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ABSTRACT

Culinary herbs and spices have previously been recognised for their potential impact on health through anti-
oxidant and antimicrobial properties. They may also be promotors of positive microbial modulation by stimu-
lating beneficial gut bacteria during fermentation, increasing the production of short chain fatty acids and
thereby exhibiting a prebiotic effect. In the present paper, current literature around herb and spice consumption,
gut microbiota modulation and prospective health benefits were reviewed. Herb and spice consumption can
positively modulate gut microbes and possibly play an important role in inflammation related afflictions such as
obesity. Current literature indicates that few human studies have been conducted to confirm the impact of herb
and spice consumption on gut microbiota in connection with prospective health outcomes and inconsistencies in
conclusions therefore remain.

1. Introduction

Herbs and spices have been used for culinary and medicinal purposes
including digestive aids and various other improvements to health, for
millennia. In recent times, they have gained attention in gut microbial
studies for their high polyphenol content, antioxidant and anti-
inflammatory properties. These aspects may result in potential health
benefits such as a reduction in inflammation, reduced risk and or pro-
gression of non-communicable diseases such as obesity (Kim et al.,
2017), cardiovascular disease (CVD) (Vamanu et al., 2019) and de-
mentia (Hamaguchi et al., 2009). Advances in molecular and related
methods have uncovered an abundance of diversity in the gut micro-
biome which has helped to identify potential biomarkers of gut health
that may reveal connections between gut profiles and disease states
(Zhernakova et al., 2016). Subsequently, studies have demonstrated the
influence of culinary herbs and spices on the gut microbiome, intestinal
barrier function and inflammation.

The main objective of this paper is to investigate current research on
gut microbial modulation with culinary herbs and spices. A secondary
objective is to highlight gut related health effects potentially associated
with herb and spice consumption. A review of recent studies on gut
microbial modulation with culinary herbs and spices will provide insight
on potential health benefits associated with their intake and determine
future research needs in this area.

* Corresponding author.
E-mail address: s.m.dahl@pgr.reading.ac.uk (S.M. Dahl).
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2. Herb and spice consumption

Culinary herbs are associated with the fresh leaf and flowers (aerial
parts) of a plant while the remainder i.e. root seed, bark, stem, berries
and bud, is categorised as a culinary spice and usually dried (Tapsell
et al., 2006). Herbs and spices have been used for culinary purposes such
as food preservation, taste enhancement, aromatics as well as medicinal
purposes including digestive aids, nausea prevention and various other
improvements to health in ancient and contemporary times. Assyrians
documented the addition of liquorice root to a plant-based mixture used
to cure a gastrointestinal illness with colic-like symptoms in first mil-
lennium BC (Bock, 2012). Texts containing recipes from Babylonia ca.
1700 BCE attest the use of garlic, coriander, cumin, juniper berries, and
mint as culinary ingredients and condiments (Bottéro, 1987). Basil,
mint, thyme and rosemary were consumed in ancient Greece and Rome
(Tapsell et al., 2006). Ayurveda, an ancient system of traditional med-
icine originating in India and still practised today, advocates herb and
spice use for two of its principles: the promotion of good health and
prevention of disease or its risk. Among many herbs used in this regard,
liquorice is used to combat gastrointestinal discomfort (Peterson, Van-
dana, et al., 2018), ginger is consumed to alleviate indigestion, and
turmeric, known for its anti-inflammatory properties is advised for
jaundice and gut disorders (Tapsell et al., 2006).

Many herbs and spices consumed in ancient times are still ingested
today for culinary and medicinal purposes. Liquorice root is used as a
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natural sweetener and digestive aid (NCCIH, 2016). Basil, rosemary,
thyme, mint and garlic are included in Mediterranean type diets. Dietary
supplements of mint are ingested for improving symptoms of Irritable
Bowel Syndrome (IBS) and garlic has been indicated to reduce blood
cholesterol and high blood pressure (NCCIH, 2016). Although evidence
may be inconclusive, Tapsell et al. (2006) suggested that these herbs
may be responsible for health benefits conferred by the Mediterranean
diet which may reduce risks associated with non-communicable diseases
(NCDs) such as stroke, CVD, obesity and certain cancers (Martinez-
Lacoba et al., 2018). As oxidative stress and inflammation are factors in
many of these diseases, it is possible that herbs contribute to reduced
oxidative stress and inflammation effects associated with the Mediter-
ranean diet.

