for b.
One-way analysis of variance (ANOVA) and Tukey’s post hoc tests were used for

statistical analysis (*P < 0.05 and P < 0.001, n.s., not significant).
4.2.6. ILA effect is developmentally regulated

To determine if ILA was anti-inflammatory in vivo in both fetal and adult
intestine, C57BL/6J fetal and adult mouse small intestinal organ cultures were

exposed to ILA before stimulating with IL-1B. A significant reduction in IL-1
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inflammation was observed in fetal mouse (Figure 4.5 a) but not adult (Figure 4.5

b) small intestine. Therefore, it was assumed that ILA anti-inflammatory effect was

developmentally regulated in human intestines. In fact, when ILA was tested on

both H4 cells and H4 cells treated with hydrocortisone (a trophic agent shown to

induce maturation of fetal enterocytes) 2”1 and on Caco2 cells before an IL-1p

stimulus, AHR mRNA expression was reduced in hydrocortisone-treated H4 cells

(Figure 4.5 c) and anti-inflammation of ILA was lost (Figure 4.5 d). Moreover,
AHR in Caco2 cells was reduced (Figure 4.5 e) and ILA had no effect on IL8

secretions (Figure 4.5 f).
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Figure 4.5. AHR and ILA anti-inflammatory responses to IL-1B are developmentally
regulated. C57BL6 (a) immature (embryonic day 18.5) and (b) adult (8-week-old male)
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mice small intestinal organ cultures were pretreated with or without ILA before IL-18
stimulation. The secretion of MP2 into the supernatant was determined by ELISA. c)
Expression of AHR mRNA in H4 cells and hydrocortisone-treated H4 (HC-H4) cells. d)
IL-8 reaction in HC-H4 cells’ exposure to ILA before an IL-1 stimulus. ) AHR mRNA
in H4 and Caco-2 cells. f) 1L-8 secretions in Caco-2 cells pretreated with or without ILA
before IL-1p stimulus. Data are represented as the mean + SEM, n = 6 for mice and n = 3
for cells (from three independent experiments). T test was used for two-group and one-way
analysis of variance (ANOVA), and Tukey’s post hoc tests were used for multiple-group
statistical analysis (*P < 0.05, **P < 0.01, P <0.001, n.s., not significant).

4.2.7. Proposed mechanism for indole-3-lactic acid effect on immature

enterocytes

Figure 4.6 is a cartoon that depicts the proposed mechanism of anti-
inflammation activity of indole-3-lactic acid in fetal enterocytes. Based on the
results presented above, has been assumed that Bifidobacterium longum subsp
infantis, present in the intestine of premature infants fed mothers expressed
breastmilk, metabolize breastmilk tryptophan to produce indole-3-lactic acid,
which acts to inhibit the transcription factor’s (AHR) stimulation of I1L-8 only in
the immature intestine that express TLR-4 on their surface and thus protect against
the excessive intestinal inflammation seen in the premature that thought to be a

contributing factor in necrotizing enterocolitis.
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Figure 4.6. Cartoon of suggested mechanism of anti-inflammatory effect of ILA in
B.infantis secretions on intestinal epithelial cells. (1) Degradation of lumen protein leads to
the release of tryptophan (Trp). Under the influence of the gut microbiota, Trp is converted
to indole-3-lactic acid (ILA) (2) by the indole/AHR pathways. ILA acts on the aryl
hydrocarbon receptor (AHR) found in fetal enterocytres (3) thereby affecting the innate
immune responde in a ligand-specific fashion suppressing a pathogen-mediated
inflammatory cytokine IL-1B-induced IL-8 secretion (4). TLR-4 is required for ILA anti-

inflammation in immature enterocyte with the unknown mechanism (5).
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4.3. Discussion

Recent scientific investigation have demonstrated that B. infantis and its
secretions were anti-inflammatory in ex-vivo experiments using a human fetal
primary small intestinal cell line (H4 cells) and in vivo in fetal mouse small intestine
[5.20.21] ‘syggesting that this “pioneer” bacterium, known to exist as part of the initial
colonizing microbiota of breastfed newborns and breastmilk itself, potentially act
in concert to impart protection against the severe intestinal inflammatory necrosis
leading to NEC 28 2°1. Ganguli K. et al reported that size fractions of B. infantis
secretions (5-10 kDa) protected against an LPS-stimulated inflammatory response
in a primary human small intestinal cell line 2° and subsequently has been
demonstrated that anti-inflammatory secretions from B. infantis requires an
increased enterocyte surface level expression of TLR-4 receptors % 30 and affects
the developmentally expressed transcription factor, AP-1, to interfere with IL-8
stimulated inflammation ™. More recently, using transcription profiles of RNA
isolated from H4 cells exposed to B. infantis secretions has been reported that the
transcription of tight junction genes (occludin and claudin) increase following IL-
1B inflammatory stimulus and intercellular transport is reduced 4.

In this study, these scientific evidences were extended to determine the structure
of the molecules in B. infantis secretions that mediates enterocyte anti-
inflammation. The metabolite profiles of cell media were compared with the >
3kDa, 3-10 kDa and >10 kDa fractions after UHPLC-MS/MS analysis. From the
comparison of the UHPLC-MS profiles and peak alignment revealed a consistently
different peak between the media alone and the > 3 kDa, 3-10 kDa and >10 kDa

(data not shown) fractions possessing strong absorbance in the UV range (A:
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280nm), which suggested an aromatic moiety, eluting at roughly 9 minutes in a
reversed phase gradient. The accurate mass spectrometry measurement provided
the molecular formula: Ci1:H1:NOz and by tandem mass spectrometry
fragmentation, assisted by spectral library matching, it was finally identified as
indole-3-lactic acid (ILA). Since all other compounds (amino acids, sugars, small
peptides and fatty acids) were also present in the media itself, ILA was recognized
as the principal difference and its abundance was consistent with the metabolization
of tryptophan from B. infantis. It is important to recognize that all strains of
Bifodobacteria studied are capable of producing indole-3-lactic acid (ILA) from
tryptophan #2331, However, ILA is only anti-inflammatory in fetal intestine and
breastmilk contains tryptophan capable of producing ILA P51, This suggests that B.
infantis in combination with expressed breastmilk may be the best way to prevent
NEC. ILA is an indole metabolite of tryptophan 3. In fact, tryptophan is a substrate
for intestinal bacteria, leading to important metabolites. It has previously been
reported that a number of colonizing intestinal bacteria, particularly gram negative
organisms, can metabolize the amino acid tryptophan to produce metabolic
pathways that improve health and provides immunologic protection 32 331, This is
particularly true in the early life when Bifidobacteria are abundant in breastfed
babies and in experimental animals have been shown to influence development of
immunologic defense 1 Mainly lactic acid bacteria convert amino acids to
secondary metabolites. The process starts with a deamination step, which in the
case of aromatic amino acids is operated by the enzyme aromatic aminotransferase
that converts amino acids into alpha-ketoacids. These compounds are further

converted by dehydrogenases to hydroxy acids. The presence of ILA has also been
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reported in Lactobacillus casei and Helveticus 2 3% and this molecule has shown
anti-inflammatory activity in keratinocytes against ultraviolet-B induced damages
[321 Increased amounts of these tryptophan metabolites were found in other bacterial
species such as Megamonas hypermegale, Roseburia intestinalis, Ruminococcus
obeum, E. rectale and F. prausnitzii 51,

Of particular importance are the indole metabolites, such as indole-3-lactic acid
(ILA) and indole-3-pyruvic acid (IPA), that use the aryl hydro-carbon receptor
(AHR) in enterocytes and immunocytes, a ligand-activated transcription factor
stimulated by dietary and microbial metabolites, to activate the immune system and
other intestinal functions for purposes of homeostasis [32 3 %6 371 |_ow tryptophan
levels and a decrease in AHR have been reported in active patients with
inflammatory bowel disease 81, while indole metabolites of tryptophan have been
used in animal models to treat colitis 1. In like manner, the role of tryptophan
metabolite deficiency has been associated with irritable bowel syndrome and
metabolic syndrome. Furthermore, decreased levels of AHR receptors have been
found in patients with multiple sclerosis .

In the present study, ILA was incubated with H4 cells at the concentration found
in secretions and at higher concentrations before a stimulus with IL-1B, the
molecule was anti-inflammatory ex vivo in H4 cells, in a primary cell line from
resected small intestine of patient with necrotizing enterocolitis and, additionally,
in fetal organoids, suggesting that ILA is generalized effective in fetal enterocytes.
Following AHR inhibition in fetal enterocytes, the anti-inflammatory effect was
lost, supposing that ILA is a potential ligand for AHR and the interaction with the

receptor is involved in the pathway for anti-inflammation in fetal enterocytes.
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Moreover, the anti-inflammatory effect of ILA following IL-1p action was lost in
fetal mice with the TLR-4 receptor knocked out, proving that TLR-4, present in
abundance on the surface of fetal enterocytes, regulate the anti-inflammatory
process.

However, ILA was effective only in fetal intestine, in both mouse models and
human enterocytes, but when ILA and IL-1p were used on the cortisone-treated
cells and Caco2 cells, they lacked an anti-inflammatory response, strongly
suggesting that ILA is only anti-inflammatory in fetal but not adult intestine. In this
regard, the measurement of the AHR gene in fetal enterocytes treated with
hydrocortisone and Caco?2 cells, demonstrated that the receptor genetic level was
high in fetal enterocytes and lower in cortisone-treated fetal enterocytes and Caco2
cells.

Therefore, indole-3-lactic acid, a breakdown product of the amino acid
tryptophan, present in large amounts in breastmilk, is produced by B. infantis
metabolism and mediates the mechanism of anti-inflammatory in immature
intestine. ILA requires the interaction with TLR-4 and the inhibition of AHR
receptor to interfere with the transcription of the inflammatory cytokine IL-8 that
causes excessive inflammation in the premature intestine, resulting in NEC.
Breastmilk, particularly colostrum, has high levels of the essential amino acid
tryptophan 5 261 and ingestion of maternal-expressed breastmilk in prematures is
protective against NEC 1516181 |t has also been reported that breastmilk-induced
bacteria (B. infantis, Lactobacillus acidophilus and Bacteroides fragilis), known as

“pioneer” bacteria ('8, are specifically stimulated with initial colonization with
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ingested breastmilk in premature infants 71 therefore they can function as
probiotics to protect against the expression of NEC in prematures [¢ 7],

ILA produced by B. infantis interaction with ingested breastmilk functions in a
complementary manner and could become useful in the treatment of all at risk
premature infants for necrotizing enterocolitis if safety and clinical studies are

performed.
4.4. Materials and methods
4.4.1. Bacterial cultures and B.infantis secretory fragment separation

Bifidobacterium longum subsp infantis (B. infantis), obtained from ATCC
(Manassas, VA) (ATCC No. 15697), was cultured anaerobically in a media
modified from the combination of Mann-Rogosa-Sharpe (MRS) broth (DIFCO; BD
Bio- science, Franklin Lakes, NJ) and H4 cell culture media (Supporting
Information Table S4.1) 12 201 B_ infantis conditioned media at the stationary
growth phase was prepared by centrifugation of probiotic cultures at 3700 rpm
(equal 2936 g) (Sorvall legend RT+ centrifuge, ThermoFisher Scientific,MA) for
10 min at 4°C and then by use of 0.22-um filtration to eliminate residual bacteria.
The tested filtrate was used for B.infantis secretory fractions (SFs) separation by
high speed centrifugation (3220g, 30 min at 4°C) (Eppendorf centrifuge 5810R,
Eppendorf North America, NY) with different sizes of the Amicon Ultra centrifugal
filters (MilliporeSigma, MA). The secretory fractions (< 3 kDA, 3-10 kDA and <
10 kDA) were used to test anti-inflammatory effects in H4 cells before subjecting

them to the characteristic identification.
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4.4.2. ldentification of anti- inflammatory effective molecules in secretory size

fractions
4.4.2.1. Chemicals

Liquid chromatography—mass spectrometry (LC-MS) grade water, acetonitrile

and acetic acid were purchased from VWR (Milan, ltaly).

4.4.2.2. Instrumentation and ultra-high-performance liquid chromatography-

tandem mass spectrometry

B.infantis secretory fractions (SFs) were filtered on a 0.45 um nylon filter
(Phenomenex®, Bologna, Italy) and directly injected into an ultra-high-performance
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS). Analyses
were performed on a Nexera UHPLC system coupled to a hybrid lon trap-Time of
flight (IT-TOF) mass spectrometer (Shimadzu, Kyoto, Japan). For the separation
of < 3KDA, 3-10KDA and < 10KDA B. Infantis fractions a Kinetex™ EVO C18
column with geometry 150 mm x 2.1 mm, 2.6 um (Phenomenex®) was used, at a
flow rate was 0.5 mL/min, with the following gradient: 0-18 min, 1-30%B, 18-19
min, 30-98%B, hold for 1.50 min, returning to 1%B in 0.1 min. Column oven was
set to 45° C, photodiode array detection (PDA) was set to 254 and 280 nm. MS
detection was performed in both positive and negative electrospray ionization (ESI)
mode, interface temperature was set to 250°C, curve desolvation line: 250°C,
nebulizer and drying gas 1.5 and 10L/min. MS1 range 100-1500, MS/MS: data
dependent acquisition (DDA), precursors were searched in the range 100-1500 with
execution trigger 10°, collision energy 35%, dynamic exclusion 30s. The molecular

formulas were obtained through Formula Predictor (Shimadzu). MS file was
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converted in mzXML format and analyzed by MZmine2. Data were deconvoluted,
deisotoped and aligned. Spectral annotation was performed against HMDB and
MassBank of North America (MoNA) database, with max mass accuracy tolerance
of 10 ppm. For quantitative analysis, an external calibration method was employed,
a calibration curve with five levels were built, triplicate analysis of each point was
run. The UHPLC-MS/MS conditions were the same as described above. Extracted
ion chromatogram (EIC) of ILA MS/MS transition 204-158 were employed.

4.4 3. Cell cultures

H4 cells, a human fetal non-transformed primary small intestinal epithelial cell
line characterized by Dr. W. Allan Walker laboratory, were cultured as previous
described %, NEC-IEC were isolated and cultured from the viable margins of
resected ileal NEC tissues from aNEC neonate at 25-week gestation and were
cultured as previous described ™31, The use of two human cell lines had the
permission of Partners IRB #2011P003833 at Massachusetts General Hospital.
Caco-2 cells were obtained from the American Type Culture Collection (ATCC,

Manassas, VA) and cultured as previous described 4.
4.4.4. Organoid cultures

Human sample procedures were approved by institutional review board
protocols IRB 1999P003833 (Brigham and Women’s Hospital, Boston, MA) and
IRB 2016P000949 (Massachusetts General Hospital, Boston, MA) for the
derivation of fetal enterospheres (FEnS). The human fetal intestinal organoids were
derived as described previously [“. In this experiment the FEnS used was from

gestational age 15 and 22 weeks therapeutically aborted foetuses. When the culture
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reached confluence, it was apically treated with 5 mmol/L N-[(3,5-Difluorophenyl)
acetyl]-L-alanyl-2-phenyl]  glycine-1, 1-dimethylethyl ester (DAPT) in
DMEM/F12 for 48 hours to promote cell differentiation. The monolayers were
treated with 20 uM of ILA for 24 hours before being stimulated with human IL-1
(1ng/ml for 24 hours) basolaterally. The supernatants from the basolateral side were
collected for an IL-8 protein assay by an enzyme-linked immune sorbent assay
(ELISA).

4.4.5. Hydrocortisone treatment for H4 cells

H4 cells cultured in 12-well tissue culture plates to 40% confluence were treated
with or without hydrocortisone (HC) (Sigma, St. Louis, MO) at 1uM for five days
(23). The cells were collected for total RNA isolation and the aryl hydrocarbon
receptor (AHR) mRNA was determined by real time quantitative reverse
transcription PCR (QRT-PCR) as described later.

4.4.6. Determination of the anti-inflammatory effects of B.infantis SFs and
indole-3-lactic acid on H4, hydrocortisone-treated H4 (H4-HC), NEC-IEC and
Caco2 cells

H4 cells were pretreated with or without B.infantis SFs at the concentration of
10% or indole-3-lactic acid (ILA) (1 puM, 5 uM and 20 uM) for 24 h and then
stimulated with 1ng/ml of recombinant mouse IL-1p (R&D Systems, Minneapolis,
MN) for 24 h, or treated with B. infantis SFs or different doses of ILA alone. The
IL8 secretion into the cell culture supernatants was determined by ELISA. The
effects of ILA on IL-1pB-induced IL8 secretion was also determined in H4-HC,
NEC-IEC and Caco2 cells with the dose range (1 uM and 5 uM of ILA).
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4.4.7. Determination of the anti-inflammatory effects of ILA on fetal and adult

mouse intestinal organ culture

C57BL/6J and TLR-4 knockout mice (Jackson Laboratory) were bred and
housed in a specific pathogen free facility. Animals were given water and standard
laboratory chow ad libitum. Timed pregnant mice (embryonic day 18.5) were
established as previous described ! Fetal mice from two mouse strains and
C57BL/6J (8-week old male) adult mice small intestinal tissues were collected and
cut into 3-mm pieces and maintained in organ culture media ! After 1-2 h at 37°C,
tissues were pretreated with and without ILA (1uM and 5 pM) for 24 h and then
stimulated with 1ng/ml of recombinant mouse IL-1p (R&D Systems, Minneapolis,
MN) for 24 h. Supernatants were collected and stored at —20°C for ELISA analysis.
Animal procedures had been previously approved by the Massachusetts General
Hospital Subcommittee on Research Animal Care and Use committee
(2018N000070).

