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ABSTRACT

Antibiotic resistance constitutes a global threat to the health care systems. The number of infections due
to multidrug-resistant (MDR) bacteria increases progressively resulting in an estimated annual number
of 750,000 fatal cases worldwide. Additionally, the lack of novel antibiotic compounds worsens the
dilemma. Hence, there is an urgent need for alternative ways to fight antibiotic resistance. One option
may be natural compounds with antibacterial properties such as hop and its biologically active in-
gredients which are used in traditional medicine since ancient times. This prompted us to perform an
actual literature survey regarding the antibacterial properties of biologically active ingredients in hop
including humulone, lupulone and xanthohumol. The 20 included studies revealed that lupulone and
xanthohumol do in fact inhibit the growth of Gram-positive bacteria in vitro. In combination with
distinct antibiotic compounds the hop ingredients can even exert synergistic effects resulting in
enhanced antibiotic activities against defined Gram-positive and Gram-negative bacteria. In conclusion,
biologically active ingredients in hop including lupulone and xanthohumol may be potential antibiotic
compounds which either alone or in combination with other antibacterial substances open novel av-
enues in the combat of infections caused by pathogenic including MDR bacteria.
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INTRODUCTION

Antibiotic resistance

Since the discovery of Arsphenamin (Salvarsan®) in 1909 by Paul Ehrlich antibiotics have
been used to treat bacterial infections which are considered as one of the most important
milestones in the history of medicine [1]. Distinguished as a miracle drug, antibiotics saved a
countless number of lives, revolutionized medicine, and became a new weapon in the fight
against life threatening infections. Antibiotic resistance exists since ancient times long before
coexistence with mankind. However, the inappropriate use of antibiotic compounds since
their discovery in the last century resulted in the emergence of resistant bacteria causing fatal
infections [1]. Antibiotic resistance develops when bacteria are still able to survive or grow,
even when they are exposed to antibiotics that are meant to kill them or at least limit their
growth. The inappropriate use is among the major factors that have contributed to the
development of antibiotic resistance. Examples of those factors are the use in treating viral
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infections in humans or as feed additives in livestock
farming to prevent infections in otherwise healthy animals,
for instance [2].

Since the common use of antibiotics, the interbacterial
gene transfer and the development of resistant genes have
accelerated tremendously and cannot be compared to the
development of bacteria in several billions of years of
evolution [1]. The main advantage of bacteria in the
evolutionary challenge of the “survival of the fittest” is
their immense genetic plasticity, allowing them to respond
to environmental threats, including the threats through
antibiotics. Bacteria have evolved two ancient mechanisms
to defend those threats and to adapt to the antibiotic
attack. One is the mutational resistance, the second is
horizontal gene transfer [1]. Mutational resistance is a
quite heterogenous, spontaneous phenomenon and affects
the efficacy of the antibiotic compound through lowering
the affinity to the antibiotic molecule, decreasing the drug
uptake, or increasing the efflux activity. The transmission
of antibiotic resistance genes among bacteria has been
studied intensively. Horizontal gene transfer is performed
by transformation, transduction, and conjugation in order
to exchange genetic information in the same genera-
tion [3].

When Prof. Alexander Fleming and Prof. Howard
Walter Florey were awarded the Nobel Prize in 1945, they
already warned about upcoming antibiotic resistance. In
2014, the WHO declared that a post-antibiotic era, in which
even rather minor infections might result in a fatal outcome,
were a realistic scenario in the 21st century [4]. Nowadays,
every year an estimated number of 214,000 newborns and
750,000 patients die from sepsis due to MDR bacterial in-
fections [5], and the Union Internationale Contre le Cancer
(UICC) forecasted that this fatality number could reach 10
million people in 2050 [2]. In consequence, antibiotic
resistance is a matter of global concern and is regarded as a
major health care challenge of this century. As bacterial
resistances to conventional antibiotics are progressively
increasing, there is an urgent need for the development of
novel antibiotics. Furthermore, biologically active in-
gredients of natural compounds which have been used in
traditional medicine since ancient times might be promising
options to tackle this dilemma given that they might exert
antibiotic effects by themselves or enhance the antimicrobial
activities of conventional antibiotics when applied in
combination.

Hop and its biologically active ingredients

Hop (Humulus Lupulus L.) is a species of the hemp family
Cannabaceae and is cultivated since ancient times most
exclusively for the brewing industry, especially in Germany
and the United States of America [6]. For brewing purposes
secondary metabolites, namely humulone, lupulone and
xanthohumol, are extracted from the lupulin glands
(specialized epithelial cells) of female hop plants, which are
responsible for the typical bitter taste, for the stability, and
for the froth on top of the beer. Other than that, lupulin

glands secrete resins and essential oils as well as proteins,
polyphenols, lipids, waxes, cellulose, and amino acids [6].

