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Abstract

Purpose Bacterial infections significantly contribute to global mortality. Lipoteichoic acid (LTA), a key component of
Gram-positive bacterial cell walls, triggers immune responses via Toll-like receptor 2 (TLR2). Iso-alpha acids (IAA), bit-
ter compounds derived from hops (Humulus lupulus L.), are known for their anti-inflammatory properties, but their effects
on human immune modulation remain unclear. This study explored the effect of a single oral dose of IAA on LTA-induced
inflammatory responses in human immune cells and underlying molecular mechanisms.

Methods In a pilot study in healthy female volunteers (n=5) dose- and time-dependent effects (0-90 mg IAA) on LTA-
induced immune responses in monocytes were assessed. A randomized, placebo-controlled cross-over study (n=13, male
and female) evaluated the acute effects of 15 mg IAA. Peripheral blood mononuclear cells (PBMCs) were stimulated with
LTA ex vivo, and cytokine release (IL-6, IL-13) was measured. Mechanistic studies using J774A.1 cells and TLR2-trans-
fected HEK293 cells explored the molecular pathways of IAA.

Results In the pilot study, 15 mg IAA was identified as the most tolerated dose in terms of taste for the participants which
still had a marked effect on LTA-mediated IL-6 release from monocytes. In the main study, PBMCs from [AA-treated par-
ticipants showed significantly lower IL-6 and IL-1p secretion after LTA stimulation compared to placebo (p<0.05). In vitro,
TAA suppressed INK-mediated inflammatory signaling without affecting TLR2 activation.

Conclusion A single low-dose intake of TAA from hops reduces LTA-induced cytokine release in blood immune cells, likely
via JNK inhibition, suggesting its potential role in modulating inflammatory responses.
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Abbreviations MAPK Mitogen-activated protein kinase

ALT Alanine aminotransferase NF«B Nuclear Factor kappa light chain enhancer
AMR Antimicrobial resistance of activated B cells

ANOVA Analysis of variance PBMC Peripheral blood mononuclear cells

AP-1 Activator protein 1 RIPA buffer Radio-immunoprecipitation assay buffer
AST Aspartate aminotransferase RPMI Roswell park memorial institute (medium)
BMI Body mass index SEM Standard error of the mean

CD14 Cluster of differentiation 14 TLR Toll-like receptor

ELISA Enzyme-linked immunosorbent assay

HEK Human embryonic kidney (cells)

HRP Horseradish peroxidase Introduction

IAA Iso-alpha acids

IKKpB IkB kinase beta Bacterial infections still cause a significant number of
IL Interleukin deaths worldwide every year [1], and antibacterial resis-
JNK c-Jun-N-terminal kinase tance (AMR) marks a continuous challenge in the manage-
LTA Lipoteichoic acid ment of infections. For instance, it has been estimated that
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in 2021 ~ 1.14 million deaths worldwide were attributable
to bacterial AMR [2]. Results of the Global Burden Disease
2021 Antimicrobial Resistance Collaborators suggest that
AMR deaths in children under the age of 5 years decreased
in the last decades [2], whereas the number of deaths related
to AMR in those older than 70 years being among the fastest
growing population world-wide, is steadily increasing [2].
Gram-positive bacteria like Staphylococcus aureus, Strep-
tococcus pneumoniae and a variety of bacteria summarized
under the so-called vancomycin-resistant Enterococci, have
been shown to have a highly variable growth and resistance
pattern. These bacteria are also among the leading bacte-
rial cause of death in over 15-year-old individuals in 135
countries [1, 3]. Studies suggest that not only the bacteria
and their growth but also surface structures which in the
case of Gram-positive bacteria include lipoproteins, pepti-
doglycans, poly-N-acetyl-glucosamine, wall teichoic acid
and lipoteichoic acid (LTA) are critical in the inflammatory
response related to bacteria [4—6]. LTA is indispensable in
Staphylococcus aureus [7] and has been shown to induce
inflammatory responses in the host through Toll-like recep-
tor 2 (TLR2), a pattern recognition receptor (PRR) that
either forms homodimers or heterodimers with TLR1 or
TLR6 [8]. Previous studies suggest that similar to the rec-
ognition of bacterial endotoxin by TLR4 [9, 10], CD14 can
bind LTA and transfer the bacterial wall compound to TLR2
[11, 12] subsequently leading to an induction of proinflam-
matory signaling cascades and a release of respective cyto-
kines [13-15].

For many centuries hop (Humulus lupulus L.) has been
used in beer brewing and in traditional medicine for the
treatment of insomnia but also inflammatory diseases [16,
17]. Indeed, hop constitutes are added to the brewing pro-
cess for their taste but also their antimicrobial properties
[18]. In vitro studies have suggested that bitter acids like
alpha-acids such as humulone found in hop possess antimi-
crobial properties against Gram-positive bacteria including
Staphylococcus, Clostridium and Bacillus [19-23]. More-
over, results of animal studies suggest that the oral intake of
iso-alpha acids (IAA) derived from alpha acids upon thermal
isomerization [24] can attenuate inflammatory responses
like the induction of proinflammatory cytokines or oxidative
stress in liver tissue and brain in models of alcohol- and diet-
related liver damage and Alzheimer’s disease [13, 25, 26].
Results of in vitro studies suggest that IAA may alter NFkB
and AP-1 activation through interfering with JNK and IKK-
beta activation [25, 27]. Pharmacokinetic studies in humans
have shown that an intake of ~ 600—800 ml of commercially
available high- and low hopped beer (Pale Ale: ~40 mg/l
and wheat beer: ~10 mg/l IAA) leads to blood trans-IAA
concentrations of ~ 0.1 and 0.02 mg/l, respectively, peaking
at 0.5 h and dropping to ~ 0.01-0.02 mg/l and 0.003 mg/1

after 2 h [28]. It has also been reported that I[AA was mea-
surable up to 6 h after consumption. These data suggest that
IAA is absorbed, bioavailable and may exert its physiologi-
cal effects over a prolonged period after ingestion [28, 29].
If iso-alpha acids when consumed in doses corresponding to
those found when consuming moderate amounts of alcohol-
free or alcohol containing beer, have effects on the immune
response in humans has not yet been clarified.

Starting from this background, the aim of this study was
first to determine in a pilot study if the oral intake of low
doses of an IAA-rich hop extract (0-90 mg IAA) at con-
centrations also reached in the brewing process of alcohol
containing or alcohol-free beer is related with alterations of
the immune response of blood derived monocytes and how
long these effects are prevalent in young healthy women.
In a second randomized placebo-controlled crossover study,
we assessed the effect of a onetime ingestion of an IAA-
rich hop extract (15 mg IAA) or placebo in a mixed-sex
cohort of young healthy individuals and determined related
molecular mechanisms.

Materials and methods
Human intervention studies

All intervention studies were carried out in a randomized
placebo-controlled cross-over design and in accordance
with the ethical standards laid down in the Declaration of
Helsinki of 1975 as revised in 1983. Studies were approved
by the ethics committee of the University of Vienna, Vienna,
Austria (reference numbers: 00367 and 00848) and were
registered at clinical trials (NCT04847193, 16.03.2021;
NCT06286644, 17.01.2024). The following exclusion cri-
teria were defined for both studies: (1) following a special
diet or (2) food malabsorption or (3) a history of diseases of
the gastrointestinal tract or (4) the use of anti-inflammatory
medication, whereas the following inclusion criteria were
defined: normal weight (BMI>18.5 kg/m* or <24.9 kg/
m?), non-smoking people were enrolled after giving writ-
ten informed consent and they should not have a viral or
bacterial infection 3 weeks prior the study. In both studies,
the participants were asked to refrain from hop-containing
products two weeks prior to the studies and during the
intervention.