4.4.8. Treatment with the aryl hydrocarbon receptor (AHR) inhibitor -
CH223191 in H4 cells

H4 cells were pretreated with or without various doses of AHR inhibitor-
CH223191(Sigma, St. Louis, MO) for 30 minutes 12l and then treated as described
with ILA (1 uM) for 24 h before exposure to IL-1p (1 ng/ml) for 24 h. IL8 secretion

into the cell culture supernatants was determined by ELISA.
4.4.9. Real-time quantitative reverse transcription PCR

The total RNA of the cells was isolated by Trizol combination with Neasy RNA
isolation kit (ThermoFish Scientific, Grand Island, NY). RNA was reverse
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transcribed with random hexamers using an Advantage RT-for -PCR kit (Clontech,
Mountain View, CA). The cDNA was amplified using iQ SYBR Green Supermix
(Bio-Rad, Philadelphia, PA). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) primers were amplified in all samples to represent the housekeeper gene.
The change in the normalized transcript level was expressed relative to the control
sample with a change of n in CT representing a 2("). Primer sequences used in this
study were as follows:
Human GAPDH, forward, 5’- ATGGGGAAGGTGAAGGTCG-3’,
and reverse, 5°- GGGGTCATTGATGGCAACAATA-3’
Human AHR, forward, 5’- CTTAGGCTCAGCGTCAGTTAC-3’,
and reverse, 5’- CGTTTCTTTCAGTAGGGGAGGAT- 3’

4.4.10. LDH Cytotoxicity Assay

For each experiment with B. infantis size fragments (SF) or ILA, lactate
dehydrogenase (LDH) cytotoxic assay was performed by using a LDH Assay Kit
(Roche Applied Science, Branford, CT) .

44.11. 1L-8 ELISA

Secreted human IL-8 and mouse IL-8 homologue protein - Macrophage-
inflammatory protein 2 (MIP-2) were measured by ELISA using human IL-8 and
mouse MIP2 detection kits (R&D Systems, Minneapolis, MN).

4.4.12. Statistical Analysis

All data are presented as the mean + standard error of the mean (SEM). The

unpaired Student’s t-test was used to compare the mean of two groups. One-way
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ANOVA and Turkey post-hoc test were used to compare the mean of multiple
groups. Differences of p < 0.05 were considered significant (*p < 0.05, **p < 0.01,
p <0.001) (GraphPad Prism 6).

4.5. Conclusions

The results presented in this work provide a mechanistic explanation to support
the additive effect of breastmilk and probiotics in the prevention of NEC.
Additional in vivo studies in animals are required and safety studies in humans
before a large scale, single protocol clinical trial can be done to determine efficacy.
This approach could potentially become a routine management of all premature

infants.
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CHAPTER V
Determination of phase | metabolites and glucuronide
conjugates of hop bitter acids by a full scan/data
dependent/targeted neutral loss UHPLC-HRMS strategy:
In vitro metabolic stability and in vivo analysis after oral

administration in mice

Abstract

Bitter acids acids are a class of prenylated phloroglucinol derivatives present in
Humulus lupulus L., known for their multiple healthy-beneficial properties,
nevertheless, research regarding their metabolism and stability is lacking. For this
purpose, the aim of this study was the development and validation of an ultra high
performance liquid chromatography-high resolution mass spectrometry (UHPLC-
HRMS) method to assess the metabolic stability of hop a- and B-acids and the
detection of their metabolites in vitro and in vivo. Mice liver microsomes were used
to assess metabolic stability, in vitro ti» and clearance values calculated, showing
a slow and moderate metabolism for a-acids (avgti2: 120.01min, avgCLint 11.96
uL/min/mg), while B-acids were metabolized faster (avgti2: 103.01min, avgCLint:
13.83 uL/min/mg). Furthermore, phase | metabolites and phase Il glucuronide were
characterized both in in vitro, and in vivo, in mouse plasma and urine after oral
administration, by a combined full scan/data dependent/targeted neutral loss
(FS/DDA/INL) strategy. As a result, 12 phase | metabolites, including 2 novel
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potential di-oxygenated metabolites (M6, M7) of humulones were detected. In
addition, the tNL was able to detect for the first time 10 glucuronide conjugates of
a-acids, comprising 7 glucuronide derivatives of oxidized phase |1 metabolites
(M16-M22). The proposed method extends the current knowledge regarding
metabolization of hop a- and B-acids and could be applied for the comprehension
of the metabolic fate of this class of compounds in different species, as well as for

in vivo pharmacokinetic studies.
5. Introduction

Hop (Humulus lupulus L.) is a flowering perennial plant belonging to the family
of Cannabaceae with a millennial history. While the 95% of Hop production is
mainly directed to the brewing industry as flavoring, foaming and preserving agent
[ jts remaining employment are numerous, such as in phytomedicine, dietary
supplement and nutraceutics fields. This is related to the various and complex
content of bioactive secondary metabolites, such as phenolic acids, catechins,
procyanidins, glycosylated and prenylated flavonoids, essential oils and bitter acids,
which, furthermore, make its characterization challenging 2! [Chapter 11]. A
plethora of healthy properties has been attributed to hop and its compounds, such
as antioxidant, anti-inflammatory, and antiproliferative F1, in particular in cancer
prevention. In this regard, xanthohumol and its derivatives have been extensively
investigated “®1. While the chemopreventive activity of different natural
compounds has been largely reported both in vitro and in vivo, the number of
biotransformation of these compounds that occur in vivo is huge, and still represents

a dark matter, resulting in an open debate on their effective activity in relationship
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with their metabolic stability and bioavailability 1. Regarding hop compounds
metabolization, particular attention has been focused on prenylflavonoids, such as
xanthohumol and 8-prenylnaringen. Several studies showed the metabolic
conversion of xanthohumol and isoxanthohumol into the estrogenic 8-
prenylnaringenin [®l besides, its bioavailability and metabolization has been
studied in vitro and in vivo ¥, Among hop compounds, bitter acids are a particular
class of prenylated phloroglucinol derivatives, which are divided into two series: a
and B-acids, these compounds have been defined “multipotent compounds” for the
wide number of healthy properties that have been linked to these molecules, such
as antiproliferative, pro-apoptotic, anti-angiogenetic 2 and, recently,
immunomodulatory 3 [Chapter I11]. In comparison to hop prenylated flavonoids,
the metabolism of bitter acids has been less investigated, in particular o and -acids
in vitro phase | metabolism has been reported using rabbit liver microsomes 4
while bioavailability of a and B-acids and their reduced derivatives (Iso-a, I1AA)
has been studied by Caco-2 cell models [*°1. IAA have been monitored also in vivo,
following oral and intravenous administration in rabbits as well as in humans, after
beer consumption 6171 These studies were mainly focused on the precursors, and
beer oxidation products, while the possible formation of phase Il metabolites have
not been demonstrated 4. Phase Il metabolism is in fact one of the main routes of
metabolism for numerous plant secondary metabolites, and glucuronide
conjugation by uridine 5’-diphospho (UDP)-glucuronosyltransferases (UGTSs) has
been reported to possess a preeminent role for hop prenylated flavonoids (8. The

impact of conjugation is fundamental for understanding the bioavailability of
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natural compounds, since glucuronidation is an important mechanism for the
clearance of many xenobiotics ¥, and it is also a key aspect to take into account
into the drug discovery and development process. The detection of glucuronide
metabolites of o and B-acids has not been reported so far both in vitro and in vivo,
this is due mainly to the employment of deconjugation enzymes [*¢1 as well as for
the exclusive employment of targeted MS methods focused on known analytes m/z,
through selected ion monitoring (SIM) or selected reaction monitoring (SRM)
strategies. SRM is limited by the selection of specific transitions to monitor, and
from the lack of reference standards for this class of compounds, which limits the
potential of this techniques, and as result, precursors outside the SRM transition(s)
will not be detected. Therefore, high resolution mass spectrometry (HRMS) is
essential for the detection of unknown metabolites and accurate molecular formula
assignment in both MS and MS/MS stages 2%, to provide structural information
regarding these metabolites.
5.1. Aim of the work

The objective of this work is the application of ultra high performance liquid
chromatography (UHPLC) coupled to HRMS for the analysis of the in vitro
metabolic stability of a bitter acids mixture and investigate the formation of | and
Il phase metabolites, after incubation with mice liver microsomes. Furthermore, the
method has been extended to the determination of in vivo metabolites, after oral
administration in mice model. Taking advantage of multiple scan options of the Q-
Exactive platform, the analysis was performed with a full scan (FS) and data

dependent acquisition (DDA), and, in addition, a targeted neutral loss scan (tNL),
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resulting in a combined approach (FS/DDA/tNL). The obtained results will show
the formation of numerous metabolites, including novel oxidated and, for the first
time, glucuronide derivatives, resulting into an extended knowledge of bitter acids
biotransformation, which could be further applied for pharmacokinetic studies both
in vitro and in vivo.

5.2. Results

5.2.1. Method validation and optimization

The analytical method has been validated for linearity, linear range, limits of
detections (LODs), limits of quantitation (LOQs), accuracy, precision, recovery,
and matrix effect. The results are reported in Table 5.1. Satisfactory linearity was
achieved for each compound with a correlation coefficient (R?) > 0.998. The LODs
and LOQs were calculated for each bitter acid present in the standard ICE-4
mixture. LOD were < 3.5 and 0.36 ng/mL in plasma and urine, respectively, while
LOQ were < 11.8 and 0.96 ng/mL in plasma and urine, respectively. These results
highlight the high sensitivity that can be achieved thought the HRMS selectivity,
obtaining LOD and LOQ values close or even lower than previous Triple
Quadrupole MS methods for the quantitative analysis of hop prenylflavonoids [?*
221 Moreover, method accuracy was calculated as percentage relative errors at low,
medium and high concentration level of the calibration curves with acceptable
values between 0.14 and 14.08 %. Precision has been evaluated considering intra-
day and inter-day repeatability, showing good retention time and concentration
repeatability in the same day with average CV% values = 0.037 £ 0.01 and 1.130 £

1.40, respectively, and also within two consecutive days with average CV% values
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= 0.010 + 0.01 for retention time and 1.579 + 0.55 for concentration. Plasma and
urine extraction showed optimal recovery values in the range of 104 £ 0.039 for
plasma and 100.01 % + 17.66 for urine. Matrix effect evaluation has demonstrated
that while for plasma and microsomes a subtle ion enhancement occurred, for urine
there was a little ion suppression, despite SPE extraction. This could be due to the
removal of salts through SPE but not of other polar compounds which could be
responsible for ionization competition and subsequent ion suppression effects.
Mobile phases additive and gradient were investigated to achieve satisfactory
sensitivity and resolution of a and B-acids present in ICE-4 standard mixture using
a core-shell C18 stationary phase.

Employing a gradient starting from high percentage of organic modifier (50%
ACN), together with a slow gradient ramp, at flow rate of 0.4 mL/min with a column
temperature of 45 °C, the separation of all six analytes of standard was obtained in
less than 20 minutes, the separation between the critical pair of isomers
ntadhumulone and n+adlupulone was satisfactory, especially for a-acids, although
complete baseline separation was not possible (Supporting Information Figure S5.1
a ,c). The contribute to selectivity and resolution of the two different additive of the
mobile phase, acetic acid (CHsCOOH) and formic acid (HCOOH) was similar,
however HCOOH provided the better ionization efficiency, resulting in highest
sensitivity in particular of B-acids (Supporting Information Figure S5.1 b, d).
Nevertheless, even if this gradient was satisfactory for ICE-4 standard separation,
it was not suitable for the more polar analytes resulting from in vitro and in vivo

metabolism, because the more hydrophilic compounds would not be retained at this
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percentage. Hence, a different gradient ramp, starting from lower percentage of
acetonitrile (2%) was tested which resulted in a similar resolution, but in higher

analysis time (Supporting Information Figure S5.1 e).
5.2.2. Metabolic stability

The metabolic stability of o- and B-acids was investigated by plotting the
remaining percentage of parent compounds after 120 min, compared with that at 0
min, against the incubation time. Figure 5.1 shows the metabolic stability curve
and the bar charts graph reflecting the fold reduction of parent compounds,
respectively.

After 2 h, average RP % for a-acids was 43.42 + 5.16, while for B-acids was
38.95 + 3.49, indicating that a-acids presented a higher metabolic stability than j3-
acids. These results are in accordance with in vitro metabolic stability obtained on
rabbit microsomes 4, although different percentage have been found in the present
investigation. These discrepancies can be related to the use of microsomes from
different organisms. Among a-acids, cohumulone was the most stable with RP %
value = 52.32 + 2.99, differently from the isomers n+adhumulone, whose RP %
values at 120 min were 43.67 £ 2.49 and 47.74 + 3.96, respectively. In particular,
in vitro t12 (106.59 £ 8.27) showed that humulone, despite a moderate clearance (in
vitro CLint = 13.20 £ 0.26; Hepatic CLint = 1.01 + 0.10) was the most rapidly
metabolized a-acid.

Regarding [ acids, more than 58% of colupulone was metabolized after 2 h and
its in vitro ty> was 106.32 + 4.32. Significant differences were observed among the

isomers n-lupulone and adlupulone. The calculated in vitro ti» values (117.52 +
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2.82 and 85.21 £ 5.17, respectively) suggested that adlupulone is metabolized faster
than its isomer, but also of all bitter acids present in the sample. This result is further
supported by in vitro CLint value = 16.30 £ 0.99 and Hepatic CLint = 1.25 + 0.08,
indicating that adlupulone displayed a higher clearance than o and other -acids
considered in this study. All the parameters of a and B-acids in vitro metabolic

stability are reported in Table 5.2.
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Figure 5.1. Metabolic stability curve of parent ICE-4 a- and B-acids expressed as Remaing

of parent %.

Following in vivo administration of ICE-4 sample, both parent compounds and
related metabolites of a- and B-acids were detected in plasma at 1 and 2 h and in
urine at 24 h and 48 h. Since the response factor of the metabolites can be altered
by several inevitable parameters as the changes in the metabolite structures, the

semi-quantitative analysis using the calibration curve of parent molecules could not
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provide an accurate determination of the metabolite concentrations, therefore only
parent compounds were quantified in plasma and urine. Quantitative data, reported
in Table 5.3, reflect the metabolic trend and highlight how the quantitative profile
of a- and B-acids decrease in plasma over 120 min, while the amount excreted in

the urine increase after 48 h.
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Table 5.1. Parameters for analytical method validation. Values are expressed as mean of three experiments + standard deviation.

Matrix effect LOD LOQ Matrix effect LOQ
Compound Recovery % Recovery % LOD (ng/mL)
(%) (ng/mL)  (ng/mL) (%) (ng/mL)
Plasma Urine
Cohumulone 104 +4.31 4+0.04 1.52 4.96 68+1.91 19 +0.05 0.21 0.71
a-acids Humulone 108 £5.15 8+0.05 2.51 8.53 103 +4.44 -3+0.01 0.25 0.84
Adhumulone 107 £5.35 7+0.05 2.93 9.51 113+2.90 -13+£0.08 0.36 1.20
Colupulone 101 +4.74 -1+£0.04 3.55 11.80 108 +0.88 -8 £0.02 0.29 0.96
B-acids Lupulone 103 + 4.62 -3+£0.03 3.23 11.65 115+ 0.66 -16 £ 0.01 0.24 0.80
Adlupulone 101 +3.13 -1+£0.01 0.47 1.42 93 +1.73 7+0.01 0.17 0.58
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Table 5.2. Parameters of ICE-4 a- and B-acids in vitro metabolic stability. Values are expressed as mean of three experiments +

standard deviation.

) ) ) . in vitro ti in vitro CLint | Hepatic CLint
Compound RP% 30 min | RP% 60 min | RP% 120 min k (min 1) ) ] ] ER
(min) (pL/min/mg) (mL/min)

Cohumulone  65.65 + 0.64 54.91 £3.59 52.32£2.99 0.006 +0.01 135.63 +6.76 10.30 £ 0.27 0.79 £0.09 0.70 £0.03

a-acids Humulone 5251 +0.15 47.49 +3.20 43.67 £ 2.49 0.007 £0.01  106.59 +8.27 13.20 £ 0.26 1.01+£0.10 0.64 £0.04
Adhumulone  60.90 +1.10 56.14 +2.68 47.74 +3.96 0.008 +0.01 117.81+7.62 12.40 £ 0.96 0.95+0.30 0.66 = 0.07
Colupulone  64.67 +2.30 47.57 +1.09 4155 +5.53 0.008 £0.01 106.32+4.32 1340+0.11 1.03+0.24 0.64 £ 0.05

B-acids  Lupulone 78.48+0.93 55.00 +0.89 4722 +0.83 0.006 +0.01 117.52 +2.83 11.80+£0.28 0.90 £0.02 0.67+0.01
Adlupulone  70.21+1.81 47.93+0.46 35.89+1.48 0.009+0.01 8521518 16.30 £ 0.99 1.25+0.08 0.59 £0.01

Average RP%: o-acids = 43.42 + 5.16; B-acids = 38.95 * 3.49

Abbreviation: RP%, reduction of parent %; k, elimination rate constant; in vitro ty., in vitro half-life; in vitro CLix, in vitro intrinsic clearance; Hepatic CLin,

Hepatic intrinsic clearance; ER, extraction ratio.
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Table 5.3. Quantitative profile of ICE-4 a- and -acids in mouse plasma and urine samples. Values are expressed as mean of

three replicates =+ standard deviation.

Compound Plasma Urine
Time point 60 min (ug/mL) 120 min (pg/mL) 24 h (ng/mL) 48 h (ng/mL)
Cohumulone 13.35+£0.01 5.286 + 0.03 36.41 + 0.67 58.86 + 4.35
a-acids Humulone 18.30£0.32 6.413+0.16 29.14 + 4.06 115.20 £+ 2.13
Adhumulone 11.03+£0.08 4342 +0.14 36.23+5.12 79.83£0.04
Colupulone 1.26 £ 0.01 1.141 £ 0.03 6.21 £0.02 9.30 £ 0.47
B-acids Lupulone 1.67 £0.02 1.410£0.03 454 +0.01 8.24+0.14
Adlupulone 0.27 £0.02 0.268 + 0.01 1.78 +£0.01 255+0.13
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5.2.3. HRMS/MS analysis of a- and f-acids

The HRMS/MS spectra of parent o- and B-acids provided enough specific
fragmentation pattern which could be used to confirm the identification of proposed
metabolites. Alpha acids were all characterized by a specific fragmentation pattern
constituted by a major fragment ion derived from the removal of prenyl group
(CsHo, -69 Da) and a minor fragment ion derived from the loss of 112 Da, produced
by the consecutive loss of CsHg (-69 Da) and CsH7 units (-43 Da), which
subsequently undergoes to the loss of CO (-28 Da) [?. Moreover, the fragment
derived from loss of H.O (-18 Da) is also present.