In 1153, abbess Hildegard von Bingen wrote in her
“Physica sacra”, Book 1, Chapter 61: “putredines prohibet in
amaritudine sua”, pointing out, that the bitterness of hop
keeps some putrefactions from beverages, to which it may be
added, so that they may last longer [7]. Hildegard von
Bingen was the first person to detect antimicrobial effects
exerted by hop, which since then became an important part
in the brewing process. Before the use in the brewing in-
dustry, hops were traditionally applied for medicinal pur-
poses, mainly for the treatment of sleeping disorders, for
activation of gastric functions and as stomachic, antibacte-
rial, and antifungal remedies [8]. In recent years hop has also
been subject to research on numerous medical applications
particularly due to its inhibitory effects on bone resorption,
its tumor suppressive, anti-inflammatory [9, 10], and seda-
tive properties, and its disease-alleviating effects in neuro-
biological diseases such as Alzheimer’s disease, as well as
cardiovascular morbidities, diabetes mellitus among
others [11].

When addressing the molecular mechanisms underlying
the antibacterial effects of hop, Teuber and Schmalreck
hypothesized that the bacterial cell membrane was the main
target of the biologically active ingredients. The authors were
able to show that lupulone and humulone interfere with the
phosphoenolpyruvate (PEP) system of Gram-positive bac-
teria resulting in a membrane leakage and a subsequent
inhibition of respiration and synthesis of proteins, DNA and
RNA. The integrity of Gram-negative bacteria, however, was
not affected upon coincubation with the hop ingredients
which was most likely due to the serum phosphatides pre-
sent in the phospholipids containing outer membrane
leading to the inactivation of lupulone and humulone [12].

Due to their hydrophilic as well as lipophilic properties
hop compounds can also function as ionophores catalyzing
transport of ions across biological membranes [13]. This
effect traps protons at one membrane surface and exchanges
them forMn2þ or other cations. This lowers the intracellular
pH, which inhibits other transporters and induces the star-
vation of the bacteria cell [14]. Another study revealed that
the manganese-hop compound complexes inside the bacte-
ria cell function as an electron acceptor/donator inducing
oxidative stress [13]. All these antibacterial effects happen in
parallel, but depend of the pH of the medium given that low
pH favors the antibacterial activity [15].

Humulone

The total resins of the hop cone are divided into soft and
hard resins. Humulone and lupulone are part of the soft
resins, which can be further separated into a- and b-acids.

Humulone, belonging to the a-acids, is a phloroglucinol
derivate with two prenyl groups and one isovaleryl group as
a side chain and is responsible for the bitter flavor in hopped
beer. At least 32 congeners of humulon like cohumulone,
isohumulone and adhumulone have been isolated [16], of
which around 5–13% can be extracted out of dried hop
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cones [6, 17]. In this review all these derivatives will be
comprised in the term “humulone”. In nature, humulone are
crystalline with a melting point at 64–65 8C [18].

Lupulone

Lupulone is a part of b-acids and all derivatives of lupulone
like colupulone, adlupulone and prelupulone will subsumed
in the term “lupulone”. In dried hop the fraction of lupulone
is approximately 3–8% depending on the hop variety and
respective growth conditions [6, 17]. Lupulone and its de-
rivatives are crystalline, exert a melting point between 82
and 92 8C, are less water soluble and possess a higher hy-
drophobicity when compared to humulone [17].

Xanthohumol

Hard resins are the portion of the total resin that are soluble
in methanol and diethyl-ether. One small part of those hard
resins is the so-called yellow compound xanthohumol
(Greek: xantho 5 yellow), a polyphenol first isolated in
1913, which constitutes a fraction of 0.3–1.5% of weight in
dried hop cones [6] and is the only known naturally
occurring methylated hop resin. Upon oral administration
the bioavailability of xanthohumol is very low, but relatively
high concentrations could be achieved inside intestinal
epithelial cells given specific binding of the molecule to
cytosolic proteins [19]. Xanthohumol has gained medicinal
attention due its anti-cancer properties. In fact, the molecule
has been shown to inhibit virtually all stages of carcino-
genesis such as initiation, promotion, and progression of a
plethora of cancer types including intestinal, breast, ovary,
prostate cancer as well as multiple myeloma, and lympho-
cytic leukemia [20].

Aim

In this literature review we summarize studies addressing
antibacterial effects of biologically active ingredients in hop
such as humulone, lupulone and xanthohumol which might
be promising treatment options in the fight of infections
caused by pathogens including MDR bacteria.

METHODS

Inclusion and exclusion criteria

Studies addressing antibacterial effects of hop and its de-
rivatives in in vitro and in vivo experiments were included in
this review, whereas studies on antiviral, antifungal and
antiparasitic effects were excluded.

Search

The literature search was performed on the MEDLINE
database PubMed between the 23rd of August and 3rd of
September 2021. After initial screening search, it became
obvious, that there were no existing MeSH terms covering
hop in general which also held true for the hop compounds.