Pilot study to determine time- and dose-response
To determine the optimal time of cell isolation after the
ingestion of the IAA-rich hop extract and the optimal [AA

doses, a single blinded, randomized pilot study was con-
ducted in normal weight, healthy female volunteers. To
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prepare the study drink, which was prepared freshly right
before the intake, 10 ml drinking water were mixed with
thickener (Nestlé S.A., Vevey, Switzerland), sugar-free
lemon flavour (SodaStream GmbH, Frankfurt am Main, Ger-
many) and 0, 15, 45 or 90 mg IAA derived through an IAA-
rich hop extract (Isohop®, generous gift from Barth-Haas
Group GmbH & Co. KG Nuremberg, Germany). After an
overnight fast and obtaining a blood sample, subjects were
asked to consume the study drink within 15 min together
with a standardised breakfast (2 medium-sized pretzels with
30 g butter). Blood was taken at 1, 2, 3, 4 and 6 h after
consumption of the study drink. Between time point 4 and
6 there was another standardised meal. After the first study
day and a 1-week wash-out phase, in which the participants
again were asked to refrain from all hops containing foods
and beverages, the intervention was repeated in a cross-over
design until all four study days were completed. The study
design and the procedure on the study day are summarized
in Fig. 1a. Clinical parameters e.g. fasting glucose, aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
and cholesterol were determined in the serum and mono-
cytes were isolated from the whole blood as detailed below.

Assessment of the acute effects of the IAA-rich hop extract

In a second study which was based on the results of the
time- and dose-response study, the effect of 15 mg IAA
derived through an IAA-rich hop extract compared to a pla-
cebo were assessed. Male and female participants were ran-
domly assigned in a single-blinded design to receive a study
drink as described before, containing 0 or 15 mg of IAA
derived through an IAA-rich hop extract. The study drink
was consumed within 15 min together with a standardised
breakfast (2 medium-sized pretzels with 30 g butter). The
participants were fasted overnight and blood samples were
taken before the study drink was consumed and 1 h after
consumption of the study drink. After the first study day and
a 1-week wash-out phase, in which the participants were
again asked to refrain from hops-containing foods and bev-
erages, the intervention was repeated in a cross-over design.
The study design and the procedure on the study day is sum-
marized in Fig. 2a. Clinical parameters were determined in
the serum and PBMCs were isolated from whole blood as
detailed below. Demographic characteristics of the study
subjects are reported in Tables 1 and 2.

Isolation of monocytes
Monocytes were isolated from whole blood samples col-
lected from participants of the time- and dose-response

study or from healthy, naive, normal weight donors. After
obtaining written informed consent and an overnight fast,
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blood was drawn from healthy, normal weight donors, with
approval from the ethics committees of the University of
Vienna, Vienna, Austria (reference number 00586). Mono-
cytes were isolated from whole blood samples as detailed
before using a density gradient centrifugation and the plu-
riSelect system following the instructions of the manufac-
turer (pluriSelect Life Science UG & Co. KG, Leipzig,
Germany). In brief, blood was layered onto monocytes den-
sity gradient media (1.068 g/ml) in separation tubes (plu-
riSelect Life Science UG & Co. KG, Leipzig, Germany) and
centrifuged at room temperature for 15 min. Cells were col-
lected and used for further experiments as described below.

Isolation of PBMCs

PBMCs were isolated from whole blood samples as
described in detail before [11]. In brief, cells were isolated
by density gradient centrifugation. In brief, blood was lay-
ered onto Pancoll solution (1.077 g/ml) and centrifugated
for 30 min at room temperature. Cells were collected and
used for further experiments as described below.

Stimulation of monocytes and PBMCs obtained
after an oral ingestion of iso-alpha acids derived
through an IAA-rich hop extract

Isolated monocytes and PBMCs were cultivated in RPMI-
1640 medium (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) with 10% fetal bovine serum (Pan-Biotech
GmbH, Aidenbach, Germany) and 100 pg/ml streptomycin
and 100 U/ml penicillin (Pan-Biotech GmbH, Aidenbach,
Germany) at 37 °C in a humidified 5% CO: atmosphere
for 1 h. Subsequently, cells were either challenged with
0-10 pg/ml LTA for 6 h in the pilot study and for 24 and
48 h in the assessment of the acute effects study, respec-
tively. Cell culture supernatant was collected at the end of
the experiment and stored at —80 °C until further use.

Experiments in monocytes isolated from naive
healthy donors

Isolated monocytes were cultivated in RPMI-1640 medium
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) with
10% fetal bovine serum (Pan-Biotech GmbH, Aidenbach,
Germany) and 100 pg/ml streptomycin and 100 U/ml peni-
cillin (Pan-Biotech GmbH, Aidenbach, Germany) at 37 °C
in a humidified 5% CO- atmosphere for 1 h. Subsequently,
cells were preincubated for 1 h with different concentrations
of iso-alpha acids (0.3125-1.25 pg/ml) and then treated
with 10 pg/ml LTA for 6 h. Cell culture supernatant was
collected at the end of the experiment and stored at —80 °C
until further use.
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Fig. 1 Effect of a single intake of different concentrations of an iso-
alpha acids rich hop extract on the LTA-induced immune response
of IL-6 protein concentration in monocytes of healthy study partici-
pants over time. a Study design and study day of the time- and dose-
response study, b protein concentration of IL-6 in cell culture super-
natant of monocytes stimulated with 10 pg/ml LTA for 6 h isolated
from healthy female study participants of the time- and dose-response

Cell culture experiments with hTLR2 transfected
HEK cells

A commercially available reporter gene assay with TLR2
transfected HEK293 cells was used to assess the effects of

study receiving either a placebo or IAA rich hop extract in different
concentrations (0 mg, 15 mg, 45 mg or 90 mg). Data are presented
as means+SEM, n=5. The mean of IL-6 protein concentration of
LTA-stimulated monocytes from fasting blood (T0) of all intervention
groups are shown in one column. IAA: iso-alpha acids, IL: interleukin,
LTA: lipoteichoic acid

iso-alpha acids on TLR2 ligand concentration (InvivoGen,
Toulouse, France). The transfected human TLR2 cells were
grown according to the instructions of the manufacturer. In
brief, cells were grown in a humidified, 5% carbon diox-
ide atmosphere using DMEM media (Pan-Biotech GmbH,
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{ Fig. 2 Effect of a single intake of 15 mg of an iso-alpha acids rich
hop extract on the LTA-induced immune response of proinflamma-
tory cytokines in PBMCs of healthy study participants. a Study design
and study day of the assessment of the acute effects of IAA, protein
concentrations of (b) IL-6 and (¢) IL-18 in cell culture supernatant of
PBMCs stimulated with 0—10 pg/ml LTA for 24 h and 48 h isolated
from healthy study participants of the assessment of the acute effects
of IAA receiving either a placebo or 15 mg IAA rich hop extract. Data
are presented as means+SEM, n=13. *p<0.05. [AA: iso-alpha acids,
IL: interleukin, LTA: lipoteichoic acid, n.d.: not detectable, PBMC:
peripheral blood mononuclear cell

Aidenbach, Germany) containing 10% fetal bovine serum
(Pan-Biotech GmbH, Aidenbach, Germany) and 100 pg/ml
streptomycin and 100 U/ml penicillin (Pan-Biotech GmbH,
Aidenbach, Germany). After reaching 80% confluence,
cells were challenged with 0-10 pg/ml LTA in the presence
of 0—40 pg/ml iso-alpha acids dissolved in HEK-Blue™
Detection medium (InvivoGen, Toulouse, France) for 12 h.
Colour changes of the medium being indicative of ligand
concentration and binding were determined at 655 nm.