The reason that some herbs were consumed for certain illnesses in
ancient times may not always rest on evidence-based evaluation of their
benefits, but on other, sometimes metaphysical qualities of the herbs
and perceived origin of illnesses. Ancient and traditional use of culinary
herbs and spices can provide an indication for consumption, but are
unable to serve as a guide or prescription for beneficial health without
thorough scientific investigation. For example, Thumann et al. (2019)
advised that a greater depth of investigation is required to understand
the interactions of liquorice root constituents and gut microbes ahead of
use for medicinal purposes. Evidence from laboratory experiments, i.e.
characterising herb and spice substrates, in vitro testing of their efficacy
in gut modulation and human studies to identify the health benefits
which may stem from herb and spice modulation of the gut microbiome
are needed to support any recommendation of culinary herb and spice
consumption.

3. Gut microbiota composition, acquisition, development and
function

Approaches to characterising and identifying gut microbiota can be
culture dependent or culture independent. Culture-dependent ap-
proaches rely on traditional methods of plating bacteria. Culture-
independent methods include fluorescent in situ hybridisation (FISH),
a low throughput process where fluorescent DNA probes are used to
illuminate select bacteria in the sample under investigation. Coupling
FISH with flow cytometry is a widely used high throughput method for
quantitative analysis of often non-culturable gut microbiota however
autofluorescence from particles in samples may provide false counts of
microbes (Shah et al., 2016; Szollosi et al., 1995). Advances in other
culture-independent approaches such as sequencing of 16S ribosomal
RNA gene amplicons from polymerase chain reaction (PCR) and meta-
genomics sequencing (Jovel et al., 2016), are high throughput and have
enabled increased knowledge of the human gastrointestinal (GI)
microbiota over the past 15 years (Li et al., 2014). While DNA
sequencing techniques help to understand abundance and diversity of
gut microbial communities and are currently popular in the field of
microbiome studies, investigation into microbial interactions between
the immune system and the gut with immunoglobin A sequencing (IgA-
seq) may become more prominent due to the ability to target taxa
associated with dysbiosis (Nakajima et al., 2018; Weis & Round, 2021).
Although there is a better understanding of the composition of the gut
microbiota, its complete functionality remains far from clear.

3.1. Composition

The gut microbiota is a diverse population of microorganisms within
the GI tract which includes viruses, bacteria and eukaryotes. It is esti-
mated to contain ~3.8 x 10'2 microbial cells (Sender et al., 2016) with
the majority of bacteria being found in the large intestine or colon.
Bacteria which can be beneficial or pathogenic to the host, commensal
or transient in the gut microbiota are categorised top-down into king-
doms, phyla, classes, orders, families, genera, species and strains. The
Human Genome Project, which worked on the characterisation of the
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gut microbiome in connection with disease, identified 2172 species from
12 phyla of which over 90 % were found in Firmicutes, Proteobacteria,
Actinobacteria, and Bacteroidetes (Hugon et al., 2015). Although
composition of gut microbiota may be more consistent in adults, it can
vary in composition in response to influential factors such as diet, age,
environment, health, disease and use of medication (Rodriguez et al.,
2015).

3.2. Acquisition and development

Development of the gut microbiota progresses in stages from birth
with each being marked by a different group of colonising microbes.
These microbes may be influenced by genetics, and method of birth
(Rodriguez et al., 2015). For example, Lactobacillus spp. are dominant
colonisers in vaginal deliveries (Thursby & Juge, 2017). As development
of gut microbiota progresses, it becomes impacted on by diet and may
display a less diverse microbiota with dominance in Bifidobacterium spp.
as seen in breast fed infants (Dogra et al., 2015). In contrast, a more
diverse microbiota which excludes a dominance in Bifidobacterium spp.
has been seen in formula fed infants (Yu et al., 2013). At 3 to 5 years of
age, the microbiota is thought to be complete (Binns, 2013). Composi-
tion is relatively constant, yet exclusive to the host as it becomes similar
to the microbiota of an adult. For the duration of life, microbial
composition will continue to be affected by diet, environment, lifestyle,
medicine and health status (Binns, 2013; Dogra et al., 2015; Thursby &
Juge, 2017).