Instead of using MeSH terms we experimented with the tag
“Title/Abstract”. This tag ensured that the key words were
used in the title or abstract of articles. This search yielded
only three results, of which only one covered an experiment
with hop compounds. For the subsequent, less specific
search we used the hop compounds “lupulone”, “humulone”
and “xanthohumol” divided by the Boolean operator “OR”
in connection with the MeSH term “Anti-microbial agents”
by the Boolean operator “AND”, ensuring that articles
would end up in the final search mentioning “Anti-microbial
agents” and at least one of the biologically active ingredients
in hop. From the 50 results yielded by the query one study
had to be excluded because it was available in French lan-
guage only. Another 22 studies were excluded since they
were addressing different topics or antifungal, antiviral or
antiparasitic properties of hop. This had to be expected by
using the rather general term “antimicrobial agents” instead
of using a term addressing exclusively antibacterial effects.
Of the remaining 28 studies 8 were reviews. The remaining
20 studies were included in this review and will be sum-
marized in the following.

RESULTS

Antibacterial effects of hop ingredients – the role of pH

In 1949 Chin et al. used lupulone soluted in ethyl alcohol
and propylene glycol to a concentration of 1% and tested
this agent against Staphylococcus aureus FDA 209, Myco-
bacterium phlei and Mycobacterium tuberculosis H37Rv. An
inhibition of S. aureus was observed at a lupulone minimum
inhibitory concentrations (MIC) (i.e., the lowest concen-
tration of the tested agent that does not result in bacterial
growth) of 1.56 mg ml�1 up to a concentration of 1:1,000 of
the inoculum. Furthermore, a negative correlation between
antibacterial effect and pH could be assessed given that the
antibacterial properties of lupulone were enhanced at low
pH. Whereas lupulone could inhibit the growth of M. phlei
with an MIC of 50 mg ml�1 at pH 7 and 8, an MIC of 40 mg
ml�1 was assessed at pH 5 and 6. Even lower MICs were
obtained against M. tuberculosis, namely a lupulone MIC of
25 mg ml�1 at pH 7 and 8 and an MIC of 15 mg ml�1 at pH 6.

After adding 10% pooled human or horse serum to the
medium, Seitz-filtering and heat inactivation (i.e., at 56 8C
for 30min), the antibacterial activity of lupulone against M.
tuberculosis was not affected, whereas the same procedure
revealed a decreased antibacterial activity against M.
phlei. [21].

Simpson and Smith studied the influence of distinct
environmental factors including pH on the antibacterial
activity of hop in vitro. Therefore, the antibacterial activity
of humulone and lupulone against Lactobacillus brevis IFO
3960 were determined over the pH range 4–7. Increases in
pH resulted in less distinct antibacterial effects of both,
humulone and lupulone including derivatives indicative for
an inverse correlation between the pH and the antibacterial
activity of respective hop ingredients. Furthermore, the
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influence of cations on the antibacterial effects of hop con-
stituents against L. brevis were determined. Results revealed
that monovalent cations such as Kþ, Naþ, NH4

þ, Rbþ and
Liþ increased the antibacterial effect with Hþ resulting in
most distinct enhanced antibacterial results. Bivalent cations
such as Ca2þ and Mg2þ, however, decreased the antibacterial
activity of humulone and lupulone against L. brevis [15].

Roehrer et al. tested the antibacterial properties of xan-
thohumol. The authors purchased a commercially available
pre-concentrated xanthohumol extract (Xantho-Flav®) and
extracted xanthohumol (purity 98.6%) as well as the deriv-
ative xanthohumol C (95% purity). Then, the xanthohumol
extracts as well as Xantho-Flav® were tested at different
concentrations (i.e., 100 and 1,000 mM) against Bacillus
subtilis under varying pH conditions applying the disc
diffusion assay. Whereas B. subtilis growth was not inhibited
at a xanthohumol concentration of 100 mM (pH 7), a growth
inhibition could be observed at 1,000 mM (pH 7). Even
higher inhibition zone diameters were obtained for Xantho-
Flav® (18.6mm) and xanthohumol (18.2mm) at pH 5,
whereas at pH 6 the inhibition zone diameters were smaller
(10.0–13.5mm) for 1,000 mM of respective molecules. The
authors concluded that the antibacterial effect of xantho-
humol was pH dependent: the lower the pH, the higher the
observed antimicrobial activity [22].

Another study assessed the MIC of hop compounds
against foodborne pathogens such as Escherichia coli,
Salmonella enterica, Listeria monocytogenes and S. aureus.
Therefore, humulone and lupulone were dissolved in
propylene glycol to a final concentration of 40% and 20%,
respectively, whereas xanthohumol was dissolved in
DMSO and further diluted in sterile deionized water. Re-
sults revealed that no relevant inhibition of the Gram-
negative bacteria E. coli and S. enterica could be observed
by the hop compounds. Humulone was able to inhibit the
growth of the two Gram-positive bacteria strains at MICs
from 6.3 up to 200 ppm. In case of lupulone the MICs were
lower (ranging from 1.6 up to 12.5 ppm), whereas the
xanthohumol MICs were slightly higher and ranged from
3.1 to 12.5 ppm. The authors also observed that growth
inhibition was pH dependent given that all measured
MICs were lower at pH values of 5.0 when compared to
pH 7.2 [23].