Cell culture experiments with J774A.1 cells

J774A.1 cells (DMSZ, Braunschweig, Germany) showing a
morphology similar to macrophages/monocytes, were cul-
tured in Dulbecco’s Modified Eagle Medium (Pan-Biotech
GmbH, Aidenbach, Germany) supplemented with 10% fetal
bovine serum (Pan-Biotech GmbH, Aidenbach Germany),
100 pg/ml streptomycin and 100 U/ml penicillin (Pan-Bio-
tech GmbH, Aidenbach, Germany) at 37 °C in a humidi-
fied 5% CO: atmosphere. At 80% confluency, cells were
preincubated for 1 h with or without 5 ng/ml anisomycin
(Biomol GmbH, Hamburg, Germany), afterwards they were
preincubated for 1 h with iso-alpha acids (0-25 pg/ml) and
then treated with 10 pg/ml LTA for 6 and 24 h. The superna-
tant was collected at the end of the experiment and stored at
—80 °C until further use.

Enzyme-linked immunosorbent assays (ELISA’s)

IL-6 and IL-18 protein concentrations were analysed in cell
culture supernatant of monocytes and PBMCs or J774A.1
cells using commercially available DuoSet® ELISA Devel-
opment Systems (R&D®, Minneapolis, USA) kits.

Western blot analysis

J774A.1 cells were homogenized in RIPA buffer (20 mmol/l
3 [N-morpholino] propanesulfonic acid, 150 mmol/l NaCl,
I mmol/l ethylenediaminetetraacetic acid, 1% Nonidet
P-40, and 0.1% sodium dodecyl sulfate) containing pro-
tease and phosphatase inhibitor cocktails (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) to obtain protein

lysates. Protein lysates (5 pg/lane) were separated on 10%
SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride membranes (Bio-Rad Laboratories, Hercules,
CA, USA). Membranes were further incubated with spe-
cific primary antibodies (phosphorylated c-Jun N-terminal
kinase (JNK) and total JNK; phosphorylated p38 MAPK
and p38 MAPK; Cell Signaling Technology, MA, USA) and
the respective secondary antibody (anti-rabbit IgG, HRP-
linked; Cell Signaling Technology, MA, USA). To detect
the protein bands, Clarity Western Enhanced Chemilumi-
nescence Substrate (Bio-Rad Laboratories, Hercules, CA,
USA) and ChemiDoc XRS System (Bio-Rad Laboratories,
Hercules, CA, USA) were used. Densitometric analyses of
detected bands were performed with ImageLab (Bio-Rad
Laboratories, Hercules, CA, USA).

Statistical analyses

Data are presented as means+standard error of the means
(SEMs). Grubb’s test was performed before statistical
analysis to identify outliers. Homogeneity of variances was
tested and data were log-transformed if data were not nor-
mal distributed or in case of inhomogeneity of variances
before performing further statistical tests. A paired t-test
was used to determine statistically significant differences
between interventions and to analyse differences between
C- and LTA-stimulated cells of Western Blot analysis. One-
way ANOVA was used for all other comparisons (GraphPad
Prism Software, CA, USA). A p-value<0.05 was defined as
threshold for statistical significance.

Results

Effects of an acute oral intake of an I1AA-rich

hop extract on the LTA-induced IL-6 release in
monocytes: assessment of time- and dose-response
in a pilot study

Characteristics of the 5 study participants enrolled and ana-
lysed in the pilot study assessing the time- and dose-effect
of an oral intake of IAA on the LTA-induced release of IL-6
are summarized in Table 1. IL-6 was selected as suitable
target cytokine as it has been shown before in cell culture
experiments that its bacterial toxin induced expression can
be suppressed by IAA [13]. As expected, the challenge of
monocytes isolated before and 1 h after the intake of the
placebo resulted in a manifest ~ 1.85-fold increase in IL-6
protein levels in cell supernatant (see Supplemental Fig. 1).
A similar effect of LTA was also found in cells isolated 2, 3,
4, and 6 h after the intake of the placebo (see Supplemental
Fig. 1). In contrast, when monocytes isolated 1 h after the
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Table 1 Characteristics of healthy female subjects enrolled in the dose-
and time- response study

Parameter Baseline
Sex (m/f) 0/5

Age (years) 26.4+1.7
Body weight (kg) 56.1+£0.8
Height (m) 1.7+£0.0
BMI (kg/m?) 20.4+0.7
Fasting glucose (mg/dl) 86.0+3.4
AST (U/L) 22.6+3.4
ALT (U/L) 17.0433
Cholesterol (mg/dl) 160.4+9.8
Triglycerides (mg/dl) 65.6+4.1

Values are means=+standard error of means. ALT: alanine amino-
transferase; AST: aspartate aminotransferase; BMI: body mass index

Table 2 Characteristics of healthy subjects enrolled in the study to
assess the acute effect of IAA on LTA-dependent immune response
of PBMCs

Parameter Baseline
Sex (m/f) 6/7

Age (years) 26.5+0.9
Body weight (kg) 64.2+2.1
Height (m) 1.7£0.0
BMI (kg/m?) 21.740.3
Fasting glucose (mg/dl) 88.2+1.9
AST (U/L) 23.5+1.6
ALT (U/L) 27.6+3.8
Cholesterol (mg/dl) 165.8+4.3
Triglycerides (mg/dl) 68.0+7.4

Values are means+standard error of means. ALT: alanine ami-
notransferase; AST: aspartate aminotransferase; BMI: body mass
index; IAA: iso-alpha acids; LTA: lipoteichoic acid; PBMC: periph-
eral blood mononuclear cell

intake of the study drinks containing 15, 45, or 90 mg of
TIAA were stimulated with LTA for 6 h, the relative increase
of IL-6 protein in cell supernatant compared to the fasted
state (TO) was lower than after the intake of the placebo
(Placebo: ~ + 1.7-fold; 15 mg IAA: ~ + 1.18-fold; 45 mg
TIAA: ~+ 1.38-fold; 90 mg IAA: ~ 0.956-fold) (see Fig. 1b).
When cells isolated 2 h after the intake of the different IAA
containing drinks were stimulated with LTA for 6 h, IL-6
protein levels were still lower when subjects had consumed
the drink containing 90 mg of IAA. In contrast, IL-6 protein
levels were slightly higher or similar in cell supernatant of
cells isolated 2 h after the intake of 15 or 45 mg of IAA
when compared to placebo. Also, 4 h and 6 h after the intake
of the different IAA-enriched drinks, IL-6 protein levels in
cell culture supernatant were either higher than after pla-
cebo consumption, or at the level of placebo (see Fig. 1b).
No statistical differences were found for IL-6 protein con-
centrations in LTA-stimulated monocytes when comparing
data between the interventions per time point (see Fig. 1b).