3.3. Function

To study the microbial community of the gut in vitro models, using
human faeces in batch culture fermentations and more complex multiple
stage gut models have explored functionality of the microbiome (Wil-
liams et al., 2015), to determine the likely impact of an additional di-
etary ingredient to the microbial community. This has enabled data to be
gathered on the potential of different substrates to support members of
the microbiota and metabolites within a controlled environment but
does not reproduce physiological or anatomical interactions of the host.
Animal studies can also provide a controlled model for investigating the
function of host gut microbiota interactions in health and disease states
(Zhang et al., 2017; Zhao et al., 2020), and can be promising when
working with un-culturable bacteria. Human intervention studies
involve more variation, in terms of dietary variations, exercise, age and
genetics, but are the definitive way to determine the impact of an
intervention on the faecal microbial community and on wellbeing.
Indeed, host gut interactions affiliated with health or disease can be
studied with the use of biomarkers in human intervention studies
however, results are not always reproduceable due to intrinsic microbial
variation among subjects (Qin et al., 2022). Nevertheless, randomised
controlled trials demonstrating health benefits in the host together with
in vitro approaches are needed to confirm a potential prebiotic (Gibson
et al., 2017). Observational studies have investigated the role of gut
microbiota through comparisons in health and disease. Gut microbiota
are thought to be crucial to host development and function as they play a
significant role in vitamin synthesis (Rowland et al., 2018), harvesting
energy during the metabolism of complex indigestible dietary compo-
nents through anaerobic fermentation (Rowland et al., 2018), preser-
vation of the gut barrier through epithelial regulation, pathogen
deterrence (Assimakopoulos et al., 2018) and regulation of immune
function, including inflammatory status (Larsen, 2017). These functions
were discussed by Wang et al. (2017), however, understanding of the
total functionality of gut microbiota remains incomplete.

4. Gut microbial modulation and health

Alteration or modulation of gut microbes through diet is a way to
maintain and achieve homeostasis in the gut microbiota and improve
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overall host health. Modulation of gut microbes can occur by enhancing
a population of bacteria through habitual consumption of specific di-
etary components, i.e. prebiotics (Gibson et al., 2017). This may result in
increased abundance and diversity of the gut bacterial population.

Poor nutrition, ageing, illness and ingestion of some medications
including antibiotics are among the factors which can disrupt homeo-
stasis in the gut, causing an unfavourable shift or dysbiosis amongst
beneficial and pathogenic bacteria. Despite this, it is unknown whether
similar changes in the composition of the gut microbial community is a
causal or consequential circumstance in disease.

4.1. Prebiotics

Efforts to regain gut homeostasis can be made through consumption
of substrates termed prebiotics, that are selectively utilised by beneficial
bacteria to confer a health benefit on the host (Sanders et al., 2019).
Confirmed prebiotics are mainly non-digestible dietary carbohydrates
that surpass digestion in the upper gut and enter the large intestine or
colon intact, such as galactans and fructans. Galactans are galacto-
oligosaccharides (GOS) synthetically produced from lactose, while
fructans are fructo-oligosaccharides (FOS) and inulin which are intrinsic
to some plant-based foods such as garlic, onions, chicory root, banana,
leek and Jerusalem artichokes.

4.2. Function

Upon reaching the colon, dietary prebiotics are selectively used by
favourable bacteria such as bifidobacteria and lactobacilli for meta-
bolism (Gibson et al., 2017). During this process, the substrate is fer-
mented and becomes an energy source to enhance and modulate the
microbiome (Sanders et al., 2019). Hence, dysbiosis resulting from
distress such as poor nutrition, illness, antibiotic use, surgery, lifestyle
and ageing, may be improved through consumption of prebiotics as
foods or supplements (Gibson et al., 2017).