Differently from a-acids, the major fragment ion of B-acids derived from the loss
of 112 Da, generated by the consecutive loss of CsHg (-69 Da) and C3H7 (-43 Da)
groups, while two minor fragments ions result from the removal of prenyl group
(CsHo, -69 Da) and of the group CsHs (-44 Da), respectively 2. Other characteristic
fragments indicated the multi-prenyl substituted structure of B-acids. Indeed, they
derived from the sequential loss of two prenyl groups (2 x CsHg with rearrangement
-137 Da) and from the additional loss of CsH7 (-43 Da) (Supporting Information
Figure S5.2).

5.2.4. Phase | and Il metabolites of a- and #-acids

The metabolites present in mouse liver microsomes, plasma and urine were
tentatively characterized by their accurate mass, fragmentation pattern and retention
times; they were summarized in Table 5.4. The high mass accuracy (average mass

error < 3 ppm) ensures a high confidence for the assignment of molecular formula
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of proposed metabolites. Phase | metabolites included mono-oxidized metabolites
and di-oxidized metabolites, resulting to isomerization and/or hydroxylation
reaction. Phase Il metabolites included glucuronide conjugates. Figure S5.3 in
Supporting Information shows the base peak chromatograms of mouse liver

microsomal digest, plasma and urine extracts.
5.2.5. Structural characterization of a-acids phase | metabolites

M1-M3 were detected in both in vitro and in vivo experiments. M1 eluted at rt
of 13.84 with precursor ion at m/z 363.1813, 15.999 Da higher than cohumulone,
M2 and M3 (r:: 14.64 and 14.77, respectively) presented the same precursor ion at
m/z 377.1968, and the same mass difference respect to n+adhumulone, suggesting
that they were all mono-oxidized metabolites of the related parent compounds.
Their fragment ions at m/z 278.1158 (CisH180s) and 292.1315 (C16H200s),
reproduce the same characteristic fragments of the parents, derived from the
consecutive loss of CsHe and OH groups, confirming that, as previously 4
reported, they correspond to oxidation products from a-acids, well-known as
humulinones (Figure 5.2 b, c).

Other a-acids phase | metabolites, resulting from both in vitro and in vivo
metabolic studies, were here detected. M4 and M5 (r. 10.97 and 11.01, respectively)
with [M-H] at m/z 393.1918 C2 n2007) have been proposed as di-oxidized
metabolites of n+adhumulone B4, In particular, the fragment ion at m/z 308.1266
(C16H190s5), deriving from the removal of CsHeO (-85 Da) suggested that one
hydroxylation could occur at prenyl moiety. Interestingly, in vivo study revealed

two novel potential di-oxidized metabolites of n+adhumulone, here namely M6 and
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M7, with [M-H] at m/z 391.1764 and chemical formula C22 h2707 (r+. 14.35 and
14.57, respectively). They presented a fragment ion at m/z 291.1240 (C16H190s)
deriving from the loss of CsHgO> (-100 Da), with a potential oxidation site on the
prenyl side chain (Figure 5.2 d, e).
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Figure 5.2. Extracted ion chromatograms (a) and MS? spectra with the fragmentation

pathways (b-e) of ICE-4 a-acids phase | metabolites.
5.2.6. Structural characterization of f-acids phase | metabolites

Among the metabolites of B-acids, their oxidation products with m/z 317.1761
(M8) (C19H2504) and m/z 331.1917 (M9) (C20H2704) were detected. In accordance
with their fragmentation pattern, they were proposed as Hulupones. As observed

for of a-acids, mono-oxidized biotransformation products were present. M10, M11
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and M12 (r of 17.38, 18.12 and 18.16 respectively) showed all a 16 Da mass
difference, indicating a single oxidation. The fragment ions at m/z 287.1287
(C17H1004) and 301.1446 (C1gH2104), possess the same fragment ions of parent
compounds, derived from the the loss of 112 Da and OH group, confirming that
they correspond to the well-known oxidation metabolites of B-acids, resulting in the

cyclization to hulupone derivatives 4 (Figure 5.3 a-e).
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Figure 5.3. Extracted ion chromatograms (a) and MS? spectra with the fragmentation
pathways (b-e) of ICE-4 B-acids phase | metabolites.

5.2.7. Structural characterization of a-acids phase 11 metabolites

a- and B-acids phase | metabolites have been characterized by DDA acquisition.

For many years, one of the most valid strategies to detect phase Il metabolites has
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been the neutral loss (NL) scan on triple quadrupole instruments 2% 241, Despite the
sensitivity, these approaches suffer from the lack of selectivity due to low
resolution. On the contrary, high mass accuracy in both MS and MS/MS stages,
high resolution and stepped HCD fragmentation provides informative MS/MS
spectra, resulting in more confident metabolite characterization. Here a targeted NL
strategy was performed by implementing an inclusion list which takes into account
the accurate masses of a and B-acids and their oxidized metabolites plus the
potential loss of glucuronide moiety (CsHgOs, 176.0320 Da). This resulted in the
detection of several glucuronide conjugated not only after microsomal metabolism
but also in plasma and urine samples.

Metabolites M13, M14 and M15 were detected after in vitro and in vivo
experiments and were tentatively identified as cohumulone and n+adhumulone
glucuronide (Figure 5.4 b, c) In fact, they were all characterized by the same
fragmentation pattern, consisting of a main fragment ion, corresponding to their
precursor ion after the cleavage of Ce¢HgOs, and the characteristic fragments of a-
acids, such as the loss of CsHo group. Moreover, glucuronide derivatives of
oxidized | phase metabolites were detected in vivo both in plasma and urine. In
particular, M16 eluted at at ri of 10.61 with precursor ion at m/z 539.2138
(C26H35012), showed the fragment ion at m/z 363.1810 (C20H2706) and 278.1158
(C15H180s), suggesting that it corresponds to M1-glucuronide. M17 and M18 (rt:
11.33 and 11.41) presented the same parent ion at m/z 553.2287 (C27H37012).
Considering the fragments at m/z 377.1968 (-CsHgOs, 176 Da) and 292.1315 (-
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CsHoO, 85 Da), they were tentatively identified as M2 and M3 glucuronides
(Figure 5.4 d, e)

M19 and M20 showed m/z at 569.2245 (C»7H37013) and main fragment ions at
393.1918 (C22 h2007) and 308.1266, again deriving from the cleavage of oxidized
prenyl side chain, so they were proposed as M4 and M5-glucuronide. Lastly, M21
and M22 both with [M-H] at m/z 567.2087 (C27H35013) (r:: 12.72 and 12.90,
respectively) were characterized by the same fragmentation pattern, consisting of a
main fragment ion at m/z 291.1240 (C1sH190s) and another fragment at 391.1761
(C2212707), therefore they were tentatively identified as M6 and M7 glucuronides
(Figure 5.4 f, g).
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Figure 5.4. Extracted ion chromatograms (a) and MS? spectra with the fragmentation
pathways (b-g) of ICE-4 a-acids phase Il metabolites.

5.3. Discussion

In the present study, the metabolic stability of hop bitter acids has been
evaluated, showing that a-acids are more stable than -acids. Noteworthy in vitro
clearance and in vitro ty for a- and B-acids are here reported for the first time. These
parameters can provide an estimate of the in vivo metabolic stability of the
molecules and information for further bioavailability evaluation 21, From the result

here presented, hop a- and B-acids can be considered molecules with relative low
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extraction ratio. Liver microsomes are the most frequently used tool for profiling
and identification of drug metabolites, since they contain most of the enzymes that
metabolize drugs, in particular CYP450 [261. In this work, mouse model microsomes
were chosen as the most used for preliminary metabolic screening 2”281, However,
drug metabolism is species dependent, and humans can show different results from
animals in drug metabolization ?°. For this reason, comparison between liver
microsomes of different species is needed, in order to have an accurate prediction
of in vivo metabolism.

When subjected to in vitro gastro-intestinal digestion, both o- and B-acids
remained stable, in fact, no significant changes were noted in peak areas and no
transformation products were detected (Supporting Information Figure S5.4),
suggesting that the molecules maintain their chemical properties during digestion.
In addition, all bitter acids showed a higher plasma stability, which plays an
important role in pharmacokinetics evaluation, since unstable compounds tend to
have rapid clearance and short half-life, resulting in poor in vivo performance [ 3%,
Therefore, these results are in accordance with the long in vitro ty» and the low to
moderate in vitro clearance discussed above.

The multiple acquisition option and high mass accuracy of Q-Exactive platform
was higly suitable to follow the metabolic fate of target compounds and for the
detection and characterization of their metabolites both in vitro and in vivo. In
particular, the combined approach FS/DDA/tNL was mandatory to demonstrate that
for a-acids glucuronide conjiugate metabolism should be taken into account.

Clearly, without isolation and NMR characterization, the exact location of
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glucuronidation site is merely putative, even if the isolation of pure compounds in
sufficient amount could be economically prohibitive. Despite this a useful approach
is represented from in silico prediction of potential sites of metabolism (SOM), in
this regard QSAR based approaches have been used with success B and
implemented in several free online tools based on structural formula of chemicals
or descriptors. For this purpose, we have investigated the potential prediction of
glucuronide derivatives of o- and iso-a-acids the open source FAME3

(https://nerdd.zbh.uni-hamburg.de/fame3/) 2, as a result, the approach proposed

as first hits the hydroxyl substituents in position C3 and C4 for a-acids and C1 and
C2 for iso-a-acids as most probable SOM for UGTs catalyzed glucuronidation,
results from in silico prediction are reported in Supporting Information Figure S5.5.

The formation of a and B-acid conjugates has not been demonstrated so far, this
because previous studies mainly employed SIM or SRM approaches 1 31 or
enzymatic deconjugation [*°1. A significant phase Il metabolism has been proposed
for dihydro iso-a-acids (DHIAA), but no derivative has been described so far 61,
Here we showed a significant glucuronidation of a-acids, suggesting also a possible
conjugation of IAA and DHIAA. Notably, regarding B-acids, no glucuronide
conjugates were detected neither in vitro nor in vivo. The discrepancy could be
attributed to the additional prenyl side chain resulting in steric hindrance to
glucuronide conjugation, besides, it has been reported that extra prenylation
influences the intestinal absorption of p-acids [ 1. However, it is not excluded that

other conjugations, such as sulphate conjugation, may occur, and this is currently
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under evaluation, together with the possible isolation of derivatives for detailed

NMR characterization.
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Table 5.4. Observed metabolites of ICE-4 a- and B-acids in mouse liver microsomes, in mouse plasma and urine, Abbreviation: P,

parent compound; O, oxidation; OH, hydroxylation; Gluc., glucuronidation.

Compound rt (min) [M-H] Fragment ions Fp ';’l%; l\ég:,iiﬂllzr Metabolization vilt?o vli\r/10
Parent a- and g-acids
Cohumulone  17.48  347.1863 278'%? 02635560606; 282 CaoHzOs p v v
nhumulone 1830 3612020 20X ISIo BOOTN 08y p v v
Adhumulone 1848 3612020  POFISISIA0TO0 508 CaibamOs p v v
Colupulone 2101  399.2540 287'13230363%1287? 261 CosHssOs P v v
nlupulone 2180 4132608 OIS AL o83 CoarOr P v v
Adiupulone 2195 4132608 0T SUABL 983 cao P v v

a-acids phase | metabolites
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278.1158; 235.0603;

M1 1384  363.1814 oo 325  CaoHz1Os P+0 v v
M2 1464 3771968  292.1315;249.0765 242  CaaHzeOs P+0 v v
M3 1477 3771968  292.1315;249.0765 242  CaaHzeOs P+0 v v
M4 1097 3931917 2%?1122231 IO 245 CahsOr P+0+OH v v
M5 1101 3931917 2%?1122231 IO 245 CahOr P+0+OH v v
M6 1435 3911761  201.1237;221.1179 252  CaHrOr P+0+0 x v
M7 1457 3911761  291.1237;221.1179 252  CaHrOr P+0+0 x v
p-acids phase | metabolites
M8 1778 3171757  248.1054;1353119; 310  CisHzsOs P+0O v v
M9 1821 3311917  263.1280;287.2035 391  CooHzrOs P+0O v v
M10 1738 4152489 O IPRZOTAE 934 CashisOs P+O v v
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M11 18.12 429.2644 301.1444; 233.0820 2.06 C26H370s P+0O v v

M12 18.16 429.2644 301.1444; 233.0820 2.06 C26H370s P+0O v v

a-acids phase 11 glucuronide

M13 13.13 523.2187 347.1863; 278.1158; 2.88 Ca6H35011 P + Gluc. v v
361.2021; 292.1315;
y i) / ‘/
M14 13.89 537.2351 3431918 1.92 C27H37011 P + Gluc.
361.2021; 292.1315;
y i) / ‘/
M14 13.90 537.2351 3431918 1.92 C27H37011 P + Gluc.
363.1810; 278.1152;
y i) ‘/
M16 10.61 539.2126 345 1708 0.52 Ca26H35012 P+ O + Gluc. X
M17 11.33 553.2287 377.1968; 292.1315 1.35 Ca7H37012 P+ O + Gluc. X v
M18 11.41 553.2287 377.1968; 292.1315 1.35 Ca7H37012 P+ O+Gluc. X v
393.1919; 308.1966; P+O+0OH+
y i) ‘/
M19 8.69 569.2225 3751848 4.03 C27H37013 Gluc. X
393.1919; 308.1966; P+O+0OH+
y i) ‘/
M20 9.32 569.225 3751848 4.03 Ca7H37013 Gluc.. X
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391.1772; 291.1240: P+O+0+
’ ‘/
M21 12.72 567.2087 3731643 2.68 C27H35013 Gluc. x
391.1772; 291.1240: P+O+0+
’ ‘/
M22 12.90 567.2087 3731643 2.68 C27H35013 Gluc. x
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5.4. Materials and methods
5.4.1. Chemicals

LC-MS-grade Water (H-O) acetonitrile (ACN), methanol (CH3OH), additives
formic acid (HCOOH), were all purchased from Sigma-Aldrich (St. Louis, MO,
USA). International calibration standard ICE-4 bitter acids mixture was purchased
by LaborVeritas (Zurich, Switzerland). Microsomes from liver, pooled from CD-1
male mouse, Uridine 5'-diphosphoglucuronic acid (UDPGA) trisodium salt,
Nicotinamide adenine dinucleotide phosphate (NADPH), Alamethicin from
trichoderma viride were purchased by Merck (Milan, Italy). Unless stated otherwise

other reagent were all purchased by Merck.
5.4.2. Sample preparation

International Calibration Extract 4 (ICE-4) for a- and B-acids was reported to
contain 10.88% cohumulone; 31.60% n+adhumulone; 13.02% colupulone; 13.52%
n+adlupulone. Stock solution (10 mg/mL) of ICE-4 standard was prepared
weighing 150 mg in a 15-mL volumetric flask. 8 mL of CH3OH were added to the
flask, which was sonicated for 10 min and filled to volume with CH3OH. The ICE-
4 stock solution was filtered through a 0.45 pm nylon filter and was diluted with

CH3OH to concentration of working solutions.
5.4.3. Instrumentation

UHPLC-HRMS/MS analysis were performed on a Thermo Ultimate RS 3000

coupled online to a Q-Exactive hybrid quadrupole Orbitrap mass spectrometer
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(Thermo Fisher Scientific, Bremen, Germany) equipped with a heated electrospray
ionization probe (HESI I1). The separation was carried on a Kinetex® EVO™ C18
(100 x 2.1 mm; 2.6 um, 100A) protected with a SecurityGuard™ precolumn (5 x
2.1 mm) (Phenomenex, Bologna, Italy). The column temperature was set at 45 °C,
a flow-rate of 0.4 mL/min was used, mobile phase consisted of (A): H20O with 0.1%
HCOOH (v/v) and (B): ACN with 0.1% HCOOH (v/v). The following gradient has
been used: 0 min, 2%B, 15 min, 60%B, 25 min, 90%B, 26 min, 100 %B, hold for
5 min, returning to 2% in 0.1 min. 5 pL were injected. HRMS analysis was
performed with Full MS (m/z 100-850) and data-dependent acquisition (DDA) at a
resolution of 35.000 and 15,000 FWHM at m/z 200 respectively, a targeted neutral
loss scan (tNL) was set with an inclusion list of possible metabolites based on their
accurate mass; stepped normalized collision energy (NCE) with values of 15, 25
and 30 was used. Negative ESI- was employed. Source parameters were: Sheath gas
pressure, 50 arbitrary units; auxiliary gas flow, 13 arbitrary units; spray voltage, -
2.50 kV; capillary temperature, 260 °C; auxiliary gas heater temperature, 300 °C,
S-lens RF value: 30 arbitrary units. Three replicates of each sample were performed,

QC were randomly inserted in the batch to monitor system stability over time.
5.4.4. In vitro metabolism of hop bitter acids

2 uL of ICE-4 (5 mg/mL, which corresponded to Cohumulone 1.6 mM; n-
Humulone 3.3 mM; Adhumulone 1.05 mM; Colupulone 1.7 mM; n-Lupulone 1.3
mM; Adlupulone 0.4 mM) were incubated with 163 puL of 100 mM phosphate
buffer (pH 7.4), 5 pL of 20 mg/mL of mouse microsomes (obtaining a final

concentration of microsomes protein content of 0.5 mg/mL) and 20 puL of UGT
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solution consisting of 5 mM UDPGA, 25 ng Alamethicin/mg microsomal proteins
and 1 mM MgCl in reaction mixture. After pre-incubation at 37 °C for 10 min, the
mixture was incubated with 10 pL of the 20 mM NADPH at 37 °C in a
Thermomixer comfort (Eppendorf, Hamburg, Germany) for 0, 30 min, 60 min and
120 min. The reactions were quenched adding 200 uL of the ice-cold CH3OH/ACN
(90:10 v/v), then the samples were centrifuged at 14,680 rpm, for 5 min at 25 °C.
(Eppendorf® microcentrifuge 5424, Hamburg, Germany). The supernatants were
dried under nitrogen and were reconstituted in 100 pL of CH3OH/H.O (70:30) +
0.1% HCOOH (v/v) prior LC-HRMS/MS analysis. Each experiment was conducted
in triplicate.