@ Springer

As the taste of IAA was perceived more tolerable by sub-
jects at lower levels and effects were almost similar 1 h after
IAA was consumed regardless of doses consumed, 15 mg
of IAA was selected for all further in vivo studies as suit-
able IAA concentration and cells were isolated 1 h after the
intake in the further human intervention study.

Effect of the oral intake of an IAA-rich hop extract
on the LTA-induced cytokine release in healthy,
normal weight men and women

To assess if similar effects as the ones found with respect
to the LTA-induced release of IL-6 in monocytes are also
found for other cytokines in men and women, we conducted
a cross-over design study asking healthy women and men
to consume the TAA-rich beverage (15 mg IAA derived
through the IAA-rich hop extract) or a placebo in a random-
ized order with ingestions been separated by at least one
week of washout. Characteristics of study participants are
summarized in Table 2. Of the 17 subjects enrolled, 3 had
to be excluded from the analysis as cells did not respond
to the stimulation. Moreover, one subject discontinued the
study after the first intervention. All of the participants were
healthy and normal weight. Also, as cell yields were rather
low an isolation of sufficient numbers of monocytes were
not possible. Therefore, experiments were carried out with
PBMCs.

Concentrations of IL-6 and IL-1f protein were below the
level of detection in cell supernatant of most subjects when
cells were stimulated with vehicle. Therefore, these data are
only shown for fasting samples (see Fig. 2b and ¢). In con-
trast, the challenge of PBMCs isolated from fasted subject
before ingesting the different study drinks with LTA for 24 h
resulted in a robust significant increase of IL-6 protein and
IL-1p protein levels in cell culture media (see Fig. 2b and c).
In line with these findings, IL-6 and IL-1 protein levels in
cell supernatant of cells isolated 1 h after the ingestion of the
placebo were similarly increased. In contrast, both IL-6 and
IL-1B protein levels in cell culture media of cells isolated
1 h after the intake of 15 mg IAA in the IAA-enriched study
drink decreased significantly by ~31% and ~32% compared
to controls (see Fig. 2b and ¢). In cell supernatant obtained
from cells isolated 1 h after the intake of IAA and stimulated
with LTA for 48 h, protein levels of IL-6 and IL-1B were
also significantly lower than in those obtained from cells
isolated 1 h after the ingestion of placebo (placebo vs. [AA-
rich drink: IL-6: ~ —37% and IL1-B: ~ —32%, p<0.05 for
both differences) (see Fig. 2b and c).
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Effect of the IAA-rich hop extract on the LTA-
dependent induction of IL-6 and IL-1f release, as
well as TLR2 and MAPKinase signaling in primary
human monocytes and J774A.1 cells

To determine if the effects found in vivo were related to
direct effects of the IAA-rich hop extract on monocytes, we
next challenged monocytes isolated from healthy donors
with LTA in the presence of different, low doses of the
[AA-rich hop extract (0-1.25 pg/ml IAA). In line with the
findings in vivo, the increase in IL-6 upon a 6 h long incuba-
tion with LTA was significantly attenuated when cells were
pre-incubated for 1 h with 0.3125 pg/ml and 0.625 pg/ml
[IAA-rich hop extract before the challenge with LTA (see
Fig. 3a). A similar trend was observed when cells chal-
lenged with LTA were concomitantly treated with 1.25 ug/
ml IAA (p=0.0525) (see Fig. 3a). The increase in IL-18
protein concentration upon the challenge with LTA was
significantly attenuated when cells were pre-treated for 1 h
with 0.3125 pg/ml of IAA-rich hop extract (see Fig. 3b). A
similar trend was observed when cells were co-treated with
1.25 ng/ml TAA-rich extract (p=0.0784) (see Fig. 3b).

As it has been suggested that some hop compounds
(e.g., xanthohumol) dampen LTA-induced TLR2 signaling
through interfering with the CD14-mediated transfer of the
bacterial wall compound to TLR2 [11], we next determined
if IAA also interfere with the LTA-dependent activation of
TLR2 employing HEK-Blue™ TLR?2 cell assay. Even when
employing markedly higher concentrations than those used
in vivo and shown to be effective in vitro in the present
study, the preincubation of cells with IAA derived through
the IAA-rich hop extract had no effect on the LTA-depen-
dent activation of cells (see Fig. 4a).

As results of others suggest that IAA may attenuate the
activation of p38 and JNK [27], we next challenged J774.
Al cells with LTA for 6 h which resulted in a significant
increase in the phosphorylation of both, p38 (see Fig. 4b)
and JNK (see Fig. 4c). Results of pilot studies revealed that
the IAA-rich hop extract attenuated the increase in IL-6
protein in cell culture supernatant derived from J774.A1
cells upon a stimulation with LTA in an almost dose-depen-
dent way (see Supplemental Fig. 2); however, doses of the
IAA-rich extract needed were markedly higher (0-25 pg/
ml). Based on these experiments, 6.25 pg/ml IAA derived
through the hop extract was selected for all further experi-
ments in J774.A1 cells (see Supplemental Fig. 2). The con-
comitant treatment of cells with 6.25 pg/ml IAA and 5 ng/
ml anisomycin, being a JNK and p38 agonist [30], when
being challenged with LTA, attenuated the protective effects
of [AA significantly (see Fig. 4d).

Discussion

The oral intake of low doses of IAA derived through
an IAA-rich hop extract attenuated the LTA-
dependent stimulation of PBMCs and monocytes ex
vivo

Despite the availability of a large number of antibiot-
ics, Gram-positive bacteria still pose a significant risk for
bacterial infections in humans even in highly developed
countries, causing a wide range of diseases such as skin
infections, pneumonia, endocarditis, urinary tract infec-
tions, and life-threatening bloodstream infections [3, 31].
Indeed, in recent years the antibiotic resistance is becom-
ing an increasing concern [32], often limiting treatment
options and subsequently leading to complications and
even death. Results of in vitro studies indicated that IAA
derived from hop may dampen LPS-dependent activation of
immune cells [13] but may also have antibacterial effects.
It has been shown in vitro that IAA has ionophores proper-
ties disrupting cell membranes thereby leading, especially
in Gram-positive bacteria, to cell lysis [33]. Epidemiologi-
cal evidence supporting a protective effect of IAA consump-
tion against Gram-positive infection, including infections
caused by Staphylococcus aureus, Streptococcus pneu-
moniae, or Enterococcus spp., is to our knowledge still lack-
ing. In the present study, we determined the impact of an
oral intake of "nutritionally” relevant doses of IAA on the
LTA-induced release of proinflammatory interleukins (e.g.,
IL-6 and IL-1p) in primary monocytes and PBMCs isolated
from young healthy adults. Concentrations of IAA used in
present studies were based on those found in 250-1000 ml
of commercially available Porter or Lager beer [34]. In the
brewing process, alpha acids often also referred to as humu-
lones, are isomerized to iso-alpha acids or isohumulones
tasting rather bitter. In the present study, we used a stan-
dardized solution of iso-alpha acids (30% w/w) produced
from CO, hop extract which when used in beer brewing is
added to the beer after fermentation and before final filtra-
tion. While using lower doses than in most other studies in
model organisms and cell cultures [35], we found that the
LTA-dependent induction of the release of IL-6 protein from
monocytes isolated from healthy women was markedly
attenuated 1-2 h after the intake of the different IAA-rich
drinks. Interestingly, results of our pilot data suggest that 1
h after the intake of all three drinks containing IAA effects
were rather similar with respect to suppressing the release of
IL-6 protein. This effect was lost when monocytes isolated
2 h after the intake of drinks containing 15 and 45 mg of
IAA were stimulated with LTA while being persisted after
the intake of the drink containing 90 mg of IAA. It has been
shown before that IAA levels in blood increase as early as
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Fig. 3 Effect of different concen-
trations of an iso-alpha acids rich
hop extract on the LTA-dependent
induction of IL-6 and IL-18
protein concentration in mono-
cytes. Protein concentration of (a)
IL-6 and (b) IL-18 in cell culture
supernatant of monocytes isolated
from healthy donors stimulated
with 10 pg/ml LTA and different
concentrations of [AA (0.3125—
1.25 pg/ml) for 6 h. Data are