Antibacterial effects of hop ingredients against Gram-
positive versus Gram-negative bacteria

In an early study from 1949, Salle and colleagues tested the
inhibitory activity of lupulone against a plethora of bacterial
species. Therefore, 1 g lupulone was dissolved in 25ml of
propylene glycol and then added to distilled water for a
1:500 emulsion. Using the penicylinder method the emul-
sion was then added to a medium of 1,000ml containing
NaCl (5 g), beef extract (5 g), peptone (10 g), agar (20 g) and
distilled water. Lupulone (1:10,000 concentration) inhibited
the growth of all 12 tested Gram-positive bacterial isolates
(Micrococcus lysodeikticus, Bacillus anthracis, Streptococcus
(i.e., Enterococcus) faecalis), whereas the 1:500 emulsion did

not inhibit any of the 18 Gram-negative bacteria. Remark-
ably, lupulone was able to inhibit the growth of M. tuber-
culosis strain H37Rv in a 1:300,000 emulsion indicative for a
strong in vitro antibiotic activity.

Furthermore, the authors expanded their study to in vivo
tests. Therefore, mice were challenged with Streptococcus
pyogenes and subsequently treated with lupulone (2mg three
times daily via the intraperitoneal route), but all mice died
within 24 h. The authors concluded that the antibiotic effect
of lupulone was completely inactivated in vivo [24].

The antibacterial activity of xanthohumol against S.
aureus and E. coli was tested in another study. The poly-
phenol had been isolated from superficial carbon-dioxide-
extracted hops, with a purity of more than 95% and was
diluted to a final concentration of 100 mg ml�1. Using the
disc diffusion method E. coli was resistant, whereas the S.
aureus was tested susceptible with an inhibition zone
diameter of 3.57mm [25].

In 1970 Teuber investigated the inhibitory activity of hop
compounds against both, Gram-positive and Gram-negative
bacterial species such as B. subtilis, S. aureus, and M. lyso-
deikticus and furthermore, against E. coli and Proteus mir-
abilis. Teuber aimed for the inhibitory concentrations
resulting in a 50% bacterial growth reduction. The Gram-
negative bacteria E. coli and P. mirabilis were neither
inhibited by humulone nor by lupulone. Whereas a con-
centration of 32 mg ml�1 humulone was needed to achieve a
50% reduction in bacterial growth of M. lysodeikticus
(MIC50), the humulone MIC50 against B. subtilis and S.
aureus were even lower (i.e., 16 mg ml�1). Overall, the MIC50

values of lupulone were slightly higher, with concentrations
ranging from 20 to 62 mg ml�1 against the three Gram-
positive bacterial strains. Of note, this has been the only
study to date describing more pronounced antibacterial ef-
ficacies of humulone versus lupulone [26].

Anti-staphylococcal and anti-biofilm activities of hop
ingredient

In their study Bogdanova and colleagues assessed the anti-
bacterial activities of humulone, lupulone and xanthohumol
against different Staphylococcus species including strains
causing life-threatening biofilm-associated infections of
artificial heart valves, for instance. The tested hop extracts
contained between 83.2% and 90.0% of the hop ingredients.
Methicillin-susceptible Staphylococcus epidermidis and S.
aureus strains, three methicillin-resistant strains, namely S.
epidermidis, Staphylococcus capitis subspecies ureolyticus, as
well as S. aureus which had been isolated from an intrave-
nous catheter of a diseased patient were included. The an-
alyses revealed that relatively high MICs between 7.5 and
30.0 mg ml�1 were obtained for humulone, whereas the
MICs of xanthohumol were significantly lower (<4.0mg ml�1).
The lowest MICs of 0.5 mg ml�1, however, were obtained
for lupulone. In addition, the authors also reported mini-
mum bactericidal concentrations (MBC) ranging from 1.0
to 15.0 mg ml�1 for lupulone and xanthohumol on all tested
strains.
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The study also assessed the ability of the tested hop
compounds to penetrate formed biofilms. Particularly xan-
thohumol could effectively reduce bacterial biofilm release.
Collectively, this study showed potent anti-staphylococcal
and biofilm-reducing effects of distinct bioactive hop in-
gredients [27].