The control at 0 min was obtained by addition of the organic solvent immediately
after incubation with microsomes. Xanthohumol (1 mM) was used as positive
control and incubated in parallel, while the negative control was prepared by
incubation up to 120 min without NADPH to ensure that metabolite formation was
dependent on the presence of NADPH.

5.4.4.1. Calculation of in vitro metabolic stability parameters

The extent of metabolism is expressed as remaining percentage of parent
compound using the following equation:

Remaining of parent % (RP%) =

(parent compound concentration after microsomal digestion

x 100
parent compound concentration in control at 0 min )

1)
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The metabolic stability curves were created by plotting the remaining of parent
compounds % (RP %) (y- axis) against the incubation time (x- axis). The
elimination rate constant (k, mint) was the slope of the linear range creating by
plotting the natural logarithm (Ln) of RP% at 0 and 120 min against the incubation
time B4, In vitro ty, in vitro intrinsic clearance (in vitro CLint), Hepatic intrinsic
clearance (Hepatic CLint) and extraction ratio (ER) were calculated using the
following equations 34 31 :

In vitro tyz (min) = Ln(2) /k

(2)
i . : uL incubation
N vitro Clind (uL./min/mg) = k X (mg microsomes protein content)
3)
Hepatic CLint (mL/min) = In vitro CLint (mL/min/mg) X MPPGL (mg/g) X
WL (g)
4)
ER - Qxfu
Q+(fu x Hepatic CLint
)

Where MPPGL is 45 mg microsomes protein per g liver B6: WL is the liver
weight (1.7 g for mouse); Q is the hepatic blood flow (1.8 mL/min for mouse) B7I;

fu is the free fraction in blood, assumed as 1.
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5.4.5. In vivo studies

5.4.5.1. Animal experiments

All experiments involving animals were conform to the guidelines for the Care
and Use of Laboratory Animals published from Directive 2010/63/EU of the
European Parliament.

Male C57BL/6 mice (25 = 0.7 g body weight) were housed in groups (2-4 mice
per cage) in a specific pathogen-free controlled environment (inverted 12 h light
cycle; lights off at 10:00 hours). All mice had free access to standard mice chow
and water.

ICE-4 sample was dissolved in 70% CH3CH.OH and was administered by a
single gavage (dosage 400 pg/Kg) in a total volume of 200 pL.

For plasma sample collection, after treatment mice were sacrificed at 1 hour (1
h) and at 2 hours (1 h) from administration. Control mice were treated with vehicle
alone. At these time points blood was collected from the heart through cardiac
puncture of isofluorane-anesthetized mice in heparinized tube, and rapidly
centrifuged at 2200 rpm for 15 minutes to obtain plasma samples.

In some mice housed in a metabolic cage, urine samples were collected after 24
and 48 hours.

5.4.5.2. Plasma and urine extraction

For a- and B-acids and related metabolites extraction, 25 puL of plasma were
thawed on ice and 100 pL of ice-cold CH3OH/ACN (90:10 v/v) were added.
Samples were vortexed for 30 s and finally centrifuged at 14,680 rpm, for 5 min at

4°C. 80 pL of supernatant were dried under nitrogen.
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Urine extraction was performed as follows: 0.5 mL of urine samples were
thawed on ice and diluted with 0.5 mL of H.O. Samples were vortexed for 30s and
were subjected to solid phase extraction (SPE). Samples were loaded on Strata-X
33u Polymeric Reversed Phase 100 mg/3 mL cartridge (Phenomenex, Bologna,
Italy), previously conditioned with 2 mL of CH3OH and equilibrated with 2 mL of
H20. 3 mL of H>O were used for washing phase and finally the samples were eluted
with 3 mL of CH30OH/ACN (90:10 v/v) and eluates were dried under nitrogen.

The dried samples were reconstituted in 100 uLL of MeOH/H20 (70:30) + 0.1%
HCOOH (v/v) and injected in LC-HRMS/MS.

5.4.5.3. Gastrointestinal fluid and plasma stability

For in vitro gastrointestinal and plasma stability assessment, 25 uL of ICE-4
solution (3 mg/mL) was added to 150 puL of 0.1 N HCI solution (pH 2), 10 mM
HCOONHy, solution (pH adjusted to 7.4 with NH4OH, and plasma control sample.
The mixtures were kept under gentle stirring at 37°C. During incubation, aliquots
were withdrawn at 0, 60, 120 and 180 min, extracted and analyzed as described
previously.

5.4.6. Method validation

ICE-4 mixture was selected as external standards for the quantification of parent
a- and B acids in both in vitro and in vivo stability studies. Matrix matched
calibration curves were obtained as follow: 10 pL of ICE-4 1000 pg/mL solution in
CH3OH were added to 90 pL of matrix to obtain a 100 pg/mL of ICE-4 stock

solutions.
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Calibration curve in the range of 0.5-100 ug/mL (total ICE-4 concentration)
with six concentration levels, were used to generate calibration curve from
regression analysis (R? > 0.999) and apply to quantitation of a- and B-acids in
plasma. Calibration curve for urine was constructed in the range of 0.5 — 25 ug/mL
(R?>0.998). Identical standard solutions were also prepared in methanol and used
for the assessment of matrix effects.

Note that each standard concentration level contained different amounts of the
individual analytes, reflected in the concentrations shown in Table S5.1.

Repeatability was established by triplicate injections of samples and solutions at
low, medium, and high concentration levels of the calibration curve with the same
chromatographic conditions and analyst at the same day and within two consecutive
days and results were expressed as CV % for concentration and retention time.

Limits of detection (LODs) and quantification (LOQs) were calculated by the
ratio between the standard deviation (SD) and analytical curve slope multiplied by
3 and 10, respectively.

Recovery was assessed by spiking a known amount of ICE-4 standard solution
in methanol at low, medium and high concentration range in control samples, which
were subsequently extracted as described in section 5.4.5.2.

Quality control (QC) were prepared by serially diluting the 100 pg/mL spiked
blank serum sample to obtain plasma sample containing 20 pg/mL of ICE-4

solution.
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5.5. Conclusions

In this study, a UHPLC-HRMS method was developed and validated to
investigate the metabolic stability of hop bitter acids. After in vitro incubation with
mice liver microsomes, both a- and B-acids showed relative slow metabolism and
excretion rates with long in vitro ti> and moderate hepatic CLint. Furthermore, I and
Il phase metabolites were profiled and initially characterized in vitro by microsomal
digestion and in vivo, in mouse plasma and urine following oral administration,
beside the quantification of the parent compounds in the biological samples.

The FS-DDA approach showed the formation of 7 phase | metabolites of a-acids,
comprising novel n+adhumulone metabolites deriving from oxidative metabolic
pathways. Moreover, 5 mono-oxidized metabolites of -acids were confirmed. On
the other hand, the tNL approach allowed to detect for the first time a-acids
glucuronide conjugates, and, exclusively in vivo, glucuronide derivatives of
oxidized phase | metabolites. These data extended the knowledge of metabolic
profile of hop bitter acids and could provide a concrete help in predicting their

pharmacokinetic profiles.
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Chapter VI
Matrix-assisted laser desorption/ionisation  mass
spectrometry imaging (MALDI-MSI) applications:
Evaluation of neurotransmitter and neuropeptide analysis
in heat stabilized vs fresh frozen brains and preliminary

assessment of hop bitter acids distribution in liver tissues

6. Introduction

In natural compounds field, as in drug discovery and development, detailed
understanding of pharmacological activity, metabolization, toxicological effects
and distribution in the body is required. For an active compound to exert its desire
effects it must reach biological receptors at the target site, but also undesired
accumulation of compound or metabolites in tissues could occur which can lead to
strong toxicological effects [ 2. Mass spectrometry (MS) coupled to different
separation techniques is the gold standard for the analysis of biofluids, as predictive
indicator of tissue uptake. However, compound or metabolite levels measured in
plasma often do not accurately represent the levels present within organs or organ
subcompartments and therefore cannot be relied upon for understanding of efficacy
or toxicology of bioactive molecules within the body . On the other hand, the
analysis of metabolites in tissues requires their homogenization and further
extraction, which causes the loss of “spatial information”. These data can be crucial
to understand in detail the distribution in a given district, and evaluate the molecular

alterations that occur after the exposure of a given bioactive compound.
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Imaging techniques allow the spatial localization of molecules have
revolutionized medicine, helping in diagnosis and understanding the pathologies.
Techniques such as magnetic resonance imaging (MRI), positron emission
tomography (PET), fluorescence microscopy and radiolabeling can visualize
localization of target molecules but these techniques can only monitor few
molecules at time and require the use of molecular tags or labels and a priori
knowledge of target compounds.

Matrix-assisted laser desorption/ionisation mass spectrometry imaging
(MALDI-MSI) is a powerful label-free analytical tool that allows mapping of the
spatial distributions and the abundance of a wide variety of biomolecules in tissue
samples . The technique is capable of detecting hundreds of molecules
simultaneously in a single experiment, with subsequent in situ visualization of their

localization in a tissue section [* 8,
6.1. Aim of the work

MALDI-MSI methods has been developed to map the spatial distribution of both
small molecule neurotransmitters and neuropeptides in rat brain sections,
comparing two tissue stabilization protocols to reduce post mortem metabolic
reactions (Section I).

Subsequently, MALDI-MSI has been applied to visualize the distribution of

Humulus lupulus L. secondary metabolites in mouse liver samples (Section I1).
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6.2. Section |: Evaluation and optimization of neurotransmitter
and neuropeptide analysis in heat stabilized vs fresh frozen brains
by MALDI-MSI

6.2.1. Abstract

One of the main challenges analysing chemical messengers in the brain is the

optimization of tissue sampling and preparation protocols. Limiting post mortem
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time and enzyme activity is critical to identify low-abundance neurotransmitters
and neuropeptides. In this study, a rapid and uniform conductive heat transfer
method was compared with a conventional fresh freezing protocol. Together with
a selective chemical derivatization method and an optimized normalization
approach using internal standards, was employed to simultaneously image
neurotransmitters and their related metabolites by MALDI mass spectrometry
imaging (MSI). Although the heat stabilization did not showed differences in the
levels of precursors dopamine, norepinephrine, and serotonin, their related
metabolites (DOPAL, DOPAC, HVA, MOPAL, DOPEG and 5-HIAA) were all
significantly lower, revealing a reduced neurotransmitter turnover ratios in heat
stabilized brains compared to fresh frozen. In situ markers associated with the
stabilization of enkephalin, dynorphin, and tachykinin derived neuropeptides were
also imaged, showing that, without heat stabilization, degradation fragments of full-
length peptides occur in fresh frozen tissues. Heat stabilization enabled the
detection of very low-abundant neuropeptides such as the C-terminal flanking
peptide, neuropeptide gamma, and nociceptin, which remained intact and could be
exclusively imaged in heat stabilized brains. Our data provide evidence for the
potential use of the heat stabilization prior to MALDI-MSI analyses to improve the

examination of the in vivo state of neuronal chemical messengers in brain tissues.
6.2.2. Introduction

Changes in concentration of neurotransmitters and neuropeptides are involved
in several neurological diseases such as in Parkinson’s disease, Alzheimer’s
disease, depression, and drug addiction 71 In addition to measure their

concentrations in brain tissues, the knowledge of the spatial distribution of these
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signalling messengers in the brain is of great importance, not only to better
understand their involvement in pathological conditions, but also to develop more
focused and effective treatments 1. One of the main challenges of studying
signalling molecules in the brain by MALDI-MSI is the sample preparation.
Immediately after euthanisation and dissection of the tissues, rapid molecular
degradation may occur 1%, Snap-freezing of tissues is a widely employed method
used to reduce post mortem enzymatic activities. However, dissection and freezing
of the brain may take some time and some enzymes may also be reactivated during
thawing Y. To circumvent these drawbacks, several strategies have been adopted
to stabilize tissue samples and limit the degradation of biomolecules. Among in vivo
fixation techniques, focused microwave irradiation (FMW) to the brain, by which
the tissues are rapidly heated to 85-95 °C, was developed to irreversibly deactivate
enzymes, preventing post mortem metabolism of neurotransmitters and
neuropeptides 1251, Also, in situ freezing (ISF) is a powerful method to minimize
post mortem changes in contents of cerebral labile neurotransmitters and
metabolites & 71 as well as the use of enzyme inhibitors, such as 3-
mercaptopropionic acid, a glutamic acid decarboxylase (GAD) inhibitor, which
prevent the post mortem increase in GABA levels [#20  However, these
stabilization techniques may display some limitations, such as toxicity, ethical
restrictions, time-consumption, and high costs. Furthermore, overheating with
consequent destruction of the sample area or uneven heating throughout the tissue
during FMW, may result in reversible enzymatic activity 21, An alternative tissue
stabilizing technique, which use a combination of heat and pressure under vacuum,
for the fixation of target brain samples has been proposed prior to peptidomic
analysis by nano-LC-ESI-MS/MS platforms. Heat stabilization (HS) was

- 148 -



Chapter VI: Matrix-assisted laser desorption/ionisation mass spectrometry
imaging (MALDI-MSI) applications

performed using an instrument that enable rapid and efficient heat transfer through
a lower and upper conductive heat block during vacuum application, ensuring
homogenous heating at 95 °C in any part of the sample. The developed method has
proved to be very useful for reducing the degradation processes of proteins and
peptides, as well as, to preserve their post-translational modifications (PTMs) 2%
24].

Nevertheless, the visualization of the distribution of the neuronal messengers
and their related metabolites across the heat stabilized (HS) brain tissues has been
scarcely investigated. For this purpose, in this work we performed MALDI-MSI
analysis to highlight the post mortem degradation differences among heat stabilized
and fresh frozen (FF) brain tissues for key neurotransmitters, metabolites and
neuropeptides. Furthermore, a recently developed reactive matrix 4-(anthracen-9-
yl)-2-fluoro-1-methylpyridin-1-ium iodide salt (FMP-10), which enables selective
in situ chemical derivatization of the neurotransmitters, was employed to
simultaneously image the catecholaminergic and serotoninergic signalling systems,
including precursors and metabolites 1. MALDI-MSI showed that the heat
treatment does not affect the spatial information and effectively limits post mortem
metabolic degradation of neurotransmitters and neuropeptides, resulting in
informative molecular profiles, which can be used for the understanding of
molecular changes in both healthy and diseases conditions, as well as their

modulation following drugs treatment.
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6.2.3. Results
6.2.3.1. Stabilization of small molecule neurotransmitters by MSI

Tissue morphology is affected by HS. The main challenge was represented by
the changes to the tissue morphology caused by heating. The HS tissues appeared
dryer, the tissue edges were jagged due to the difficulties in the cutting, and some
holes could be observed (Supporting Information Figure S6.2.1). The alteration in
tissue structure caused by the heat treatment influenced the reactive matrix
deposition so that the consecutive analyte extraction, desorption and ionization
worsened the quality of the MS images, in terms of number of effective pixels and
image contrast compared to fresh frozen section .

Internal standards improve pixel-to-pixel variation. We evaluated the
chemical derivatization method with FMP-10 and confirmed that the derivatization
of the target molecules occurred in the HS tissues (Supporting Information Table
S6.2.1). In FF tissue sections, normalized by RMS, Dopamine (DA), 3-
Methoxytyramine (3-MT) and homovanillic acid (HVA) presented high intensity
across the striatal regions, while in the HS samples RMS normalization was not
able to effectively reduce ion suppression artefacts and appeared almost similar to
the unnormalized image (Figure 6.2.1). For this reason, we optimized a mixture of
internal standards suitable for the normalization of the ion intensity of the
neurotransmitters detected in the HS tissue. The catecholaminergic and
serotoninergic neurotransmitters, and its downstream metabolism products, were
normalized against the internal standard DA-d4, except for the homovanillic acid,
which was normalized against the labelled compound HVA-ds. The transmitter y-

aminobutyric acid (GABA) was normalized against the labelled compound GABA-
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ds. We observed that for the normalization of each endogenous neurotransmitter, his
IS must be selected in the form with the same number of derivatized functional
groups and the same type of structural rearrangements. The IS normalization
provided a more uniform signal intensity across the brain regions, both in FF and
HS. However, while in FF samples IS normalized image appears similar in
effectiveness to RMS normalization, in HS tissues it has proven to be crucial to
reduce the effects of the ion suppression arising from the HS tissues inhomogeneity
and to improve the level of pixel-to pixel variation, to provide a higher definition
of the brain structure and to reach a uniform distribution of the signals (Figure
6.2.1).

Dopamine 3-Methoxytyramine

Unnormalized RMS IS normalization Unnormalized IS normalization

. -w Ioms Q 9' Hs 555 ,ﬁ HS |

0 — 0% 0 —n 50%

Figure 6.2.1. MALDI-MS images of double derivatized dopamine (DA + [2 (FMP-10)-
CHzs)) (a) and single derivatized 3-Methoxytyramine (3-MT + FMP-10]) (b) in coronal rat
brain sections comparing unnormalized, RMS, and IS normalized MSI data in FF and HS
tissues (at bregma 2.28 mm, Paxinos and Watson, 2014). Scale bar = 2 mm. Colour scale
bars are shown as percentage of maximum intensity. IS: DA-ds. Lateral resolution, 150 um.
Abbreviations: RMS, root-mean square normalization; IS, Internal standard normalization;
FF, fresh frozen; HS, heat stabilized.