presented as means+SEM, n=>5-6.
*p<0.05. IAA: iso-alpha acids, IL:

interleukin, LTA: lipoteichoic acid
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(% over LTA-stimulated control)
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30 min after the intake of beer but decline within 6 hbackto  through phase 1 (cytochrome P450) and 2 enzymes [38§].
baseline suggesting that IAA is rapidly taken up and metab-  Our results are in line with results of previous studies of us
olized [36, 37]. While not having been fully clarified yet,  and others showing in in vitro experiments and experiments
it has been suggested that iso-alpha acids are metabolized  in animals a more prolonged suppression of the release of
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proinflammatory cytokines when employing higher doses of
TIAA [13, 25, 39]. In contrast to other studies, in the present
study, we employed drinks to mimic the “nutrition” situa-
tion with dissolved IAA rather than capsulated IAA which
would have been closer to a “pharmacological” setting. Still
our approach was accompanied with the problem that IAA,
which tastes rather bitter when consumed at higher concen-
trations, was fully tastable. Therefore, 15 mg were selected
as a more suitable concentration of TAA to test effects in
wider setting. In line with the findings of the pilot study,
the oral intake of 15 mg of IAA derived through the IAA-
rich hop extract suppressed the LTA-induced release of IL-6
and IL-1B from isolated PBMCs. Taken together, these data
suggest that the intake of low doses of IAA may decrease
the immune response of blood immune cells to LTA in
humans for 1-2 h after the intake. As in the present study
cells were exposed to the bacterial toxin ex vivo, further
studies are needed to assess if similar effect are also found
when humans suffer from an infection with Gram-positive
bacteria. Also, it remains to be determined, if effects found
are persistent when IAA are consumed repetitively.

The effects of the IAA-rich extract on the LTA-
dependent release of IL-6 are related to a
suppression of an activation of JNK

Results of in vitro studies and animal models suggest that
IAA may have direct effects on the inflammatory response
of cells. Indeed, it has been shown before that in cell lines,
like J774A.1 and L929sA, the pre-incubation with IAA
before a challenge with bacterial endotoxin attenuates the
release of IL-6 but also other proinflammatory mediators
like RANTES and TNFa, [13, 39] These data suggest that
the immunosuppressive effects of IAA could attenuate an
excessive and uncontrolled immune response during bacte-
rial infections. Further studies are needed to determine if
the immune suppressive effects found in the present study
and in vitro and in vivo studies of others translate into e.g.,
a shortening of the time being infected or the severity of
an infection caused by bacteria in humans. Interestingly
in these studies, concentrations of IAA used were mostly
markedly higher than in the present study needed in primary
cells obtained from healthy humans (+ 20-40-fold compared
to the present study, for overview see [13]). Somewhat in
line with the findings of others, in the present study, experi-
ments carried out in J774A.1 cells also required markedly
higher doses of IAA when compared to those showing
effects in primary human monocytes. Indeed, it has been
suggested before that while affecting similar signaling path-
ways, (murine) cells line might require other (higher) doses
of compounds when compared to primary cells [40—42].
Also, it has been shown, that this might be related to the

species the cell lines were obtained from [43]. The protec-
tive effects of IAA with respect to inflammation have been
related to an inhibition of the activation of NFkB but also
agonistic effect on PPARa and y (for overview see [35]).
Moreover, it has been shown that MAPK and especially p38
(as well as JNK) are critical in the induction of IL-6 upon a
challenge of cells with Gram-positive bacterial toxins such
as LTA [44-46]. In the present study, the recognition of the
Gram-positive bacterial toxin LTA by TLR2 was not altered
as determined using stabily TLR2 transfected HEK cells.
The challenge of J774A.1 cells challenged with LTA for 6
h showed a massive activation of both p38 and JNK phos-
phorylation. Also, when treating cells with anisomycin, a
p38 and JNK activator [30], the protective effects of IAA
were abolished. These results somewhat contrast those of
others showing no effect of rho iso-alpha acids on p38 and
IJNK phosphorylation in LPS-stimulated RAW 264.7 cells
[47]. However, it could be that differences are related to the
challenge e.g., the use of LTA in the present study and LPS
in the study of others as well as the use of [AA vs. rho iso-
alpha acids. In summary, our data suggest that IAA even
at low doses can attenuated the LTA-dependent induction
of IL-6 and IL-1p protein release in primary human mono-
cytes. Also, the protective effects of IAA seem to be related
to altering JNK-/p38-dependent signaling. Further studies
are needed to determine if [AA has direct effects of INK and
p38 or if indirect effects are involved.

Limitations

Our study is not without limitations that need to be consid-
ered when interpreting the data. Specifically, while mostly
employing primary human PBMCs and monocytes, all cell
stimulation experiments were carried out ex vivo. Therefore,
it remains to be determined if IA A, be they consumed as iso-
lates or in an IA A-rich hop extract (30% w/w) as it was done
in the present study, also affect the course of Gram-positive
infections in vivo e.g., the length and the severity. More-
over, in the present study only acute effects resulting from
a one-time intake of the IAA-rich extract were assessed. It
remains to be determined if suppressing effects found with
respect to alterations of bacterial toxin-dependent release
of proinflammatory cytokines like IL-6 and IL-1f are also
found when TAA are regularly consumed. Moreover, as no
other bitter component was used as a control in the placebo
drink, and the bitter taste of the IAA-rich extract is difficult
to mask, it cannot to be ruled out that subjects were able
to distinguish not only the placebo from the IAA-enriched
drinks but also the different IAA-containing drinks. Also, in
the present study, we only assessed effects in healthy, nor-
mal weight humans. It remains to be determined if effects
alike are also found in overweight and/ or older individuals.
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{ Fig. 4 Effect of an iso-alpha acids rich hop extract on the LTA-depen-
dent induction of TLR2 and MAPKinase signaling in J774A.1 cells. a
hTLR2 receptor activity from HEK293 cells co-incubated with 10 pg/
ml LTA and increasing concentrations of IAA (0-40 pg/ml) for 12 h,
b phospho-p38/p38 protein in J774A.1 cell stimulated with 10 pg/ml
LTA for 6 h, ¢ phospho-JNK/JNK protein in J774A.1 cells stimulated
with 10 pg/ml LTA for 6 h and d IL-6 protein concentration in cell
culture supernatant of J774A.1 cells stimulated with 10 pg/ml LTA
and 0-6.25 pg/ml IAA rich hop extract and 0 or 5 ng/ml anisomycin
for 6 h. Data are presented as means+SEM, n=4-5. *p<0.05. [AA:
iso-alpha acids, IL: interleukin, JNK: ¢ Jun N terminal kinase, LTA:
lipoteichoic acid, hTLR2: human Toll-like receptor 2

Moreover, in the present study, we used an [AA-rich hop
extract which besides IAA contains other hop compounds
that may have affected the outcome. However, at the time of
study, no pure IAA suitable for the use in human nutrition
was available.