In order to test the antibacterial activity of xanthohumol
against S. aureus and S. epidermidis, Bartmanska et al. used
spent hops that had been obtained as waste material from
brewing facilities containing many valuable flavonoids that
were not extracted in the brewing process. The content of
xanthohumol, the main flavonoid found in spent hops,
ranged from 0.1 to 1% of the cone dry mass. Six xantho-
humol derivatives were obtained by microbial trans-
formation, by chemical modifications or by extraction from
the waste hops, and the antibacterial activities were assessed
by measurements of the MIC80 (defined as the concentration
inhibiting 80% of the bacterial growth). The analyses
revealed that the xanthohumol derivatives showed antibac-
terial activity against methicillin sensitive and resistant
strains of S. aureus and S. epidermidis with MIC80 values
ranging from 5 to 50 mg ml�1, whereas ampicillin as anti-
bacterial control yielded MIC80 values between 2.5 and 5 mg
ml�1, respectively. The authors suggested further in-
vestigations addressing some compounds from spent hops
and their derivatives as potential treatment options of
staphylococcal infections [28].

Antimicrobial effects of hop ingredients against
bacteria involved in the immunopathogenesis of acne
vulgaris

Weber et al. investigated the potential of humulone and
lupulone against Propionibacterium acnes and S. aureus
strains involved in hyperkeratosis and inflammation during
pathogenesis of acne vulgaris and used hop–CO2–extract
with 50% humulone and 50% lupulone. For MIC de-
terminations the authors applied the broth microdilution
assay and tested four different strains of P. acnes, which were
inhibited by a concentration of 3.1–6.2 mg ml�1. As a posi-
tive control the lincosamide antibiotic clindamycin was used
resulting in MICs of less than 0.2 up to 0.8mg ml�1 against
respective P. acnes isolates. Against S. aureus the obtained
MIC results ranged between 6.25 and 12.5 mg ml�1 of
lupulone, whereas clindamycin inhibited the bacterial
growth with 0.002–0.25 mg ml�1. Of note, the hop extract
was able to inhibit the growth of the methicillin-resistant S.
aureus (MRSA) at 12.5mg ml�1, whereas the clindamycin
MIC was 50 mg ml�1. Hence, lupulone could effectively
inhibit growth of acne vulgaris associated pathogens such as
P. acnes and S. aureus including MRSA isolates [29].

Yamaguchi et al. tested hop compounds against various
bacterial species that are discussed to be involved in the
immunopathogenesis of acne vulgaris. Humulone exerted
MICs ranging from 3 to 30 mg ml�1 against P. acnes, S.
aureus, S. epidermidis, S. pyogenes and Kocuria rhizophila,
whereas lupulone could inhibit bacterial growth at rela-
tively low MICs of between 0.1 and 1 mg ml�1, and with an

MIC of 10 mg ml�1 against S. epidermidis. For xanthohu-
mol MICs between 1 and 3 mg ml�1 were measured against
respective acne associated bacterial strains. Notably, the
authors hypothesized that certain lactobacilli involved in
the beer brewing process might develop a hop resistance
suggesting that the potential use of hop components may
be associated with evolving hop-resistant acne associated
bacteria [30].

Further antibacterial effects of hop ingredients

Teuber and Schmalreck, the group that described the bac-
terial membrane-leakage following application of hop in-
gredients, tested humulone and lupulone against B. subtilis.
The pure hop compounds were dissolved in 96% ethanol
and diluted to the final concentration with 64% ethanol.
Whereas ethanol alone had no antibacterial effect, lupulone
exerted a more pronounced growth inhibition of B. subtilis
(with an MIC of 1mg ml�1) as compared to humulone (MIC
of 2 mg ml�1). The authors postulated a correlation between
hydrophobicity and the antibiotic potential of the hop
compounds due to the fact that the solubility of lupulone in
distilled water is lower than humulone [12].

In another study humulone, lupulone and xanthohumol
were tested against several obligate anaerobic gut bacterial
isolates including Bacteroides fragilis, Clostridium per-
fringens and Clostridioides difficile.

The MIC of humulone ranged from 160 to 1,540 mg ml�1

against B. fragilis and from 680 to 1,370 mg ml�1 against the
four tested C. perfringens strains. Lower MICs were
measured for lupulone ranging from 50 to 430mg ml�1 for
B. fragilis and 150–260 mg ml�1 for respective C. perfringens
strains. The lowest MICs and thus the most effective anti-
bacterial results were obtained for xanthohumol ranging
from 10 to 56 mg ml�1 in case of B. fragilis and C. per-
fringens, respectively, whereas the MBCs were slightly higher
(up to 80 mg ml�1).

Against the clinical C. difficile isolates included, lupulone
was shown to be the most effective compound with MICs
ranging from 12 to 96 mg ml�1 and MBCs between 16 and
212mg ml�1. For xanthohumol, MICs from 32 mg ml�1 to
107mg ml�1 and MBCs between 40 and 107mg ml�1 were
obtained, whereas the respective humulone MICs were
significantly lower. The authors concluded that these results
were close to the MICs and MBCs when testing conventional
synthetic antibiotics against respective bacterial isolates
indicating potent antibacterial effects of defined hop in-
gredients against anaerobic bacteria and pathogens [31].