HS effect on neurotransmitter metabolites. Next, we studied the effect of HS
on the catecholamine and serotonin systems. MALDI-MSI was applied to map the

lateral distribution of neurotransmitters and their related metabolites (Supporting
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Information Table S6.2.1). We observed no significant differences in the detection
of DA (Figure 6.2.2 a) and norepinephrine (NE, Figure 6.2.2 b) between HS and
FF in the striatum. Instead, the different stabilization processes affected the related
metabolites. We found that the main metabolites of DA, 3,4-
dihydroxyphenylacetaldehyde (DOPAL, Figure 6.2.2 c), 3,4
dihydroxyphenylacetic acid (DOPAC, Figure 6.2.2 d), and HVA (Figure 6.2.2 ),
were respectively 1.5, 1.4 and 2.3 fold higher in the striatum of FF brains compared
to HS tissues, as can be observed in bar chart graph depicted in Figure 6.2.2 m. We
observed no significant changes in the levels of 3-MT (Figure 6.2.2 f) in FF tissues,
while the metabolite 3-methoxy-4-hydroxyphenylacetaldehyde (MOPAL, Figure
6.2.2 g) was 2.3 fold higher in FF brains (Figure 6.2.2 m). Moreover, we found that
the metabolite of NE, dihydroxyphenylethylene glycol (DOPEG, Figure 6.2.2 h),
was clearly detected in FF brains but not detected in HS tissues.

We further evaluated the effect of HS on the serotonin (5-HT) pathway, with no
significant differences in the detection of 5-HT (Figure 6.2.2 i) between HS and FF
tissues. On the contrary, the metabolite 5-hydroxyindoleacetic acid (5-HIAA,
Figure 6.2.2 j) was 2.3 times higher in FF brains (Figure 6.2.2 n), while the
metabolite 5-hydroxyindolealdehyde (5-HIAL) (Figure 6.2.2 k) was clearly
detected in FF tissues but was not detected in HS sections. Lastly, we found that
GABA (Figure 6.2.2 1) levels were significantly lower (1.2 fold, Figure 6.2.2 n) in
all brain regions of HS tissues. Those results were further supported by a reduced
metabolite/neurotransmitter ratio in HS brain regions (Supporting Information
Table S6.2.2).
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Figure 6.2.2. MALDI-MS images of neurotransmitters and related metabolites acquired
from FF and HS tissue sections. a, DA double derivatized; b, NE double derivatized; c,
DOPAL double derivatized; d, DOPAC double derivatized; e, HVA single derivatized; f,
3-MT single derivatized; g, MOPAL single derivatized (coronal rat brain section at bregma
2.28 mm, Paxinos and Watson, 2014); h, DOPEG double derivatized; i, 5-HT-single
derivatized; j, 5-HIAA single derivatized; k, 5-HIAL-single derivatized; I, GABA single
derivatized; (coronal rat brain section at bregma —2.04 mm, Paxinos and Watson, 2014);
m, n, Bar charts graphs reflecting normalized average intensity of precursors DA (m) NE
and 5-HT (n) and their metabolites between HS and FF protocols. Error bars represent
standard deviation between technical replicates (**p < 0.01, *p < 0.05). Scale bar =2 mm.
Colour scale bars are shown as percentage of maximum intensity. Lateral resolution, 150
um. Data were normalized against IS: DA-ds for DA, DOPAL, DOPAC, 3-MT, MOPAL,
5-HT, NE, DOPEG, 5-HIAL, 5-HIAA. HVA-ds for HVA; GABA-ds for GABA.
Abbreviations: FF, fresh frozen; HS, heat stabilized.
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6.2.3.2. Stabilization of neuropeptides by MSI

Increased detection of peptides by HS. We investigated the effects of the HS
by mapping neuropeptides in rat brains. A high number of peptides (in total 44)
were mapped across both HS and FF brain tissues, including peptides derived from,
e.g., proenkephalin (PENK) and prodynorphin (PDYN) precursors. Moreover,
tachykinin neuropeptides, peptides derived from the cerebellin 1 precursor,
neuropeptide-EIl, neurotensin, and nociceptin peptides were detected (Supporting
Information Table S6.2.3). Twenty six neuropeptides have been previously reported
by us . The remaining 18 peptides were detected for the first time by MALDI-
MSI. The tentative identification of the neuropeptides was based on the ultra-high
mass accuracy provided by MALDI-FTICR-MS and subsequently confirmed by
LC-MS/MS analyses.

PENK neuropeptides. Leu-enk (Figure 6.2.3 a), Met-enk (Figure 6.2.3 b) and
metorphamide (Figure 6.2.3 ¢) were respectively 2.8, 2.9 and 2.5 fold higher in the
globus pallidus (GP) of HS tissues than FF. (Figure 4a). Moreover, Met-enk-RF
(Figure 6.2.3 d), Met-enk-RGL (Figure 6.2.3 e) and PENK (219-229) (Figure
6.2.3 f) were highly abundant in GP of HS (2.1, 1.2 and 3.9 fold, respectively)
(Figure 6.2.4 a), they were also present at low abundance in the caudate putamen
(CPu). Instead, in FF tissues, the same PENK neuropeptides were clearly detected
in GP (Figure 6.2.4 a), but almost undetectable in the other brain structures. The
discrepancies may be due to the rapid enzymatic degradation of PENK
neuropeptides, whose levels decreased over post mortem time and were only
detected in the structure in which they were particularly abundant. In fact, the

opposite was observed for the related shorter peptides, considered possible
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degradation products: PENK Des-Y-Met-enk-RF, Met-enk-R and PENK (220-229)
(Figure 6.2.3 g -i, respectively) whose levels were 9.8, 1.9 and 4.3 fold greater in
the GP of FF tissues than HS (Figure 6.2.4 a). A similar trend was assessed at level
—5.64 mm from bregma, at which the full-length peptides Met-enk-RF (Figure 6.2.3
j) and PENK (219-229) (Figure 6.2.3 K) were respectively 2 and 6 times higher in
the pleoiglia periaqueductal gray (PIPAG) and the reticular part of substantia nigra
(SNR) of HS tissues (Figure 6.2.4 b), while the peptide fragments were present in
higher levels in the same structures of FF tissues (Figure 6.2.3 |, m) (7 and 4 fold,
respectively, Figure 6.2.4 b).

Furthermore, we observed that full length PENK (198-209) (Figure 3n) was
twice higher in HS brains compared to FF tissues (Figure 6.2.4 c). On the contrary,
the degradation product PENK (201-209) (Figure 6.2.3 0), was clearly detected in
FF tissues and not detected in HS tissues coronal rat brain section at bregma —2.92
mm)

There were no significant differences on the detection of PENK (114-133),
PENK (212-229) and PENK A (239-260) between FF and HS tissues (Supporting
Information Figure S6.2.2).
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Figure 6.2.3. MALDI-MS images of enkephalins in coronal rat brain sections. Imaging
experiments compared the distribution of full-length peptides (a-f, j-k, n) and related
fragments (g-i, I-m, 0) between FF and HS tissues at bregma —2.04 mm (a-i), —5.64 mm (j-
m) and —2.92 mm (n-0) (Paxinos and Watson, 2014). a, Leu-enk; b, Met-enk; c,
Metorphamide; d, j, Met-enk-RF; e, Met-enk-RGL; f, k, PENK (219-229); g, I, Des-Y-
Met-enk-RF; h, Met-enk-R; i, m, PENK (220-229); n, PENK (198-209); o, PENK (201-
219); Scale bar = 5 mm. Colour scale bars are shown as percentage of maximum intensity.
Data were normalized against RMS. Lateral resolution, 150 um. Abbreviations: FF, fresh

frozen; HS, heat stabilized.
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Figure 6.2.4. Bar charts graphs reflecting normalized average intensity of enkephalins
between HS and FF protocols. a-c, Full-length peptides and related fragments at bregma
—2.04 mm (a), —5.64 mm (b) and —2.92 mm (c). Error bars represent standard deviation
between technical replicates (¥****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05).
Abbreviations: PIPAG, pleoiglia periaqueductal gray; SNR, reticular part of substantia
nigra; HS, heat stabilized; FF, fresh frozen.

PDYN and tachykinin neuropeptides. When investigating PDYN and
tachykinin neuropeptides we found that dynorphin A (Dyn A (1-8)) and a-
neoendorphin (a-Neo) (—2.04 mm from bregma, Figure 6.2.5 a, c, respectively)
were 3 fold higher in the LH (Figure 6.2.5 a, ¢) and in the SNR (—5.64 mm from
bregma, Figure 6.2.5 b, d respectively) (Figure 6.2.5 p) of HS coronal rat brain

sections than in FF tissues. On the contrary, the related peptide fragments, Dyn A
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(2-8) and a-Neo (2-10) (Figure 6.2.5 e, h) were 10 fold higher in the corresponding
structures of the FF brains (Figure 6.2.5 o, p).

We further observed that Dyn B (1-13), Dyn B (1-6), Dyn B (15-28) and B-Neo
were present in higher levels in HS brains than FF tissues (1.1 and 1.5 fold,
respectively, Supporting Information Figure S6.2.2).

Regarding tachykinins, the levels of Neurokinin A were 3 times higher across
HS tissues (Figure 6.2.5 i, j — 0, p). Moreover, we found that Substance P (SP) (1-
11) was detected at higher levels in the Hyp, the PIPAG, and the SNR of HS coronal
brain section (2.3. 2.1 and 1.8 fold, respectively) at level —2.04 and —5.64 mm from
bregma) (Figure 6.2.5 k, | — 0, p). On the contrary, SP (1-9) was detected in FF
tissues and not detected in HS tissues (Figure 6.2.5 m, n — o, p). Interestingly, in
coronal rat brain sections at level —2.92 mm from bregma, C-terminal flanking
peptide and neuropeptide gamma were mapped here for the first time and were

exclusively detected in HS tissues (Supporting Information Figure S6.2.2).
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Figure 6.2.5. MALDI-MS images of dynorphins and tachykinins in coronal rat brain
sections. Imaging experiments compared the distribution of full-length peptides (a- d, i-l)
and related fragments (e- h, m-n) between FF and HS tissues at bregma —2.04 mm (a, ¢, e,
g, i, k, m) and —5.64 mm (b, d, f, h, j, 1, n) (Paxinos and Watson, 2014). a, b, Dyn A (1-8);
¢, d, a-Neo; e, f, Dyn A (2-8); g, h, a-Neo (2-10); i, j, Neurokinin A; k, I, SP (1-11); m, n,
SP (1-9); o, p, Bar charts graphs reflecting normalized average intensity of full-length
peptides and related fragments at bregma —2.04 mm (0) and —5.64 mm (p) between HS and
FF protocols. Error bars represent standard deviation between technical replicates (***p <
0.001, **p <0.01, *p <0.05). Scale bar = 5 mm. Colour scale bars are shown as percentage
of maximum intensity. Data were normalized against RMS. Lateral resolution, 150 um.
Abbreviations: PIPAG, pleoiglia periaqueductal gray; SNR, reticular part of substantia
nigra; FF, fresh frozen; HS, heat stabilized.

Other neuropeptides: SST-28, N-El, PEP-19, PC1, and Cerebellin peptides.
Somatostatin 1-12 (SST-28(1-12) is the bifunctional hormone released by the
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monobasic and dibasic cleavages of the precursor prosomatostatin. Neuropeptide
El (N-EI) is derived from the melanin concentrating hormone (MCH) precursor.
Interestingly, in this investigation, MALDI-MSI revealed that the biologically
active peptides SST-28(1-12) (Figure 6.2.6 a) and N-EI (Figure 6.2.6 b) were
respectively 13 and 2 fold increased in the Hyp of HS brains than FF tissues (Figure
6.2.6 f). Further evidence of the prevention of post mortem degradation was that
PEP-19 (48-62) (Figure 6.2.6 c) and PEP 19 (51-62) (Figure 6.2.6 d), known
fragments of the full-length PEP-19 (6.7 kDa neuronal calmodulin-binding
polypeptide) %81 | was exclusively detected in FF tissues. Moreover, nociceptin
(Figure 6.2.6 €), was mapped for the first time in HS tissues.

Prohormone convertase 1 (PC1 (619-628)) were not detected in HS tissues,
while there were no significant differences on the detection of Cerebellin
neuropeptides between the two methods of stabilization (Supporting Information
Figure S6.2.3).
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Figure 6.2.6. Molecular distributions determined by MALDI-MSI in coronal rat brain
sections comparing FF with HS tissues (at bregma —2.04 mm, Paxinos and Watson, 2014)
of a, SST-28(1-12); b, N-El; ¢, PEP-19 (48-62); d, PEP-19 (51-62) and e, nociception; f,
Bar charts graphs reflecting normalized average intensity of SST-28(1-12) and N-El
between HS and FF protocols. Scale bar =5 mm. Colour scale bars are shown as percentage
of maximum intensity. Data were normalized against RMS. Lateral resolution, 150 um.

Abbreviations: FF, fresh frozen; HS, heat stabilized.
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6.2.4. Discussion

In the present study, we evaluated the effectiveness of rapid and uniform heating
of brain tissues, compared to conventional snap freezing, to inactivate post mortem
enzymatic activity, thereby preventing the degradation of the neuronal chemical
messengers. We used a MALDI-MSI approach to map the spatial distribution of
both small molecule neurotransmitters and neuropeptides in heat stabilized rat brain
sections. We monitored any possible variation in localization after heat treatment,
as well as evaluated differences in relative intensity of the neurotransmitters and
neuropeptides including their metabolites.

We assessed the usefulness of heat stabilization to prevent post mortem changes
to better reflect the in vivo state of neurotransmitters. The developed MALDI-MSI
approach allowed the visualization of neurotransmitters distribution across the brain
regions. The neurotransmitter localizations were consistent with the distributions
previously reported using MALDI-MSI methods 2% 27: 281,

The heat stabilization procedure did not destroy the integrity of the
neurotransmitters, nor caused artificial diffusion of the molecules into other areas,
and the tissue integrity alteration did not affect the MSI results at our experimental
lateral resolution. However, the changes to the tissue morphology caused by heating
had a negative effect on the data quality. In this regard, beyond the matrix effect,
also the physical and structural properties of the sample can influence the ionization
yield 1 leading to suppression or enhancement effects. For instance, heat
stabilization can lead to increased salt levels, which can cause a global increase in
ionization bias and thus lower MSI signal intensities %, A proper strategy is to use

internal standards for the normalization of MSI data. This approach is extremely
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useful to perform absolute quantitation B and to reduce various ion suppression
effects caused by different chemical compositions and structural environments in a
brain tissue section 2. For efficient normalization, several parameters were taken
into account when selecting the internal standard: i) the structural similarity
between the labelled and unlabelled compounds, ii) the numbers of derivatized
functional groups (phenolic and/or primary amines) of both internal standards and
endogenous compounds, iii) the types of structural rearrangements (loss of the
hydrogen ion or/and the methyl group) that occur in multi-derivatized molecules,
resulting in single charged ions in MALDI 21, In this way, we achieved for each
neurotransmitters an optimized IS normalization that exhibited superior reduction
ion suppression artifacts compared to RMS normalization in HS brain tissues.

A number of previous studies have found that sacrificing animals with FMW
irradiation led to accurate regional measurements of brain labile neurotransmitters
[10.331 'In this regard, both FMW fixation and heat stabilization have been proposed
in combination with MALDI-MSI to assess highly labile small molecules in tissues
[34371 Qur data extend the previous studies to an alternative heat stabilization
approach in sample preparation for MALDI-MSI analyses, to capture a realistic
visualization of labile neurotransmitters in brain tissues.

The effect of heat stabilization was pronounced also for GABA levels that
increased post mortem in FF brains, most likely due to maintained activity of
glutamate decarboxylase (GAD). Hence, the current study confirmed that the GAD
enzyme was effectively inhibited by heat stabilization, as reported in brain regions
thermally stabilized by FMW [14.38],

Differently from recent investigation on the use of FMW when measuring
biogenic monoamines 383 the heat stabilization here developed prior to MALDI-
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MSI analyses did not increase the DA and NE levels substantially. Interestingly,
the treatment had a much more profound effect on the related metabolites (DOPAL,
DOPAC, HVA, MOPAL and DOPEG) that, as expected, were all significantly
lower in HS tissues.

More notable was the effect of heat transfer on tissue on the turnover of 5-HT.
We observed a significant change between HS and FF tissues in both the metabolite
5-HIAA and the metabolite 5-HIAL. These results may indicate a reduction in the
rapid serotoninergic metabolism following heat stabilization, and are in contrast to
previous findings from brain fixation by FWM technique studies which assumed a
steady state level of 5-HT [*3 381 Thus, combining the heat stabilization method with
MALDI-MSI made it possible to prevent metabolic artefacts and conduct more
accurate determination biogenic monoamines in brain tissues, and paved the way to
possible relative quantitative analysis.

Investigating the distribution and the abundance of neuropeptides in brain tissues
Is important to highlight alterations in neurological diseases. However, it has been
shown that following tissue sampling, active enzymes continue their proteolytic
processes to generate peptide fragments that do not reflect the in vivo state of
neuropeptides composition [38]. As stated before, rapid and controlled heating of
intact tissue is an ideal tool to prevent brain peptidome degradation . MALDI-
MSiI is highly successful in identifying in situ markers for determination of peptide
stabilization (4,

In this work, we performed MALDI-MSI experiments to monitor if heat
treatment, at the time of brain dissection, can reduce the rapid changes of bioactive
neuropeptides integrity and their levels. Despite the alteration in tissue morphology

caused by heating, as described above, we demonstrated that the heat treatment did
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not affect the adhesion of the thaw-mounted tissues on the glass; in fact, was
possible to perform tissue-washing procedure prior to application of matrix, without
any problem of tissue detaching from the slide. The tissue-washing protocol has
proven to be essential to reduce suppression effects from, e.g., lipids and improve
S/N ratio even in heat stabilized tissues. The RMS approach was able to effectively
normalize the spectra and reduce the ion suppression caused by physical and
structural properties of HS samples. For this reason, it was not necessary to use
labelled compounds for normalization, which otherwise would have been
prohibitively expensive. Moreover, we asserted that, following the heat treatment,
no delocalization or diffusion of the neuropeptides occurred; in fact, the
neuropeptide distributions observed in our experiments were consistent with the
distribution previously reported using both MALDI-MSI and other techniques [
42-46]_

Post mortem proteolytic activity of enzymes on PENK and PDY N neuropeptides
was significantly inhibited. This is illustrated by a greatly reduction in the levels of
most peptide degradation fragments in HS brain samples. Interestingly, the change
in PENK peptide levels varied among peptides and brain structures, indicating that
the enzymatic degradation directly reflects the abundance of the peptides in the
brain structures and may depend on the post mortem time. In this regard, further
investigation at various time points after dissection are required to fully understand
a time-dependent relative changes in intensities of the peptide signals.