Conclusion

Taken together, results of the present study suggest that
an oral intake of IAA in low “nutritionally” relevant doses
through an IAA-rich hop extract diminishes the LTA-depen-
dent release of IL-6 and to a lesser extend also of IL-1f from
monocytes in humans ex vivo. Results of our study also sug-
gest that the immune suppressing effects with respect to the
release of IL-6 persist for ~1-2 h. Our results also suggest
that these effects of IJAA may be related to an inhibition of
JNK and p38; however, further studies are needed to deter-
mine mechanisms underlying the interaction of IAA with
stress-activated protein kinases. Also, it remains to be deter-
mined if an intake of IAA affects Gram-positive bacterial
infections in vivo and if this interaction improves disease
outcome in humans.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00394-0
26-03931-x.

Author contributions The authors responsibilities were as follows
Katja Csarmann: Formal analysis, Investigation, Visualization, Writ-
ing — original draft, Writing — review & editing. Finn Jung, Anja Bau-
mann, Benedikt Simbrunner, Kerstin Schweiger, Katharina Burger,
Raphaela Staltner: Formal analysis, Investigation, Visualization, Writ-
ing — review & editing. Claus Hellerbrand: Formal analysis, Investiga-
tion, Visualization, Funding acquisition, Writing — review & editing.
Ina Bergheim: Conceptualization, Supervision, Funding acquisition,
Writing — original draft, Writing — review & editing.

Funding Open access funding provided by University of Vienna. The
research was funded by the Wissenschaftsforderung der Deutschen
Brauwirtschaft WIFO (B115) to CH and IB and by the Austrian Sci-
ence Fund (FWF, P35165 to IB). Open access funding provided by
FWF (P35165 to IB). Graphical abstract and graphics in Fig. la and
Fig. 2a were created with BioRender.com.

Data availability The original contributions presented in the study are

included in the article/Supplementary Material, further inquiries can
be directed to the corresponding author.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical approval This study was performed in line with the prin-
ciples of the Declaration of Helsinki. Approval was granted by the
Ethics Committee of University of Vienna, Vienna, Austria (refer-
ence numbers: 00367 and 00848) and were registered at clinical trials
(NCT04847193, 16.03.2021; NCT06286644, 17.01.2024).

Consent to participate Informed consent was obtained from all indi-
vidual volunteers included in the study.

Consent to publish Informed consent was obtained from all individual
volunteers included in the study.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Collaborators GBDAR (2022) Global mortality associated with
33 bacterial pathogens in 2019: a systematic analysis for the
Global Burden of Disease Study 2019. Lancet 400(10369):2221—
2248. https://doi.org/10.1016/S0140-6736(22)02185-7

2. Collaborators GBDAR (2024) Global burden of bacterial anti-
microbial resistance 1990-2021: a systematic analysis with fore-
casts to 2050. Lancet 404(10459):1199—1226. https://doi.org/10.
1016/S0140-6736(24)01867-1

3. Sizar O, Leslie SW, Unakal CG (2025) Gram-positive bacteria.
StatPearls

4. Weidenmaier C, Peschel A (2008) Teichoic acids and related cell-
wall glycopolymers in Gram-positive physiology and host inter-
actions. Nat Rev Microbiol 6(4):276-287. https://doi.org/10.103
8/mrmicro1861

5. Henneke P, Morath S, Uematsu S, Weichert S, Pfitzenmaier M,
Takeuchi O et al (2005) Role of lipoteichoic acid in the phagocyte
response to group B streptococcus. J Immunol 174(10):6449—
6455. https://doi.org/10.4049/jimmunol.174.10.6449

6. Chapot-Chartier MP, Kulakauskas S (2014) Cell wall structure
and function in lactic acid bacteria. Microb Cell Fact 13(Suppl
1):S9. https://doi.org/10.1186/1475-2859-13-S1-S9

7. Grundling A, Schneewind O (2007) Synthesis of glycerol phos-
phate lipoteichoic acid in Staphylococcus aureus. Proc Natl Acad
Sci USA 104(20):8478-8483. https://doi.org/10.1073/pnas.0701
821104

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(22)02185-7
https://doi.org/10.1016/S0140-6736(24)01867-1
https://doi.org/10.1016/S0140-6736(24)01867-1
https://doi.org/10.1038/nrmicro1861
https://doi.org/10.1038/nrmicro1861
https://doi.org/10.4049/jimmunol.174.10.6449
https://doi.org/10.1186/1475-2859-13-S1-S9
https://doi.org/10.1073/pnas.0701821104
https://doi.org/10.1073/pnas.0701821104
https://doi.org/10.1007/s00394-026-03931-x
https://doi.org/10.1007/s00394-026-03931-x

84 Page 14 of 15

European Journal of Nutrition (2026) 65:84

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Mukherjee S, Karmakar S, Babu SP (2016) TLR2 and TLR4
mediated host immune responses in major infectious diseases: a
review. Braz J Infect Dis 20(2):193-204. https://doi.org/10.1016/
j.bjid.2015.10.011

Jung F, Staltner R, Baumann A, Burger K, Halilbasic E, Heller-
brand C et al (2022) A xanthohumol-rich hop extract dimin-
ishes endotoxin-induced activation of TLR4 signaling in human
peripheral blood mononuclear cells: a study in healthy women.
Int J Mol Sci 23(20). https://doi.org/10.3390/ijms232012702

Lu YC, Yeh WC, Ohashi PS (2008) LPS/TLR4 signal transduc-
tion pathway. Cytokine 42(2):145-151. https://doi.org/10.1016/j.
cyt0.2008.01.006

Jung F, Staltner R, Tahir A, Baumann A, Burger K, Halilbasic E
et al (2022) Oral intake of xanthohumol attenuates lipoteichoic
acid-induced inflammatory response in human PBMCs. Eur J
Nutr 61(8):4155-4166. https://doi.org/10.1007/s00394-022-029
64-2

Kwak MS, Lim M, Lee YJ, Lee HS, Kim YH, Youn JH et al
(2015) HMGBI1 binds to lipoteichoic acid and enhances TNF-
alpha and IL-6 production through HMGB1-mediated transfer of
lipoteichoic acid to CD14 and TLR2. J Innate Immun 7(4):405—
416. https://doi.org/10.1159/000369972

Hege M, Jung F, Sellmann C, Jin C, Ziegenhardt D, Hellerbrand
C et al (2018) An iso-alpha-acid-rich extract from hops (Humulus
lupulus) attenuates acute alcohol-induced liver steatosis in mice.
Nutrition 45:68-75. https://doi.org/10.1016/j.nut.2017.07.010
Hsu HY, Hua KF, Lin CC, Lin CH, Hsu J, Wong CH (2004)
Extract of Reishi polysaccharides induces cytokine expression
via TLR4-modulated protein kinase signaling pathways. J Immu-
nol 173(10):5989-5999. https://doi.org/10.4049/jimmunol.173.1
0.5989