In a study from China, the authors analyzed the antibac-
terial activity of lupulone against M. tuberculosis and deter-
mined an MIC of 10mg ml�1 against M. tuberculosis H37Rv
(ATCC 27294) strain. Furthermore, the authors analyzed the
transcriptional responses of M. tuberculosis upon lupulone
coincubation. The applied genome-wide transcription analyses
revealed a total of 540 genes that were differentially regulated
by lupulone of which several were associated with heteroge-
nous molecules and pathways such as surface-exposed lipids,
cytochrome P450 enzymes, proline-glutamate/proline-proline-
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glutamate (PE/PPE) multigene families, ABC transporters and
protein synthesis, respectively [32].

Synergistic antibacterial effects of hop ingredients

In a study from 1964, lupulone and its derivative hexahy-
drolupulone were diluted in ethanol and ethylene glycol in
solutions ranging from 1:10,000 to 1:400,000. Two strains of
S. aureus were tested of which the first one had been isolated
from a patient with recurrent furunculosis and tested
resistant against multiple antibiotics such as penicillin,
erythromycin, streptomycin, tetracycline and oxytetracy-
cline, but was susceptible towards bacitracin, novobiocin,
neomycin, methicillin, vancomycin, kanamycin, ristocetin
and chloramphenicol. The latter S. aureus strain was
obtained from the U.S. Department of Agriculture in
Washington D.C. and was susceptible to penicillin. The anti-
staphylococcal activities of lupulone and its derivative were
determined by a two-fold tube dilution test. Both molecules
inhibited the S. aureus growth at 10 mg ml�1. In combination
with penicillin, hexahydrolupulon could inhibit staphylo-
coccal growth at an MIC as low as 1mg ml�1. In addition,
synergistic antibacterial effects were assessed upon coincu-
bation of respective lupulone compound with erythromycin,
tetracycline or oxytetracycline (100 mg ml�1 each) with
resulting MIC ranging from 2.5 to 5.0 mg ml�1 [33].

In another study, Rozalski et al. evaluated the antibacte-
rial properties of three different hop extracts on distinct
S. aureus strains and on one Enterococcus faecalis strain by
using the microdilution assay. Therefore, the hop cones
extract (derived from wasting material of the brewing in-
dustry containing no xanthohumol) was purified with a final
xanthohumol yield of 51% of the dry matter as determined
by high-pressure liquid chromatography. The hop had been
defatted, freeze-dried and dissolved in DMSO. The other
tested compounds were pure xanthohumol and a natural hop
cone extract containing xanthohumol. The authors observed
that the antibacterial activities were dependent on the xan-
thohumol content since the xanthohumol extract from the
wasting material of the brewing process were slightly less
active than the other xanthohumol containing agents. When
tested against two S. aureus strains (namely strains 29213, D5
and A7), the MICs for pure xanthohumol were between
0.015 and 0.125mg ml�1, whereas the E. faecalis 29212 strain
was inhibited at a concentration of 0.062mg ml�1 xantho-
humol. The results for the xanthohumol containing hop
cones extracts were comparable, whereas the MICs for
the xanthohumol-free spent hops extract the MICs ranged
between 1 and 2mg ml�1 and were thus higher, but still
indicative for pronounced antibiotic effects.

The authors further addressed potential synergistic ef-
fects of respective extracts in combination with oxacillin,
vancomycin, and linezolid against S. aureus strain ATCC
29213. Whereas the antimicrobial activity of vancomycin
could not be further increased by either extract, coincuba-
tion with respective extracts enhanced the antibiotic activity
of oxacillin, which also held true, but to a lesser extent, for
linezolid.

Finally, the authors analyzed the effect of xanthohumol
extracts on bacterial biofilm formation. Therefore, S. aureus
ATCC 29213 strain was cocultured with the hop extracts at
their 1/2, 1/4 and 1/8 MICs for 24 h and the biofilm for-
mation assessed by using a LIVE/DEAD detection assay. In
comparison to a positive control, the xanthohumol con-
taining compounds inhibited the biofilm formation by up to
more than 80% at 1/2 of their MICs and between 40% and
60% at a concentration of 1/4 of their MIC [34].