In addition to the well-known fragments of the full-length PEP-19 [?61 the
combination of the heat stabilization with MALDI-MSI allowed the detection of
novel denaturation markers, as Dyn A (2-8) and SP (1-9) for the stabilization of

dynorphins and tachykinins, respectively. Moreover, in the present study, we
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detected the low-abundance neuropeptides C-terminal flanking peptide,
neuropeptide gamma, and nociceptin, exclusively in HS tissues, highlighting their
susceptibility to enzymatic degradation. It has been noted that cerebellin peptides
levels were not affected by the fixation method. Also in this case, a time course
experiment could support the hypothesis of the high stability of the cerebellin

peptides to post mortem degradation.
6.2.5. Materials and methods
6.2.5.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (Stockholm, Sweden) and
were used without further purification unless otherwise stated. Isotope-labelled
neurotransmitters were purchased from CDN Isotopes (Quebec, Canada). The

matrix FMP-10 was synthesized and purified as previously reported [2°],
6.2.5.2. Safety and precautions

Chloroform ACS reagent, > 99.8% has been handled according to all safety
precautions indicated by the manufacturer.

6.2.5.3. Animal experiments

Female Sprague-Dawley rats (approximately 150 g; Scanbur, Sollentuna,
Sweden) were housed in separate air-conditioned rooms (with 12 h dark/12 h light
cycles) at 20 °C and 53% relative humidity. All animal procedures were carried out
in agreement with the European Communities Council Directive of November 24,
1986 (86/609/EEC) on the ethical use of animals and were approved by the Uppsala

Animal Ethical Committee.
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Eight rats were sacrificed by decapitation and the brains were quickly removed.
In the first experiments, four brains were immediately frozen by immersion in —45
°C dry-ice-cooled isopentane and stored at —80 °C. In the second experiment, the
other four brains within 1 min following decapitation were heated at 95 °C with
minimal compression and cavity vacuum, using the Stabilizor T1™ instrument

(Denator AB, Sweden) at auto settings for fresh tissues.
6.2.5.4. Tissue sample preparation for MALDI-MSI

The rat brain samples were sectioned using a cryostat microtome (Leica
CM1900, Leica Microsystems, Wetzlar, Germany) at thicknesses of 12 um. Tissue
sections were thaw-mounted onto indium tin oxide (ITO) coated glass slides
(Bruker Daltonics, Bremen, Germany) and stored at —80 °C until analysis. MALDI-
MSI for both neurotransmitters and neuropeptides were performed on coronal rat
sections at six levels (distance from bregma): 2.28 mm, 0.00 mm, —2.04 mm, —2.92
mm, —5.04 mm, and —5.64 mm (Paxinos and Watson, 2014) (Supporting
Information Figure S6.2.4).

6.2.5.5. Chemical derivatization of catecholaminergic and serotoninergic

neurotransmitters

We used a selective chemical derivatization method recently developed 1. In
detail, sections were desiccated at room temperature for 20 min before application
of the reactive matrix. In the optimized protocol, a mixture of deuterated internal
standards (IS) (dopamine-1,1,2,2-d4 « HCI (DA-ds), 4-hydroxy-3-methoxyphenyl-
ds-acetic-d acid (HVA-ds), 4-aminobutyric acid-2, 2, 3, 3, 4, 4-ds (GABA-dg) was
applied prior to matrix coating. IS solution consisting of 0.666 pg/mL DA-ds, 0.333
pg/mL HVA-ds, 100 ung/mL GABA-ds in 50% methanol, was homogeneously
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sprayed over the tissues using an automated sprayer (TM-Sprayer, HTX
Technologies, Chapel Hill, NC, USA) under the following conditions: nozzle
temperature was set at 90 °C, with a nitrogen gas pressure of 6 psi, flow rate of 70
puL/min, nozzle velocity of 1100 mm/min with six passes, and 2 mm track spacing.

FMP-10 was dissolved in 70% ACN (4.4 mM, 55 mL). An automated
pneumatic sprayer (TM-Sprayer, HTX Technologies) was used to spray the solution
over the tissue sections in twenty passes at 80 °C, with a nitrogen gas pressure of 6
psi, flow rate of 80 pL/min, nozzle velocity of 1100 mm/min, and 2 mm track

spacing.
6.2.5.6. Sample preparation for MALDI-MSI analysis of neuropeptides

To remove lipids that can cause ion suppression when measuring neuropeptides
with low concentrations, a tissue-washing procedure prior to application of matrix
was carried out as previously with slight modifications 1. Briefly, prior to tissue
washing, ITO slides with mounted rat brain sections were removed from —80 °C
storage. The slides were dried with a stream of nitrogen and then they were
immediately dried in a vacuum desiccator for 20 min. All tissue washes were
performed by fully immersing the slide in a glass Petri dish containing 45 mL of
chloroform for 35 s, with gentle swirling and continual movement of the slide in
the chloroform throughout the wash. The chloroform was changed between
washing each slide. After the washing, the slide was immediately placed in a
vacuum desiccator and dried for 15 min before MALDI matrix application. 2,5-
dihydroxybenzoic acid (DHB) was used as matrix at a concentration of 25 mg/mL
in a solution of 0.2% TFA in 50% ACN (v/v). It was applied using an automated
sprayer (TM-Sprayer, HTX Technologies). The nozzle temperature was set at 85
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°C, with a nitrogen gas pressure of 6 psi, flow rate of 120 pul/min, nozzle velocity

of 1200 mm/min with four passes, and 2 mm track spacing.
6.2.5.7. MALDI-MSI analysis

Optical images were acquired using a standard flatbed scanner (Seiko Epson,
Japan). All MALDI-MSI experiments were performed on a solariX 7T-2w®
ESI/MALDI-Fourier-transform ion cyclotron resonance mass spectrometer (Bruker
Daltonics) equipped with a Smartbeam Il 2kHz laser. All analyses were performed
in positive ionization, at a lateral resolution of 150 um. The laser power was
optimised at the start of each run and then held constant during the experiments.
100 laser shots were fired at each sampling position. The data for neurotransmitters
were acquired across the m/z range of 100-1500 using 2 million data points, while
MS spectra of neuropeptides were collected over the m/z range of 450-3000 using
514 thousand data points. lon transmissions voltages parameters were set as
follows: Funnel RF amplitude 120.0 Vpp, RF amplitude TOF 350.0 Vpp, TOF 0.8
ms, and RF frequency transfer optic 4 MHz for derivatized neurotransmitters
analyses; TOF 0.450 ms and RF frequency transfer optic 6 MHz for acetylcholine
analyses; TOF 1 ms and RF frequency transfer optic 4 MHz for neuropeptides
analyses.

All of the methods were externally calibrated using red phosphorus and internal
calibration was applied using different lock masses; the FMP-10 cluster ion (m/z
555.2231) for derivatized neurotransmitters analyses and the [PC (16:0/18:1) + K]*
molecular ion (m/z 798.54096) for neuropeptide experiments 1. Tissue sections
were analysed in a random order to prevent any possible bias due to matrix

degradation or variation in mass spectrometer sensitivity.
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MSI data were visualized using flexImaging (Bruker Daltonics, version 4.1). A
mixture of deuterated neurotransmitters was applied for internal calibration of
related endogenous neurotransmitters (further explained in results). FT-ICR spectra
of neuropeptides were normalized against the root-mean square (RMS) of all data

points.
6.2.5.8. Neurotransmitter turnover ratio calculations in brain regions

Neurotransmitter turnover ratio was calculated using the average intensity ratio
between the metabolite and the neurotransmitter for HS and FF brain tissues [“1,

6.2.5.9. Statistical analysis

SCIiLS Lab (version 2019b, Bruker Daltonics) was used to export maximum
intensity values for each ion of interest (Table S1 and Table S2) from the average
spectrum generated for each brain. Statistical analyses were performed using
GraphPad prism 6.0 software for Windows (GraphPad Software, San Diego, CA,
U.S). The differences of mean values of the metabolites between the two sample
preparation techniques were analysed for statistical significance using the two-
tailed Student’s t-test, for independent groups. p values <0.05 have been considered

significant.
6.2.6. Conclusions

In this work, a MALDI-MSI approach has been developed to highlight the
effectiveness of rapid and uniform heating of brain tissues to inactivate native
enzymatic activity and prevent the post mortem degradation of the neuronal
chemical messengers. Through the in situ visualization of the molecules, MALDI-
MSI mapped the spatial distribution of both small molecule neurotransmitters and

neuropeptides in heat treated rat brain sections, identifying in situ markers for
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determination of neuronal chemical messengers’ stabilization. Despite changes to
the tissue morphology and ion suppression artefacts, which was strategically
overcome, the spatial information of the molecules was not altered. These results
enforce the potential of the heat treatment for sample preparations in MALDI-MSI
in order to provide a realistic snapshot of the levels of key signalling molecules in
the brain, enhancing the information about their roles in both healthy and disease

conditions, as well as their modulation following pharmacological treatment.
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6.3. Section Il: Preliminary Mass-Spectrometry Imaging of hop

bitter acids distribution in liver tissue

6.3.1. Abstract

Understanding the spatial distribution of bioactive natural compounds is a valid
tool for elucidating their biological or pharmacological behaviour. In this study, we
present a preliminary MALDI-MSI method to the simultaneously mapping of hop
a- and B-acids and their metabolites in rat liver tissues after oral administration.
Parents compounds of a-acids and phase | mono-oxidized metabolites were mapped
across liver sections, revealing higher relative intensity of Humulinone derivative
respect the related precursor compound after 2 h. Although, this approach has
limitations of the detection sensitivity for B-acids and phase 1l metabolites, which
will could overcome with the aim to improve the investigation of the in vivo
biotransformation of the bioactive phytochemicals as well as the molecular changes

following their distribution in target tissues.
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6.3.2. Introduction

Natural products derived from natural matrices are an abundant source of
biologically active phytochemicals, many of which have formed the basis for
development of pharmaceuticals and nutraceuticals . Imaging of primary and
secondary metabolites is the most frequent applications of plant-targeted MSI [2- 31,
However, there is little information on the use of MSI to follow in vivo
administration of bioactive dietary phytochemicals, in order to elucidate the precise
mechanism underlying the bioactivity and/or to determine how a candidate
compounds is distributed and metabolized within the body. Alpha and B-acids are
a class of prenylated phloroglucinol derivatives present in Humulus lupulus L.,
known for their multiple healthy-beneficial properties [* 5. Despite this,
pharmacokinetic properties of this compound are largely unknown. In Chapter V,
an ultra high performance liquid chromatography-high resolution mass
spectrometry (UHPLC-HRMS) method has been applied to assess the metabolic
stability of hop a- and B-acids and the characterization of their metabolites in vitro
and in vivo. Here, MALDI-MSI was used to map the lateral distribution of hop bitter

acids and its metabolites in mouse liver tissues after oral administration.
6.3.3. Results and Discussion

To effectively ionize the analyte and ensure the highly sensitive imaging of the
target compound in MALDI-MSI, the optimum matrix needs to be determined.
Because little is known about what matrices can ionize phytochemicals, 3 potential
matrices has been screened: 2,5-dihydroxybenzoic acid (DHB), a-cyano-4-
hydroxycinnamic acid (CHCA) and 9-aminoacridine (9-AA). A solution of each

matrix was mixed with an equal volume of ICE-4 solution, and the mixture was
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spotted onto a stainless steel MALDI plate and analyzed by MALDI-FT-ICR-MS
in both positive and negative mode. Although DHB and CHCA are the most widely
used MALDI matrices, they are more effective for ionization and visualization of
macromolecules such as lipids and proteins or peptides [¢1, and were not able to
detect a- and B-acids peaks. Small molecules are not easily detected by MALDI-
MSI, therefore 9-AA can achieve very low detection limits and a high linearity for
synthetic metabolite standards or extracted metabolites in negative ion mode 1. In
this regard, 9-AA was the only matrix that allowed the detection of all target
molecules in negative ionization mode; therefore, it was selected as matrix for
MALDI-MSI application.

9-AA-based MALDI-MSI was applied to map the lateral distribution of hop
bitter acids mixture and their metabolites simultaneously in mouse liver tissues 1
and 2 h after the oral administration. Two peaks corresponding to a-acids
Cohumulone (m/z 347.1867, 0.28 ppm) and n+Adhumulone (m/z 361.2019, -0.10
ppm) were mapped across liver tissues. Clearly, FT-ICR analyzer was not able to
distinguish the two isomers of Humulone. Moreover, the related oxidized phase |
metabolites iso-a-acids Cohumulinone (m/z 363.1813, -0.27 ppm) and
n+adHumulinone (m/z 377.1968, 0.28 ppm) [Chapter V] were detected (Figure
6.3.1). Interestingly, higher relative intensity of oxidized metabolites of humulone
respect to parent compound was observed 2 h after oral administration. The
characterization was based on the HRMS, high accuracy and the isotopic fine
structure provided by FT-ICR-MS platform. Differently from a-acids, no peaks of
[-acids or their metabolites were detected. Moreover, the developed MALDI-MSI
method could not visualize phase Il metabolites. The discrepancies may be related
to their relatively low abundance and the difficult to analyze them in the target
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tissues. In this regard, further improvement of the detection sensitivity, especially
improvement of MALDI efficiency based on matrix development, is required. The
heat stabilization during sample preparation could be considered, in order to have a
more realistic snapshot of in vivo metabolization of hop bitter acids [Section I].
Moreover, other MALDI matrices performances could be evaluated, for instance
1,5-Diaminonaphthalene (1,5-DAN), which has been reported to enable the
detection of orally administered polyphenols EGCG and its metabolites in tissue
micro-regions by negative ionization mode [ Certainly, the temporal analysis,
pathological models, and visualization of other metabolites will be required to
unravel both the biological consequence of biotransformation of the hop bitter acids

and its mechanisms of action in tissues districts.

-5
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Figure 6.3.1. MALDI-MS images of ICE-4 a- and B-acids in mouse liver sections at 1 and
2 h after oral administration. Imaging experiments compared the distribution of parent
compounds and mono-oxidized metabolites. a, f, optical images of mouse liver sections; b,
g, Cohumulone (m/z 347.1867, -0.28 ppm) at 1 (b) and 2 h (g); ¢, h, Mono-oxidized
cohumulone (m/z 363.1813, -0.27 ppm) at 1 (c) and 2 h (h); d, i, Humulone (m/z 361.2019,
-0.10 ppm) at 1 (d) and 2 h (i); e, j, Mono-oxidized Humulone ( m/z 377.1970, 0.28 ppm)

-180 -



Chapter VI: Matrix-assisted laser desorption/ionisation mass spectrometry
imaging (MALDI-MSI) applications

at 1 (e) and 2 h (j) ;Scale bar = 2 mm. Colour scale bars are shown as percentage of

maximum intensity. Data were normalized against RMS. Lateral resolution, 100 um.
6.3.4. Materials and methods
6.3.4.1. Chemicals

LC-MS-grade Water (H20) acetonitrile (ACN), methanol (CH3OH), Ethanol
(EtOH), additives formic acid (HCOOH), Trifluoroacetic acid (TFA) were all
purchased from Sigma-Aldrich (St. Louis, MO, USA). International calibration
standard ICE-4 bitter acids mixture was purchased by LaborVeritas (Zurich,

Switzerland). Unless stated otherwise other reagent were all purchased by Merck.
6.3.4.2. Animal experiments

All experiments involving animals were conform to the guidelines for the Care
and Use of Laboratory Animals published from Directive 2010/63/EU of the
European Parliament.

Male C57BL/6 mice (25 = 0.7 g body weight) were housed in groups (2-4 mice
per cage) in a specific pathogen-free controlled environment (inverted 12 h light
cycle; lights off at 10:00 hours). All mice had free access to standard mice chow
and water.

ICE-4 sample was dissolved in 70% CH3CH.OH and was administered by a
single gavage (dosage 400 pg/Kg) in a total volume of 200 pL.

Two rats were sacrificed at 1 and 2 h from administration through cardiac
puncture of isofluorane-anesthetized and the livers were quickly removed and
immediately frozen by immersion in —45 °C dry-ice-cooled isopentane and stored
at —80 °C.
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6.3.4.3. Detection of ICE-4 spotted on a stainless steel MALDI sample plate

ICE-4 was prepared in methanol at 1 pg/mL concentration. 2,5-
dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (CHCA) and 9-
aminoacridine (9-AA), were initially screened as matrices for the detection of -
and f-acids with solariX 7T ESI/MALDI-Fourier-transform ion cyclotron
resonance mass spectrometer (Bruker Daltonics) equipped with a Smartbeam 11
2kHz laser. 100 pL of 1 ug/mL ICE-4 was added to an equal volume of one of the
matrix solutions (DHB at 25 mg/mL in 50% MeOH, CHCA at 15 mg/mL in 50%
ACN + 0.2% TFA v/v, 9-AA 10 mg/mL in 100% MeOH). Aliquots 0.5 pL of the
matrix-sample mixtures were spotted onto a 384-well stainless steel MALDI
sample plate and analyzed in both negative and positive ionization modes.

6.3.4.4. Tissue sample preparation for MALDI-MSI

The mouse liver sample were sectioned using a cryostat microtome (Leica
CM1900, Leica Microsystems, Wetzlar, Germany) at thicknesses of 12 pm. Tissue
sections were thaw-mounted onto indium tin oxide (ITO) coated glass slides

(Bruker Daltonics, Bremen, Germany) and stored at —80 °C until analysis.
6.3.4.5. Sample preparation for MALDI-MSI analysis

The sections were dried in a vacuum desiccator for 20 min before MALDI matrix
application. 9-aminoacridine (9-AA) was used as matrix at a concentration of 10
mg/mL in a solution of 80% EtOH. It was applied using an automated sprayer (TM-
Sprayer, HTX Technologies). The nozzle temperature was set at 75 °C, with a
nitrogen gas pressure of 6 psi, flow rate of 70 pul/min, nozzle velocity of 1100

mm/min with four passes, and 2 mm track spacing.
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6.3.4.6. MALDI-MSI analysis

Optical images were acquired using a standard flatbed scanner (Seiko Epson,
Japan). All MALDI-MSI experiments were performed on a solariX 7T
ESI/MALDI-Fourier-transform ion cyclotron resonance mass spectrometer (Bruker
Daltonics) equipped with a Smartbeam Il 2kHz laser. All analyses were performed
in positive ionization, at a lateral resolution of 100 um. The laser power was
optimised at the start of each run and then held constant during the experiments.
200 laser shots were fired at each sampling position. The data were acquired across
the m/z range of 100-1000 using 2 million data points. lon transmissions voltages
parameters were set as follows: Funnel RF amplitude 120.0 Vpp, RF amplitude
TOF 300.0 Vpp, TOF 0.6 ms, and RF frequency transfer optic 6 MHz.