Ellingsen E, Morath S, Flo T, Schromm A, Hartung T, Thiemer-
mann C et al (2002) Induction of cytokine production in human
T cells and monocytes by highly purified lipoteichoic acid:
involvement of Toll-like receptors and CD14. Med Sci Monit
8(5):BR149-BR156

Vazquez-Cervantes GI, Ortega DR, Blanco Ayala T, Perez de la
Cruz V, Esquivel DFG, Salazar A et al (2021) Redox and anti-
inflammatory properties from hop components in beer-related to
neuroprotection. Nutrients 13(6). https://doi.org/10.3390/nul1306
2000

Zanoli P, Zavatti M (2008) Pharmacognostic and pharmacologi-
cal profile of Humulus lupulus L. J Ethnopharmacol 116(3):383—
396. https://doi.org/10.1016/j.jep.2008.01.011

Lin M, Xiang D, Chen X, Huo H (2019) Role of characteristic
components of Humulus lupulus in promoting human health. J
Agric Food Chem 67(30):8291-8302. https://doi.org/10.1021/acs
jafc.9b03780

Kolenc Z, Langerholc T, Hostnik G, Ocvirk M, Stumpf S, Pintaric
M et al (2022) Antimicrobial Properties of Different Hop (Humu-
lus lupulus) Genotypes. Plants (Basel) 12(1). https://doi.org/10.3
390/plants12010120

Bhattacharya S, Virani S, Zavro M, Haas GJ (2003) Inhibition
ofStreptococcus mutans and Other Oral streptococci by hop
(Humulus lupulus L.) constituents. Econ Bot 57(1):118-126. ht
tps://doi.org/10.1663/0013-0001(2003)057[0118:I0SMAO]2.0.
CO;2

Haas GJ, Barsoumian R (1994) Antimicrobial activity of hop res-
ins. J Food Prot 57(1):59-61. https://doi.org/10.4315/0362-028X
-57.1.59

Siragusa GR, Haas GJ, Matthews PD, Smith RJ, Buhr RJ, Dale
NM et al (2008) Antimicrobial activity of lupulone against Clos-
tridium perfringens in the chicken intestinal tract jejunum and
caecum. J Antimicrob Chemother 61(4):853—858. https://doi.org/
10.1093/jac/dkn024

Springer

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Teuber M, Schmalreck AF (1973) Membrane leakage in Bacillus
subtilis 168 induced by the hop constituents lupulone, humulone,
isohumulone and humulinic acid. Arch Mikrobiol 94(2):159-171.
https://doi.org/10.1007/BF00416690

Blanco CA, Nimubona D, Caballero I (2014) Prediction of the
ageing of commercial lager beer during storage based on the deg-
radation of iso-alpha-acids. J Sci Food Agric 94(10):1988—-1993.
https://doi.org/10.1002/jsfa.6513

Mahli A, Koch A, Fresse K, Schiergens T, Thasler WE, Schon-
berger C et al (2018) Iso-alpha acids from hops (Humulus lupu-
lus) inhibit hepatic steatosis, inflammation, and fibrosis. Lab
Invest 98(12):1614—1626. https://doi.org/10.1038/s41374-018-0
112-x

Ano Y, Dohata A, Taniguchi Y, Hoshi A, Uchida K, Takashima A
et al (2017) Iso-alpha-acids, bitter components of beer, prevent
inflammation and cognitive decline induced in a mouse model of
Alzheimer’s disease. J Biol Chem 292(9):3720-3728. https://doi.
org/10.1074/jbc.M116.763813

Lee JC, Kundu JK, Hwang DM, Na HK, Surh YJ (2007) Humu-
lone inhibits phorbol ester-induced COX-2 expression in mouse
skin by blocking activation of NF-kappaB and AP-1: Ikap-
paB kinase and c-Jun-N-terminal kinase as respective potential
upstream targets. Carcinogenesis 28(7):1491-1498. https://doi.o
rg/10.1093/carcin/bgm054

Rodda LN, Gerostamoulos D, Drummer OH (2014) Pharmacoki-
netics of iso-a-acids in volunteers following the consumption of
beer. J Anal Toxicol 38(6):354-359

Rodda LN, Gerostamoulos D, Drummer OH (2013) The rapid
identification and quantification of iso-a-acids and reduced iso-a-
acids in blood using UHPLC-MS/MS: validation of a novel marker
for beer consumption. Anal Bioanal Chem 405(30):9755-9767
Vergarajauregui S, Miguel AS, Puertollano R (2006) Activation
of p38 mitogen-activated protein kinase promotes epidermal
growth factor receptor internalization. Traffic 7(6):686—-698
Singh N, Puri S, Anshul, Kumar S, Pahuja H, Kalia R et al (2023)
Risk factors and outcome analysis of gram-positive bacteremia in
critically I1l patients. Cureus 15(3):¢36585. https://doi.org/10.775
9/cureus.36585

Antimicrobial Resistance C (2022) Global burden of bacterial
antimicrobial resistance in 2019: a systematic analysis. Lancet
399(10325):629-655. https://doi.org/10.1016/S0140-6736(21)02
724-0

Behr RF Jr (2009) Mechanisms of hop inhibition: hop iono-
phores. J Agric Food Chem 57(14):6074—-6081

Gonzalez Viejo C, Villarreal-Lara R, Torrico DD, Rodriguez-
Velazco YG, Escobedo-Avellaneda Z, Ramos-Parra PA et al
(2020) Beer and consumer response using biometrics: associa-
tions assessment of beer compounds and elicited emotions. Foods
9(6). https://doi.org/10.3390/foods9060821

Ponticelli M, Russo D, Faraone I, Sinisgalli C, Labanca F, Lela
L et al (2021) The promising ability of Humulus lupulus L. Iso-
alpha-acids vs. diabetes, inflammation, and metabolic syndrome:
a systematic review. Molecules 26(4). https://doi.org/10.3390/mo
lecules26040954

Rodda LN, Gerostamoulos D, Drummer OH (2014) The stabil-
ity of iso-alpha-acids and reduced iso-alpha-acids in stored blood
specimens. Forensic Sci Int 239:44-49. https://doi.org/10.1016/j.
forsciint.2014.03.017

Rodda LN, Gerostamoulos D, Drummer OH (2015) Pharmaco-
kinetics of reduced iso-alpha-acids in volunteers following clear
bottled beer consumption. Forensic Sci Int 250:37—43. https://doi
.org/10.1016/j.forsciint.2015.01.039