Natarajan et al. investigated potential synergistic anti-
bacterial effects of hop compounds and synthetic antibi-
otics. Therefore, lupulone and xanthohumol (with purities
between 98% and 100%), were added to commercially
prepared antibiotic creams and tested against Gram-posi-
tive and Gram-negative bacteria by using the disc diffusion
assay. The obtained results revealed synergistic effects of
both hop compounds in combination with the synthetic
antibiotics polymyxin B, ciprofloxacin, and tobramycin
against a wide spectrum of bacteria (including Pseudo-
monas fluorescens, P. mirabilis, Bacillus megaterium,
Staphylococcus saprophyticus, Proteus vulgaris, Pseudo-
monas aeruginosa and B. subtilis). Besides the known
mechanism underlying the distinct antibacterial effects of
the three compounds from different antibiotic classes, the
authors hypothesized that an enhanced bacterial perme-
ability caused by lupulone and xanthohumol might over-
come the resistance of the bacterial membrane to the
permeation of the antibiotic. Furthermore, polymyxin
which usually does not exert antimicrobial effects against
Gram-positive bacteria, was able to synergize with the hop
compounds by inhibiting the tested bacterial isolates
including B. megaterium, B. subtilis and S. saprophyticus.
Moreover, lupulone was able to synergize with polymyxin
on Gram-negative bacteria which was rather unexpected
given lupulone’s lack of antimicrobial effect against Gram-
negative bacteria. The authors concluded that the syner-
gistic effects observed with lupulone in combination with
synthetic antibiotics was independent of the bacterial cell
wall architecture [35].

In a study from Poland, a two-step supercritical fluid
extraction was applied in order to obtain two hop samples.
The first one, called “crude extract” contained humulone
(42%), lupulone (19%), terpene derivatives and xanthohu-
mol, whereas the other extract was pure xanthohumol. Both
extracts were tested against S. aureus, S. epidermidis, Strep-
tococcus mutans, Streptococcus sanguinis and P. acnes.
Against S. epidermidis both extracts were shown to be very
effective with MICs of 0.098 mg ml�1. Similar antimicrobial
activities were obtained for the synthetic antibiotics genta-
micin and sparfloxacin against S. epidermidis. Slightly higher
extract MICs were measured against S. aureus (0.195mg ml�1)
and S. mutans (0.391mg ml�1). Xanthohumol did not exert
potent growth inhibition of S. sanguinis, but the “crude
extract” inhibited the growth at an MIC of 0.781mg ml�1,
similar to ciprofloxacin and even more effective than the third
generation cephalosporine ceftriaxone. Moreover, the hop
extracts displayed relatively high MICs of 15.6–62.5mg ml�1

against two P. acnes strains.
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Another aim of this study was to assess potential syn-
ergistic antibacterial interactions of hop compounds and
distinct synthetic antibiotics. For synergy assessment, the
fractional inhibitory concentration index (FICI) using the
MIC of tested agents was applied. Results demonstrated that
the “crude extract” showed synergistic or at least additive
effects in combination with cefepime, ceftriaxone, cipro-
floxacin and sparfloxacin against all tested Gram-positive
strains. Xanthohumol, however, did not exhibit as potent
synergistic antibacterial effects in combination with respec-
tive antibiotics when compared with the “crude extract”. The
hop compounds did neither show synergistic effects when
combined with gentamicin, nor did they exert antagonistic
effects in combination with the applied antibiotics [20].

In another study, the authors tested chitosan nano-
particles, a biopolymer with antibacterial activity as a carrier
for lupulone and xanthohumol. Chitosan was obtained from
shrimp and then prepared by the ionotropic gelation method.
Lupulone/xanthohumol in chitosan solutions (comparing 2:1
and 3:1 concentrations) were then tested against S. aureus
and P. aeruginosa. As expected, the activity against S. aureus
was higher than the antibacterial activity against P. aerugi-
nosa. Remarkably, the encapsulation of lupulone with chi-
tosan nanoparticles resulted in synergistic antibacterial
effects against both Gram-positive and Gram-negative bac-
teria. Lupulone and xanthohumol showed comparably pro-
nounced antibacterial activities against S. aureus and S.
epidermidis, given that both staphylococcal strains were
inhibited by the hop compounds at 93mg ml�1 in a 3:1
lupulone/xanthohumol to chitosan solution. When tested
against P. aeruginosa, however, the MICs of 187mg ml�1

were higher for both hop compounds. In summary, all tested
solutions increased the antibacterial effect against a broad
spectrum of bacteria and showed remarkable synergistic in-
teractions between chitosan and hop compounds. The au-
thors concluded that respective compounds might be a
promising preventive measure of contact dermatitis reported
in hop pickers and the ability from chitosan masking the
strong bitter taste of hop [36].

In vivo antibacterial effects of hop ingredients

In their in vivo study, Tillman et al. evaluated the effect of
lupulone on the chicken intestinal microbiota. The intestinal
microbiota of broilers was quantified after adding lupulone
to the drinking water (final lupulone concentration of 125mg
ml�1). 20 newly hatched chicken were separated into five
groups. Groups 3 and 5 received lupulone on days 13–22,
whereas groups 4 and 5 were perorally administered
0.1mlC. perfringens on days 14–16. Birds from group 1 were
sacrificed on day 14 and the remaining ones eight days later.
Cecal and midgut sections were removed from the chicken
gastrointestinal tracts for further investigations using
quantitative real-time PCR. The results did not reveal any
statistically significant effects of lupulone on the overall gut
microbiota composition, irrespective of the section within
the bird’s intestinal tract. However, two bacterial strains
showed a significant reduction after the treatment with

lupulone since C. perfringens counts were significantly lower
in the cecum and midgut of the lupulone treated cohort as
compared to respective control birds, which also held true
for the Lactobacillus counts in the midgut [37].