All of the methods were externally calibrated using red phosphorus and internal
calibration was applied using the 9-AA cluster ion (m/z 193.27712). Tissue sections
were analysed in a random order to prevent any possible bias due to matrix
degradation or variation in mass spectrometer sensitivity.

MSI data were visualized using flexImaging (Bruker Daltonics, version 4.1). FT-

ICR spectra were normalized against the root-mean square (RMS) of all data points.
6.3.5. Conclusions

In present study, a MALDI-MSI platform was developed as an attractive label-
free analytical tool to simultaneous detection and spatial visualization of an orally
dosed phytochemicals mixture and oxidized metabolites. The preliminary data from
this study indicate that 2 h after oral administration, hop a-acids and their oxidized
isomer were accumulated in liver tissue. These results will open new possibility for

investigating the spatial behaviour of bioactive phytochemicals, and could be
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broadly applicable to understand in detail the absorption and metabolism of various
bioactive small molecules, and evaluate the molecular alterations (proteins, lipids,

polar metabolites) that occur after the exposure of a given bioactive compound.
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CHAPTER VII:

Supporting Informations
7.1. Supporting Informations for Chapter Il “Chemical profiling of
bioactive constituents in hop cones and pellets extracts by online
comprehensive two-dimensional liquid chromatography with tandem mass
spectrometry and direct infusion Fourier transform ion cyclotron resonance

mass spectrometry”
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Figure S2.1. MS and MS/MS spectra showing structure elucidation and fragmentation
pattern of peak 31.
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Figure S2.2. Separation of hop cones extract, column Luna®HILIC 150 x 2.1 mm, 3.0 um,
injection volume 2 pL, flow rate 0.1 mL/min, mobile phase: A) H,O/ACN 80/20 + 0.1 %
CH3COOH; B) ACN.
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Figure S2.3. First dimension separation of hop cones extract, column Luna®C18 150 x 1.0
mm, 5.0 um, injection volume 1 pL, flow rate 30 puL/min, mobile phase: A) 10 mM
CH3COONHgs in H20, pH 9; B) ACN.

- 187 -



Chapter VII: Supporting Informations

1 00X100) Max Intens

0.754

&L’JAWMM wi i L il

0 10 20 30 40 S0 60 70

Figure S2.4. Shifted gradient approach employed in the 2D of LC x LC setup.

Table S2.1. DI-FT-ICR identification of hop cones and pellets extracts based on Accurate
Formula and Compound Crawler Database searching.

Error Molecular

Peak Compound [M-HT

(ppm)  Formula

1 Caffeolquinic acid 353.08789 -0.01  Cy6Hig0g

2 Coumaroylquinic acid 337.09287 0.07 Ci16H150s

3 Feruloylquinic acid 367.10346  0.06 C17H2009

4 Rutin / Quercetin 3_‘—O—rhamnosyl- 609.14610  0.02  CyH3Oss
hexoside

6 Epicatechin dimer (EC-2) 577.13530  -0.26  CsoHzsO12

7 Epicatechin trimer (EC-3) 865.19679  2.02  CasHseOs

8 Kaempferol 3—O—B—_(6—O-malonyl) 533.18756 0.03 CasH3014
- hexoside

9 Kaempferol 3-O-di-hexoside 593.15107 021 Cz7H3001s
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10 Kaempferol 3-O—_hexoside / 447.09329 0.00  CoHxOu
Astragalin
11 Catechin 289.07158 0.63 C15H1406
12 Unknown 557.18161 0.17 Cs32H2909
13 Unknown 489.10386  -0.03  Cz1H30013
14 Cohumulinone 363.18132  -0.02  CxH250s
15 Unknown 237.11325 -0.07 Ci13H1804
16 Ox-xanthohumol 369.13436 0.00 C21H2206
17 Unknown 195.06629  -0.03 C10H1204
18 Oxy-humulinone 393.19188  -0.00 C21H3007
19 Unknown 251.12887 0.03 C14H2004
20 Unknown 333.17073 0.05 C19H2605
21 Oxy-adhumulinone 409.18679  0.01  CaH300s
22 Humulinone / Adhumulinone 377.19696  0.00  CaHa00s
23 Unknown 391.17623  -0.02  CaH2507
24 Iso-a-ad/n-humulone 361.20206  -0.02  Cz1Hzs00s
25 Cohulupone 317.17583 0.02 C19H2604
26 Deoxycohumulone 33119148  0.00  CaoH2s0s4
27 Lupulone E 415.24898 0.03 C25H3605
28 Postlupulone 385.23835 0.22 C24H3404
29 Unknown 349.12926 0.06 C1sH2207
30 Prehumulone 375.21768 0.06 C22H3:0s5
31 Cohumulone 347.18640  0.01  CyH20s
32 Unknown 375.181321  0.02 C21H2806
33 Colupulone 399.25407 0.04 CosH3604
34 Adlupulone 413.26973  -0.00 CoH304
n o pLmimmn sow 00 oo
36 Unknown 305.13944 0.02 C17H2205
37 Xanthohumol/lsoxanthohumol ~ 353.13945  -0.01  Ca1H2,0s
38 Diprenyl naringenin 407.18642  -0.07  Cz5H20s
39 Unknown 351.12373 0.18 C21H200s
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40  Deoxyhumulone/deoxyadlupulone 34520714 -0.01  CaiH3004

Table S2.2. Peak capacity values corrected for undersampling (*) and

orthogonalithy A¢*

Theoretical Peak capacity 2418.57
Practical Peak capacity* 1478.93
Practical Peak capacity** 756.67

# Excel equations used for orthogonalithy Ao calculation according to Camenzuli et
al. [24]

Sz-=c{1trnorm(i)-2trnorm(i)}
Sz+=c{2trnorm-(1-1trnorm(i))}
Sz1=c6{1trnorm(i)-0,5}
Sz2={2trnorm(i)-0,5}
Z-=|1-2,5|Sz- -0,4]|
Z+=|1-2,5|Sz+ -0,4||
Z1=1-]2,5%Sz1 * \2-1|
Z2=1-12,5%Sz2 * \2-1|

A== (Z+)*(Z-)*(Z1)*(Z2)=051
Ncorr: nc* 0.51
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Table S2.3. Repeatability data for 2D peak areas and 2D retention times.

CV% Area CV% (\D+2D) rt
10.2 0.1

7.2. Supporting Informations for Chapter 111 “Immunomodulatory activity
of Humulus lupulus L. bitter acids fraction: enhancement of natural killer cells

function by NKp44 activating receptor stimulation”

hop pellet fractions

1.1. UHPLC-PDA-MS/MS parameters

UHPLC analyses were performed on a Nexera Shimadzu UHPLC system
consisting of a controller CBM-20A, two LC-30AD pumps, a DGU-20 A5
degasser, a SPD-M20A PDA detector, a column oven CTO-20A and a SIL-30AC
autosampler. The system was coupled online to a LCMS-IT-TOF hybrid mass
spectrometer by ESI source (Shimadzu, Milan, Italy). A Kinetex® EVO C18 150 x
2.1 mm, 2.6um (Phenomenex®) column was employed at flow rate of 0.5 mL/min.
The separation was carried out with the following parameters: mobile phase was:
A) 0.1 % CH3COOH in H20 v/v, B) ACN plus 0.1 % CH3COOH, gradient: 0-15
min, 5-30%B, 15-20 min, 30-70 %B, 20-22 min, 70-95 %B, 22-25 min, 98-98%B,
25-30 min, 5%B. Column oven was set at 45°C, 2 uL of sample was injected. PDA
detection parameters were: sampling rate 12 Hz, time constant 0.160 s and
chromatograms were extracted at 280 and 330 nm. ESI MS detection was
performed as follows: detector, 1.60kV; CDL (curve desolvation line), 250 °C;
heater block , 250 °C, nebulizer (N2), 1.5 L/min, drying gas, 100 kPa. MS1 150-
1500 m/z, ion accumulation time, 30 ms; IT, repeat =3. MS/MS data dependent
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acquisition precursor range: 150-900 m/z; peak width 3 Da, accumulation time 40

ms; CID energy, 50%; repeat =3.
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Table S3.1. List of all compounds detected in the hop pellets fractions.

Peak  ro Compound [M-H] [MS/MS] o P Motecutar

Hop Fraction A (HFA)

Hydroxycinnamic acid
1 183 Caﬁeo'q”'“égizc)'f (Chlorogenic 555 5850 191.0625, 179.0385 0.85 320 CieH1500
2 2.65 3’- coumaroylquinic acid 337.0922  163.0407, 119.039%4 -2.67 304 C16H180s
3 352 3° - feruloylquinic acid 367.1040  193.0516, 134.0216 1.36 322 C17H2009

Flavonols
Quercetin 3-O-( 2-rhamnosyl) -
4 650 hexoside 755.2036 301'°§’$’f'0225151'0535 -0.53 256, 299 CasHaO20
5 699 Quercetin 3-O-galactoside* 463.0855 301'05?30222%0255 -3.89 255 CaiH20012
6 748 Rutin* 609.1445 301'°§$f'02256%'0306 -4.43 353 Ca1Hx001s
7 7.78 Quercetin 3-O-glucoside* 463.0855 301'0333 ‘0222%)'0255 -4.53 255 C21H20012
8 8.33 Quercetin 3-O-(acetyl) -hexoside 505.0972 301.0381, 271.0204 -3.17 311 CosH2013
255.0288
_ 285.0384, 593.1373

9 863 Kaempferol 3-O-hexoside 635.1601 255 0300 2270416 0.63 262, 345 Ca29H32016
10 888 Kaempferol 3-O-di-hexoside 593.1413 285'05’373'0%2%0279 2.4 265, 344 CarHa0015
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Kaempferol 3-O-—(malonyl-hexoside

285.0433, 255.0302

11 8.94 )-O-rhamnoside 447.0949 297 0741 4.03 264, 345 C21H20011
12 2.30 Epicatechin dimer 577.1247  407.0662, 289.0448 -4.97 279 C3zoH26012
13 3.10 Epicatechin dimer isomer I1 577.1288  407.0729, 289.0619 1.73 279 C3zoH26012
Hop Fraction B (HFB)
a-acids and f-acids derivatives
14 1350 Oxy-humulinone 3030012 249200 2031292 4.4 255, 323 CatHs007
15 14.00 Humulinone isomer 377.1928  263.1259, 221.0969 -5.04 285, 323 C21H3006
16 1545  Oxidized humulinone derivative ~ 409.1879 263'1553'1%331130 0.98 285, 323 CaiHa00s
Oxidized humulinone derivative 263.1285, 295.1130
17 16.60 iSOmer 409.1879 333.1577 0.98 285, 323 C21H300s
235.0624,278.1176
18 17.69 Cohumulone 347.1862 93,0747 -0.58 285, 323 C20H280s
19 18.65 Cohumulinone 363.1807 249'121323512774561418 -1.38 275, 310 C20H2806
20 19.15 Humulinone 377.1928 263.1259, 221.0969 -5.04 285, 323 C21H3006
21 20.84 Cohumulone isomer 347.1862 235'02622; 6277487'1176 -0.58 285, 323 C20H2805
22 21.40 Iso-a-ad/n-humulone 361.2015  265.1428, 363.1836 2.21 285, 323 C21H300s
23 21.70 Deoxycohumulone 331.1920  262.1292, 194.0621 151 290, 335 Ca0H2804
24 24.30 Prehumulone 375.1818 306.1319 2.40 285, 325 C22H3205
248.0959, 180.0271
25 18.10 Cohulupone 317.1765 152 2307 2.21 280, 335 C19H2604

Hop Fraction C (HFC)
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p-acids and derivatives

26 21.70 Lupulone E 415.2489  259.1037, 303.1277 -0.24 235, 360 C25H3605
27 22.56 Postlupulone 385.1228  273.0903, 248.9524 -3.63 280, 335 C24H3404
28 24.10 Colupulone 399.2541  287.1253, 219.0712 -0.25 280, 335 C25H3604

346.2135, 301.2297

29  26.10 Deoxyhumulone/deoxyadlupulone 345.2064 291.0866 -2.03 290, 335 C21H3004
Prenylflavonoids

30 1825 Ox-Xanthohumol 369.1336 249.0772 -5.40 255, 307 C21H2206

31 1925 Xanthohumol* 353.0405 233002 89,0277 0.85 370 CotH20s

32 2510 Prenyl-naringenin 339.1229  219.0672, 245.0805 -1.75 294, 337 C20H2005

“ Identified according to standard retention time
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hop pellet phytocomplex and sub-fraction B3 (HFB3)

International Calibration Extract 4 (ICE-4) for a- and B-acids (Labor Veritas,
Zurich, Switzerland) was reported to contain 10.88% cohumulone; 31.60%
n+adhumulone; 13.02% colupulone; 13.52% n+adlupulone. ICE-4 was selected as
external standards for the quantification of a and P acids isolated from hop
phytocomplex and sub-fraction B3 (HFB3). Stock solution (10 mg/mL) of ICE-4
standard was prepared weighing 150 mg in a 15-mL volumetric flask. 8 mL of
CHsOH were added to the flask, which was sonicated for 10 min and filled to
volume with CH3OH. The ICE-4 stock solution was filtered through a 0.45 um
nylon filter and was diluted with CH3OH to concentration of working solutions.
Calibration curve in the range of 5-250 pg/mL (total ICE-4 concentration) with six
concentration levels was constructed to generate calibration curve from regression
analysis (R% > 0.999). Limits of detection (LODs) and quantification (LOQs) were
calculated by the ratio between the standard deviation (SD) and analytical curve
slope multiplied by 3 and 10, respectively. Note that ach standard concentration

level contained different amounts of the individual analytes, as following reported:

Concentration Level S5pg/mL 25 pg/mL 50 pg/mL 100 pg/mL 250 pg/mL

Compound (%) Compound concentration in calibration curve level (ng/mL)
Cohumulone (10.88%)  0.794 3.971 7.943 15.885 39.714
n-Humulone (24%) 1.736 8.681 17.361 34.722 86.806
Adhumulone (7.6%0) 0.550 2.749 5.498 10.995 27.488
Colupulone (13.02%) 0.942 4.709 9.418 18.837 47.092
n-Lupulone (10.30%) 0.745 3.725 7.451 14.902 37.251
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Adlupulone (3.22%) 0.233 1.164 2.329 4.659 11.646

Table S3.2. Quantitative profile of bitter acids in hop target phytocomplex and sub-

fraction B3.
Compound Hop Phytocomplex Hop Fraction B LoD LOQ
(HP) (HFB3)
pg/mg £ SD pg/mg = SD pg/mL pg/mL
Oxo-Humulinone 0.541 +0.02 1.176 £0.01 0.022 0.073
Humulinone 3.185+0.12 6.71+0.03 0.022 0.073
Cohumulinone 0.485+0.01 1.728 +0.01 0.016 0.054
Cohulupone 7.596 +0.16 35.63+0.08 0.008 0.026
Deoxycohumulone 4.46 £0.02 12.79 £ 0.07 0.016 0.054
Compound Hop Phytocomplex Hop Fraction B LoD LOO
(HP) (HFB3)
pg/mg £ SD pg/mg + SD pg/mL pg/mL
Oxo-Humulinone 0.541 + 0.02 1.176 £0.01 0.022 0.073
Humulinone 3.185+0.12 6.71+0.03 0.022 0.073
Cohumulinone 0.485+0.01 1.728 £0.01 0.016 0.054
Cohulupone 7.596 +0.16 35.63 +0.08 0.008 0.026
Deoxycohumulone 4.46 £0.02 12.79 £ 0.07 0.016 0.054

7.3. Supporting Informations for Chapter IV “Indole-3-lactic acid, a
metabolite of tryptophan, secreted by Bifidobacterium longum subspecies

infantis is anti-inflammatory in the immature intestine”
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Table S4.1. B. Infantis culture media. The table shows the ingredients of the B.infantis

culture media that is a modification of the combination of the intestinal epithelial cell
culture media and the B.infantis culture media. Abbreviation: MEMNEAA- MEM non-

essential amino acids, BPE-Bovine pituitary extract, BHI- Brain and heart infusion broth.

Ingredients Amount Final concentration
OptiMem media 1000 mi -
Sodium Acetate 590 5g/L=60 mM

L-Cysteine 05¢g 0.5g/L

Album 1lg 1g/L

Yest extract 5¢g 5g/L
Sodium Selenite 60 pl of ImM 60 nM

Vitamine A 5 ul of 5 pg/ul stock 25 pg/L
Holo transferin 60 pl of 5 mg/ml stock (0.3 pg/ml)

Inulin 100 mg 0.1 mg/mi
BPE 200 ul of 25 mg/ml stock 5 pg/ml
MEMNEAA 10 ml 1x
Glutamite 10 ml 2mM
Hepes 10 ml 10 mM
BHI 8 ml of 0.5 g/ml Stock 4 g/L
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7.4. Supporting Informations for Chapter V “Determination of phase I
metabolites and glucuronide conjugates of hop bitter acids by a full scan/data
dependent/targeted neutral loss UHPLC-HRMS strategy: In vitro metabolic

stability and in vivo analysis after oral administration in mice”

Table S5.1. Concentrations of a- and B-acids in ICE-4 standard solutions at each

concentration level of calibration curves.