Cattoor K, Dresel M, De Bock L, Boussery K, Van Bocxlaer J,
Remon JP et al (2013) Metabolism of hop-derived bitter acids. J
Agric Food Chem 61(33):7916—7924. https://doi.org/10.1021/jf3
00018s


https://doi.org/10.1007/BF00416690
https://doi.org/10.1007/BF00416690
https://doi.org/10.1002/jsfa.6513
https://doi.org/10.1002/jsfa.6513
https://doi.org/10.1038/s41374-018-0112-x
https://doi.org/10.1038/s41374-018-0112-x
https://doi.org/10.1074/jbc.M116.763813
https://doi.org/10.1074/jbc.M116.763813
https://doi.org/10.1093/carcin/bgm054
https://doi.org/10.1093/carcin/bgm054
https://doi.org/10.7759/cureus.36585
https://doi.org/10.7759/cureus.36585
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.3390/foods9060821
https://doi.org/10.3390/molecules26040954
https://doi.org/10.3390/molecules26040954
https://doi.org/10.1016/j.forsciint.2014.03.017
https://doi.org/10.1016/j.forsciint.2014.03.017
https://doi.org/10.1016/j.forsciint.2015.01.039
https://doi.org/10.1016/j.forsciint.2015.01.039
https://doi.org/10.1021/jf300018s
https://doi.org/10.1021/jf300018s
https://doi.org/10.1016/j.bjid.2015.10.011
https://doi.org/10.1016/j.bjid.2015.10.011
https://doi.org/10.3390/ijms232012702
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1007/s00394-022-02964-2
https://doi.org/10.1007/s00394-022-02964-2
https://doi.org/10.1159/000369972
https://doi.org/10.1016/j.nut.2017.07.010
https://doi.org/10.4049/jimmunol.173.10.5989
https://doi.org/10.4049/jimmunol.173.10.5989
https://doi.org/10.3390/nu13062000
https://doi.org/10.3390/nu13062000
https://doi.org/10.1016/j.jep.2008.01.011
https://doi.org/10.1021/acs.jafc.9b03780
https://doi.org/10.1021/acs.jafc.9b03780
https://doi.org/10.3390/plants12010120
https://doi.org/10.3390/plants12010120
https://doi.org/10.1663/0013-0001(2003)057[0118:IOSMAO]2.0.CO;2
https://doi.org/10.1663/0013-0001(2003)057[0118:IOSMAO]2.0.CO;2
https://doi.org/10.1663/0013-0001(2003)057[0118:IOSMAO]2.0.CO;2
https://doi.org/10.4315/0362-028X-57.1.59
https://doi.org/10.4315/0362-028X-57.1.59
https://doi.org/10.1093/jac/dkn024
https://doi.org/10.1093/jac/dkn024

European Journal of Nutrition (2026) 65:84

Page 150f 15 84

39.

40.

41.

42.

43.

Van Cleemput M, Heyerick A, Libert C, Swerts K, Philippe J,
De Keukeleire D et al (2009) Hop bitter acids efficiently block
inflammation independent of GRalpha, PPARalpha, or PPARga-
mma. Mol Nutr Food Res 53(9):1143—1155. https://doi.org/10.10
02/mnfr.200800493

Brooks EA, Galarza S, Gencoglu MF, Cornelison RC, Munson
JM, Peyton SR (2019) Applicability of drug response metrics for
cancer studies using biomaterials. Philos Trans R Soc Lond B
Biol Sci 374(1779):20180226. https://doi.org/10.1098/rstb.2018
.0226

Pan C, Kumar C, Bohl S, Klingmueller U, Mann M (2009) Com-
parative proteomic phenotyping of cell lines and primary cells
to assess preservation of cell type-specific functions. Mol Cell
Proteom 8(3):443-450. https://doi.org/10.1074/mcp.M800258-M
CP200

Kaur G, Dufour JM (2012) Cell lines: Valuable tools or useless
artifacts. Spermatogenesis 2(1):1-5. https://doi.org/10.4161/spm
2.19885

Zhou M, Zhang M, Guo T, Zhao L, Guo X, Yin Z et al (2023)
Species origin of exogenous transcription factors affects the acti-
vation of endogenous pluripotency markers and signaling path-
ways of porcine induced pluripotent stem cells. Front Cell Dev
Biol 11:1196273. https://doi.org/10.3389/fcell.2023.1196273

44,

45.

46.

47.

Wu T, Xing J, Birukova AA (2013) Cell-type-specific crosstalk
between p38 MAPK and Rho signaling in lung micro- and macro-
vascular barrier dysfunction induced by Staphylococcus aureus-
derived pathogens. Transl Res 162(1):45-55. https://doi.org/10.1
016/j.trs1.2013.03.005

Koch L, Frommbhold D, Buschmann K, Kuss N, Poeschl J, Ruef P
(2014) LPS- and LTA-induced expression of IL-6 and TNF-alpha
in neonatal and adult blood: role of MAPKs and NF-kappaB.
Mediators Inflamm 2014:283126. https://doi.org/10.1155/2014/2
83126

Dahle MK, Overland G, Myhre AE, Stuestol JF, Hartung T,
Krohn CD et al (2004) The phosphatidylinositol 3-kinase/protein
kinase B signaling pathway is activated by lipoteichoic acid and
plays a role in Kupffer cell production of interleukin-6 (IL-6) and
IL-10. Infect Immun 72(10):5704-5711. https://doi.org/10.1128/1
AL72.10.5704-5711.2004

Konda VR, Desai A, Darland G, Bland JS, Tripp ML (2009) Rho
iso-alpha acids from hops inhibit the GSK-3/NF-kappaB pathway
and reduce inflammatory markers associated with bone and carti-
lage degradation. J Inflamm (Lond) 6:26. https://doi.org/10.1186/
1476-9255-6-26

@ Springer


https://doi.org/10.1016/j.trsl.2013.03.005
https://doi.org/10.1016/j.trsl.2013.03.005
https://doi.org/10.1155/2014/283126
https://doi.org/10.1155/2014/283126
https://doi.org/10.1128/IAI.72.10.5704-5711.2004
https://doi.org/10.1128/IAI.72.10.5704-5711.2004
https://doi.org/10.1186/1476-9255-6-26
https://doi.org/10.1186/1476-9255-6-26
https://doi.org/10.1002/mnfr.200800493
https://doi.org/10.1002/mnfr.200800493
https://doi.org/10.1098/rstb.2018.0226
https://doi.org/10.1098/rstb.2018.0226
https://doi.org/10.1074/mcp.M800258-MCP200
https://doi.org/10.1074/mcp.M800258-MCP200
https://doi.org/10.4161/spmg.19885
https://doi.org/10.4161/spmg.19885
https://doi.org/10.3389/fcell.2023.1196273

	﻿A single oral dose of an iso-alpha acids rich hop extract dampens the lipoteichoic acid mediated immune response of monocytes in healthy individuals
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Human intervention studies
	﻿Pilot study to determine time- and dose-response
	﻿Assessment of the acute effects of the IAA-rich hop extract


	﻿Isolation of monocytes
	﻿Isolation of PBMCs
	﻿Stimulation of monocytes and PBMCs obtained after an oral ingestion of iso-alpha acids derived through an IAA-rich hop extract
	﻿Experiments in monocytes isolated from naïve healthy donors
	﻿Cell culture experiments with hTLR2 transfected HEK cells
	﻿Cell culture experiments with J774A.1 cells
	﻿Enzyme-linked immunosorbent assays (ELISA´s)
	﻿Western blot analysis
	﻿Statistical analyses
	﻿Results
	﻿Effects of an acute oral intake of an IAA-rich hop extract on the LTA-induced IL-6 release in monocytes: assessment of time- and dose-response in a pilot study
	﻿Effect of the oral intake of an IAA-rich hop extract on the LTA-induced cytokine release in healthy, normal weight men and women
	﻿Effect of the IAA-rich hop extract on the LTA-dependent induction of IL-6 and IL-1﻿β﻿ release, as well as TLR2 and MAPKinase signaling in primary human monocytes and J774A.1 cells

	﻿Discussion
	﻿The oral intake of low doses of IAA derived through an IAA-rich hop extract attenuated the LTA-dependent stimulation of PBMCs and monocytes ex vivo
	﻿The effects of the IAA-rich extract on the LTA-dependent release of IL-6 are related to a suppression of an activation of JNK
	﻿Limitations

	﻿Conclusion
	﻿References