DISCUSSION

Findings of the research

Our literature survey revealed that hop compounds can
inhibit bacterial growth in general. Lupulone and xantho-
humol in particular [23, 27, 31] were shown effective against
Gram-positive, but not Gram-negative bacterial species,
however [23, 24, 25]. In case of humulone if at all, rather
minor antibacterial effects could be assessed, whereas one
paper described antibacterial effects directed against
B. subtilis and S. aureus [26]. Remarkably, lupulone and
xanthohumol were shown to be effective also against multi-
drug-resistant bacteria including S. epidermidis, S. capitis
subspecies ureolyticus, and notably, S. aureus (MRSA) [27, 28,
33]. Furthermore, studies revealed that the antibacterial
activities of hop constituents were highly pH dependent
given that more pronounced antibacterial effects could be
observed upon lower pH in the applied media [15, 21–23].

Regarding the molecular mechanism underlying the
antibacterial effects of hop compounds, Teuber and
Schmalreck hypothesized that the antibacterial activities of
lupulone and humulone against B. subtilis, for instance, were
due to induced bacterial membrane leakage [12]. Another
study found transcriptional changes in genes responsible for
surface-exposed lipids, cytochrome P450 enzymes, PE/PPE
multigene families, ABC transporters and protein synthesis
in hop-treated Mycobacteria [32].

Two studies demonstrated that the antibacterial effi-
cacies of the tested hop compounds were virtually com-
parable to those of conventional synthetic antibiotics [20,
31], whereas other papers described even more enhanced
antibacterial effects [28, 29]. The differences in observed
antibacterial effects most likely depend on the respective
compound, the applied tests as well as bacteria that have
been used.

Remarkably, when combined with conventional antibi-
otics such as penicillin, erythromycin, tetracycline, oxytet-
racycline, oxacillin, vancomycin, linezolid, cefepime,
ceftriaxone, ciprofloxacin, sparfloxacin, polymyxin B, and
tobramycin additive or even synergistic effects could be
assessed when tested against Gram-positive bacteria indic-
ative for antibiotic enhancing properties of hop ingredient
[20, 33–35]. Strikingly, one study found out, that these
synergistic effects were not only effective against Gram-
positive, but also distinct Gram-negative bacteria including
P. vulgaris, Serratia marcescens and P. aeruginosa [35]. In
line, synergistic effects could be shown of lupulone and
xanthohumol in combination with chitosan nanoparticles,
which were used as carrier, against both Gram-positive and
Gram-negative bacteria including S. aureus, S. epidermidis,
and P. aeruginosa, respectively [36].
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One needs to take into consideration that the vast ma-
jority of the here reviewed papers reported in vitro results,
whereas in vivo studies were, however, scarce and even
conflictive. For instance, lupulone was described to be
inactivated when injected into mice via the intraperitoneal
route [24], whereas in another study the authors hypothe-
sized, that lupulone would retain its antibacterial effects
active under physiological conditions in vivo [21].

One study addressed the gut microbiota changes in
chicken following peroral treatment with a hop ingredient.
Overall, the changes in intestinal microbiota compositions
following lupulone application was rather minor given that
only Lactobacillus and C. perfringens counts were lower as
compared to placebo treated counterparts [37].

Conclusion and outlook

In summary, biologically active ingredients in hop such as
lupulone and xanthohumol and its derivatives constitute
valuable natural compounds which alone or in combination
with synthetic antibiotics might be considered as promising
options to combat infection by pathogens including MDR
bacteria. However, a lot more research, both in vitro and
especially in vivo, is needed to provide more evidence for a
translational application from bench to bedside.

Limitations

This literature survey aimed to explore antibacterial prop-
erties of biologically active hop ingredients, aiming at a
search query both, as sensitive and broad as possible. But
there might be relevant studies that have not been included
in this review. Our search yielded three different compounds
in hop with antibacterial properties. Through the research
process we decided to search for antibacterial properties in
all three compounds (instead of focusing on a single one
only) in order to assure a broader overview of the antibac-
terial activity exerted by hop. In addition, the research
process was impeded since there are no MeSH Terms for
humulone, lupulone and xanthohumol on the MEDLINE
database PubMed.

Furthermore, the comparability of results between the
reviewed studies was limited due to differences in com-
pounds and solvents used, in order to prepare the com-
pounds and the test conditions, for instance. From the 20
studies in this review only two conducted in vivo experi-
ments testing lupulone in mice and chicken. The other two
compounds were only tested in vitro which leaves the
question regarding translation of results to humans (“from
bench to bedside”) unanswered.
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