Concentration Level 0 25 pg/mL 50 pg/mL 100 pg/mL. 250 pg/mL
pg/mL
Compound (%) Compound concentration in calibration curve level (ng/mL)
Cohumulone (10.88%) 0.08 3.971 7.943 15.885 39.714
n-Humulone (24%) 0.174 8.681 17.361 34.722 86.806
Adhumulone (7.6%) 0.06 2.749 5.498 10.995 27.488
Colupulone (13.02%) 0.094 4.709 9.418 18.837 47.092
n-Lupulone (10.30%) 0.075 3.725 7.451 14.902 37.251
Adlupulone (3.22%) 0.023 1.164 2.329 4.659 11.646
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Figure S5.1. UHPLC-PDA chromatograms (A: 330 nm) (a, ¢) with a gradient starting from
high percentage of organic modifier (50% ACN) and ESI negative - MS/MS total ion
chromatograms (TIC) (b, d) of ICE-4 sample using CH3;COOH (a, b) and HCOOH (c, d)
as additives of the mobile phase. e, UHPLC-ESI Negative - MS TIC of ICE-4 sample with
optimized conditions employed for the final UHPLC-HRMS setup. Peak: 1, Cohumulone;
2, n-Humulone; 3, Adhumulone; 4, Colupulone; 5, n-Lupulone; 6, Adlupulone.
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Figure S5.2. Extracted ion chromatograms (a) and MS? spectra with the fragmentation

pathways (b-€) of ICE-4 a- (b,c) and B- (d,e) acids parent compounds.
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Figure S5.3. UHPLC-HRMS base peak chromatograms (BPC) of mouse liver microsomal
digested at 0, 30, 60 and 120 min (a), mouse plasma at 1 and 2 h (b) and urine at 24 and 48

h (c) extracts.
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pH2

Figure S5.4. UHPLC-PDA chromatograms (A: 330 nm) of ICE-4 sample subjected to
gastric (0.1 M HCI, pH 2) (a), intestinal (HCOONH,4 10 mM, adjusted to pH 8 with
NaOH) (b) and mouse plasma (c) stability evaluation. Time points: TO, 0 min; T1, 30
min; T2, 60 min; T3, 120 min.
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Figure S5.5. Potential prediction of glucuronide derivative of a- and iso-a-acids by
FAME3 (https://nerdd.zbh.uni-hamburg.de/fame3/). As a result, the approach proposed as

first hits the hydroxyl substituents in position C3 and C4 for a-acids and C1 and C2 for iso-

a-acids as most probable SOM for UGTs catalyzed glucuronidation.
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7.5. Supporting Informations for Chapter VI Section I “Evaluation and
optimization of neurotransmitter and neuropeptide analysis in heat stabilized
vs fresh frozen brains by MALDI-MSI”

Figure S6.2.1. Optical images of coronal rat sections from four HS brains and four FF
brains, which shows the changes to the tissue structure caused by heating. The HS tissues
appear dryer, their edges are jagged and some holes can be observed (distance from bregma,
2.28 mm, Paxinos and Watson, 2014). Abbreviations: FF, fresh frozen; HS, heat stabilized.
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Figure S6.2.2. Molecular distributions determined by MALDI-MSI in coronal rat brain
sections comparing FF with HS tissues. a, PENK (114-133); b, PENK (212-229); ¢, PENK
A (239-260); d, Dyn B (1-13); e, Dyn B (1-6); f, Dyn B (15-28) (distance from bregma,
—2.04 mm, Paxinos and Watson, 2014); g, B-Neo; h, C-terminal flanking peptide; i,
neuropeptide gamma (distance from bregma, —2.92 mm, Paxinos and Watson, 2014); j, Bar
charts graphs reflecting normalized average intensity of full-length peptides and related
fragments between HS and FF protocols. Error bars represent standard deviation between
technical replicates (***p < 0.001, **p < 0.01, *p < 0.05). Scale bar =5 mm. Colour scale
bars are shown as percentage of maximum intensity. Data were normalized against RMS.

Lateral resolution, 150 um. Abbreviations: FF, fresh frozen; HS, heat stabilized.
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Figure S6.2.3. Molecular distributions determined by MALDI-MSI in coronal rat brain
sections comparing FF with HS tissues. a, cerebellin 1; b, cerebellin 1 (2-16); c, cerebellin
1 (1-15); d, cerebellin 1 (2-15); e, cerebellin 4 (66-77); f, PC1 (619-628); g, Bar charts
graphs reflecting normalized average intensity of peptides between HS and FF protocols.

Error bars represent standard deviation between technical replicates (***p < 0.001). Scale
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bar =5 mm. Colour scale bars are shown as percentage of maximum intensity. Data were
normalized against RMS. Lateral resolution, 150 pum. Abbreviations: FF, fresh frozen; HS,
heat stabilized.
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Figure S6.2.4. Schematic of the experiments performed in rat brains to monitor

preservation of neurotransmitters and neuropeptides from post mortem degradation,

comparing fresh freezing and heat-stabilization as tissue fixation approaches. Eight rats

were sacrificed by decapitation and the brains were quickly removed. Four brains were

immediately frozen by immersion in —45 °C dry-ice-cooled isopentane and stored at —80

°C, the other four brains were heated at 95 °C within 1 min following decapitation with

minimal compression and cavity vacuum, using the Stabilizor T1™ instrument. MALDI-

MSI for both neurotransmitters and neuropeptide were performed on coronal rat sections

at six levels, distance from bregma: 2.28 mm, 0.00 mm, —2.04 mm, —2.92 mm, —5.04 mm,
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—5.64 mm (Paxinos and Watson, 2014). Abbreviations: FF, fresh frozen; HS, heat
stabilized.

Table S6.2.1. Complete list of the neurotransmitters detected in heat-stabilized (HS) and
fresh frozen (FF) brain tissues by MALDI MSI.

Mass IS for
Theoretical Observed
Compound accuracy spectrum
m/z m/z
(ppm) normalization
DA-double derivatized 674.2802 674.2801 -0.44 DA-d4
DOPAL-double derivatized 673.2485 673.2481 -0.43 DA-d4
DOPAC-double derivatized 689.2435 689.2434 -1.16 DA-d4
3-MT-single derivatized 435.2067 435.2071 0.91 DA-d4
MOPAL-single derivatized 434.1745 434.1756 1.38 DA-ds
HVA-single derivatized 450.1699 450.1702 0.66 HVA-ds
NE-double derivatized 690.2751 690.2755 -0.58 DA-d4
DOPEG-double derivatized 691.2591 691.2589 -0.28 DA-d4
5-HT-single derivatized 444.2070 444.2074 0.90 DA-ds
5-HIAL-single derivatized 443.1754 443.1758 0.91 DA-ds
5-HIAA single derivatized 459.1703 459.1708 1.08 DA-ds
GABA-single derivatized 371.1754 371.1760 1.61 GABA-ds

The maximum intensity value of the ion was exported from the average spectrum generated

for each brain by SCILS Lab and mean values were used for statistical analysis.
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Table S6.2.2. Average intensity ratio between metabolite and neurotransmitter for heat stabilized (HS) and fresh frozen (FF) brain tissues.

Brain tissue = DOPAL/DA  MOPAL/DA 3-MT/DA HVA/DA DOPEG/NE 5-HIAA/5-HT 5-HIAL/5-HT

HS 0.130 £0.01 0.008 £0.15 0.015+0.05 0.038+0.01 0.011+0.05 0.223 +£0.70 0.002 £0.01

FF 0.197 £0.21 0.018+£0.03 0.016 £0.12 0.087 £0.30  0.534 £0.03 0.494 +0.45 0.084 £0.02

Table S6.2.3. Complete list of the neuropeptides detected in heat stabilized (HS) and fresh frozen (FF) brain tissues by MALDI MSI.

Mass
] . . Theoretical  Observed
Peptide precursor Peptide name Peptide sequence accuracy
m/z m/z
(ppm)
Cerebellin 1 (2-15) * GSAKVAFSAIRSTN 1408.7543 1408.7570 1.92
Cerebellin 1 (CBLN 1)  Cerebellin 1 (1-15) # SGSAKVAFSAIRSTN 1495.7863 1495.7853 -0.66
Precursor protein Cerebellin 1 (2-16) * # GSAKVAFSAIRSTNH 1545.8132 1545.8129 -0.54
Cerebellin 1 * # SGSAKVAFSAIRSTNH 1632.8452 1632.8460 0.48
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Cerebellin 4
(CBLN 4)

Proenkephalin (PENK)

66-77%

Leu-enk *

Met-enk *

Des-Tyr- Met-enk-Arg-Phe *
#

Met-enk-Arg *
Met-enk-Arg-Phe *
(heptapeptide)
Met-enk-Arg-Gly-Leu *
(octapeptide)

PENK 212-219 *#
(metorphamide)

PENK 201-209

SKVAFSAVRSTN

YGGFL
YGGFM

GGFMRF
YGGFMR

YGGFMRF

YGGFMRGL

YGGFMRRV-NH:

LEDEAKELQ

-212 -

1266.6800

556.2765
574.2329

714.3391

730.3341

877.4025

900.4396

984.5196

1074.5313

1266.6828

556.2781
574.2330

714.3401

730.3357

877.4038

900.4405

984.5217

1074.5321

221

1.97
0.01

1.53

2.32

1.48

0.55

2.03
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Prodynorphin (PDYN)

PENK 198-207
PENK 221-229
PENK 220-229 *
PENK 198-209
PENK 219-229 *
PENK 114-133 #
PENK 212-229 #
PENK 239-260 #

Dynorphin A (1-8) *
Dynorphin A (2-8) *
Dynorphin A (10-17)
B-neoendorphin #
Dynorphin B (1-13)
Dynorphin B (1-6) *
Dynorphin B (15-28) #

SPQLEDEAKE

RPEWWMDYQ
GRPEWWMDYQ
SPQLEDEAKELQ
VGRPEWWMDYQ
MDELYPVEPEEEANGGEILA
YGGFMRRVGRPEWWMDYQ
FAESLPSDEEGESYSKEVPEME

YGGFLRRI
GGFLRRI
PKLKWDNQ
YGGFLRKYP
YGGFLRRQFKVVT
YGGFLR
SQENPNTYSEDLDV
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1145.5320
1310.5622
1367.5837
1386.6747
1466.6521
2204.9903
2334.0695
2489.0548

981.5628
818.4995
1028.5523
1100.5887
1570.8852
712.3776
1610.6816

1145.5340
1310.5623
1367.5830
1386.6780
1466.6549
2204.9992
2334.0765
2489.0538

981.5635
818.4999
1028.5540
1100.5910
1570.8822
712.3787
1610.6836

1.02
0.22
-0.65
2.38
1.30
4.08
2.99
-0.41

0.50
-0.12
1.94
1.81
-1.90
1.96
1.24
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Protachykinin-A

Prohormone convertase
1 (PC1)

a-neoendorphin *
a-neoendorphin (3-10)
a-neoendorphin (2-10) *

Neurokinin A *

Substance P (1-11) *
Substance P (1-7)

Substance P (1-9) *
C-terminal flanking peptide #

Neuropeptide gamma #

619-628

YGGFLRKYPK
GFLRKYPK
GGFLRKYPK

HKTDSFVGLM-NH,
RPKPQQFFGLM-NH;

RPKPQQF

RPKPQQFFG-NH,
ALNSVAYERSAMQNYE
DAGHGQISHKRHKTDSFVGLM-
NH,

GVEKMVNVVE
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1228.6837
1008.5989
1065.6203

1133.5771
1347.7354
900.5050

1104.5948
1845.8435

2320.1727

1103.5765

1228.6862
1008.5979
1065.6230

1133.5778
1347.7380
900.5062

1104.5960
1845.8410

2320.1757

1103.5770

1.55
-0.99
0.94

0.70
2.25
2.22
2.22
-1.62

1.29

0.45
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Promelanin

. Neuropeptide EI * # EIGDEENSAKFPI-NH; 1447.7063 1447.7062 -0.06

concentrating hormone
Proneurotensin Neurotensin QLYENKPRRPYIL 1672.917 1672.9160 -0.59

Pronociceptin/ ) )
) Nociceptin * FGGFTGARKSARKLANQ 1808.9878 1808.990 1.65
orphanin

Prosomatostatin Somatostatin (1-12) * SANSNPAMAPRE 1244.5688 12445707 1.60
Calmodulin regulator ~ PEP-19 (48-62) SQFRKFQKKKAGSQS 1754.9660 1754.9620 -2.27
protein (PEP-19) PEP-19 (51-62) RKFQKKKAGSQS 1392.8070 1392.8060 -0.71

The maximum intensity value of the ion was exported from the average spectrum generated for each brain by SCIiLS Lab and mean values were

used for statistical analysis; # neuropeptides detected here for the first time in HS brain tissues.
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Chapter VIII

Conclusions

The PhD research project aims to the study of novel onconutraceuticals obtained
from natural matrices for their potential use in the prevention and as valid support
to the pharmacological therapies for the treatment of cancer pathologies and chronic
disease. This PhD thesis is mainly focused on the development and application of
analytical techniques suitable for the characterization in detail of the chemical
diversity of target compounds, to evaluate their biological properties and to
elucidate the fate of key molecules after assumption.

A combined approach consisting of two high resolution analytical techniques,
namely Online comprehensive two dimensional liquid chromatography-tandem
mass spectrometry (LC x LC) and direct infusion Fourier transform ion cyclotron
mass spectrometry (DI-FT-ICR MS) has been developed and applied for the
accurate profiling of Humulus lupulus L. phytocomplex. A reversed phase X
reversed phase approach with a shifted gradient in the second dimension provided
increased peak capacity and was able to resolve with satisfactory selectivity
multiple compound classes, as well isomeric compounds. Hyphenation with an lon
Trap-Time of Flight analyzer led to the identification of 101 compounds in 70
minutes. On the other hand, the ultra-high mass accuracy, resolution and the
isotopic fine structure provided by FT-ICR-MS was very useful and complementary
to LC x LC-MS/MS for the assignment of molecular formula, leading to more
confident identification results (Chapter I1). Subsequently, the possible use of hop
secondary metabolites as natural immunomodulators and adjuvants in
chemotherapy protocols has been evaluated. After fractionation by semi-

preparative Liquid Chromatography, three different fractions were obtained. The
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phytocomplex and the fractions were tested to verify the ability to modulate the
Lymphocytes CD3+ and Natural Killer compartment. Cytofluorimetric analysis
revealed that a fraction containing bitter acids was able to up-regulate of NKG2D
and NKp44 activating receptors. A further semplification yield a fraction mainly
composed by Humulinones and Cohulupone derivatives, that at the concentration
of 0.1 pg/mL induced selective activation of Nkp44 receptor and enhanced the
cytolytic activity of NK cells against leukemia cell line K562 (Chapter I11). In
addition to immunomodulant potential of hop bioactive compounds, the mechanism
for ingested breastmilk and probiotic to act in a complementary manner for the
prevention of necrotizing enterocolitis (NEC) in very premature infants has been
investigated. In detail, molecular cutoff fractionation and ultra-high-performance
liquid chromatography-tandem mass spectrometry were used to identify indole-3-
lactic acid (ILA), a metabolite of breastmilk tryptophan, as the anti-inflammatory
molecule of Bifidobacterium longum subsp infantis (B. infantis) secretions. ILA
was tested on human fetal small intestinal cell line, necrotizing colitis enterocytes
and also fetal human organoids, providing to be able to reduce the inflammatory
cytokine 1L-8 response after IL-1p stimulus through the interaction with the factor
aryl hydrocarbon receptor (AHR) and TLR-4 of premature enterocytes surface,
preventing the transcription of IL-8 (Chapter 1V).

Moreover, an ultra high performance liquid chromatography-high resolution
mass spectrometry (UHPLC-HRMS) method has been developed and validated to
assess the metabolic stability of hop a- and B-acids and the detection of their
metabolites in vitro and in vivo. Mice liver microsomes were used to assess
metabolic stability, in vitro ti2 and clearance values calculated, showing a slow and

moderate metabolism for a-acids (avg ti2: 120.01 min, avg CLint 11.96 uL/min/mg),
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while B-acids were metabolized faster (avg ti2: 103.01min, avg CLint 13.83
uL/min/mg). Furthermore, phase I metabolites and phase II glucuronide were
characterized both in vitro, and in vivo, in mouse plasma and urine after oral
administration, by a combined full scan/data dependent/targeted neutral loss
(FS/DDA/tNL) strategy. As a result, 12 phase | metabolites, including 2 novel
potential di-oxygenated metabolites (M6, M7) of humulones were detected. In
addition, the tNL was able to detect for the first time 10 glucuronide conjugates of
a-acids, comprising 7 glucuronide derivatives of oxidized phase | metabolites
(M16-M22) (Chapter V).

Since UHPLC-HRMS methods are unable to report the spatial distribution of
biomolecules of interest, the final part of the project has been focused on the
application of matrix-assisted laser desorption/ionization-mass spectrometry
imaging (MALDI-MSI). A comparison of tissue stabilization protocols to highlight
the post mortem degradation differences has been performed to image key
neurotransmitters, metabolites and neuropeptides in rat brain. Although the heat
stabilization did not showed differences in the levels of precursors dopamine,
norepinephrine, and serotonin, their related metabolites (DOPAL, DOPAC, HVA,
MOPAL, DOPEG and 5-HIAA) were all significantly lower, revealing a reduced
neurotransmitter turnover ratios in heat stabilized brains compared to fresh frozen.
In situ markers associated with the stabilization of enkephalin, dynorphin, and
tachykinin derived neuropeptides were also imaged. Moreover, heat stabilization
enabled the detection of very low-abundant neuropeptides such as the C-terminal
flanking peptide, neuropeptide gamma, and nociception, providing evidence for the

potential use of the heat stabilization prior to MALDI-MSI analyses to improve the
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examination of the in vivo state of neuronal chemical messengers in brain tissues
(Chapter VI Section 1)

Finally, MALDI-MSI technique has been applied to the simultaneously mapping
of hop a- and B-acids and their metabolites in rat liver sections after oral
administration. Parents compounds of a-acids and phase | mono-oxidized
metabolites were distributed across liver sections, revealing higher relative intensity
of Humulinone derivative respect the related precursor compound (Chapter VI
Section I1).

Future prospective foresees the application of advanced analytical techniques in
both pharmaceutical and biomedical field, with the aim to understand the
mechanism of action of key molecules by the analysis of metabolic changes
occurring in biological systems following their employment in pathology states, to
highlight the potential positive modulation of key molecular pathways.
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