4.3. Short-chain fatty acids and health

Indigestible carbohydrate fermentation by anaerobic gut bacteria,
thought to be positive for health (Rastall & Gibson, 2015), can form
gases as well as organic acids as metabolic end products, known as short-
chain fatty acids (SCFAs). SCFAs such as butyrate, propionate, and ac-
etate positively influence genetic expression (Canfora et al., 2015),
contribute towards a range of metabolic functions and potential health
benefits such as reduced obesity markers and the progression of T2D as
well as possibly functioning as anticarcinogens (Canfora et al., 2019).

Butyrate is the preferred source of energy for colonic epithelial cells
and offers protection against colon cancer through its ability to instigate
cell death or apoptosis in cancerous colonic cells (Zeng et al., 2019).
Acetate and propionate may play roles in obesity and weight control
through the stimulation of satiety hormones and regulation of appetite
suppression (Canfora et al., 2019). Acetate and butyrate may inhibit
lipolysis and improve insulin sensitivity in obese individuals (Vrieze
et al., 2012).

4.3.1. Metabolite formation

Pathways of metabolite formation are not always straightforward.
Bifidobacterium spp. do not produce butyrate, but certain metabolites
formed following substrate fermentation e.g. acetate or lactate, may be
utilised by other microorganisms which can yield butyrate (Lockyer &
Stanner, 2019; Sanders et al., 2019). For example, Belenguer et al.
(2006) showed that Eubacterium hallii, a lactate utiliser and butyrate
producing strain of bacteria grows poorly on potato starch in mono-
culture, but when combined with Bifidobacterium adolescentis in cocul-
ture, it can utilise lactate produced by B. adolescentis for butyrate
production. Another pathway suggests, butyrate production may also be
driven by bacteria unable to degrade inulin type fructans, but are
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capable of: consuming acetate, producing butyrate, and utilising
partially degraded carbohydrate from bifidobacteria (Belenguer et al.,
2006; Riviere et al., 2016). Microbial cross-feeding such as this, adds to
the complexity of determining prospective health effects from metabo-
lite formation and may support focussing on the end product instead of
the initial substrate for speculating on beneficial health outcomes,
particularly through the involvement of polyphenols (Duenas et al.,
2014).

4.4. Mechanisms leading to health benefits

Sanders et al. (2019) discussed several pathways in which a prebiotic
may lead to health benefits. These include: production of organic acids
during fermentation which lower pH of the intestine, create an unfav-
ourable environment for pathogens, promote satiety through hormonal
regulation and improve gut-barrier function by maintaining integrity of
the colonic epithelium; increased absorption of calcium which also re-
sults from a decrease in luminal pH and helps bone integrity; modulation
of the immune system by decreasing T-cell responses which may result
in a reduced allergic response; enhancement of bowel function through
both microbial growth allowing for faecal bulking and stool softening
owed to the prebiotic or carbohydrate ability to attract water to the
bowel. Benefits of prebiotic use can extend beyond the gut, but efficacy
and prospective benefits are dependent on the gut composition of the
host.

5. Phytochemicals, polyphenols, bioavailability and bioactive
constituents

Prebiotics were defined by Gibson et al. (2017) as “a substrate that is
selectively utilized by host microorganisms conferring a health benefit”
(p. 493). It was noted that this broad definition could possibly include
polyphenols, once health benefits in the host were shown. At present,
substrates e.g. herbs and spices, which demonstrate gut microbial
modulation due to their polyphenol content, could exhibit a prebiotic
effect.

5.1. Phytochemicals and polyphenols

Polyphenols or phenolic compounds are a group of phytochemicals
classed as secondary metabolites found in a variety of plant-derived
foods including herbs and spices (Fig. 1). In their fresh and more so in
dried forms, some herbs and spices are known to contain more poly-
phenols than other polyphenolic rich foods (Opara & Chohan, 2014).
Dietary polyphenols may contribute to maintenance of gut homeostasis
by stimulating the growth of beneficial bacteria such as bifidobacteria
and lactobacilli, i.e. acting selectively as prebiotics (Duenas et al., 2014).
They are also known to exhibit antioxidant and antipathogen properties
(Duda-Chodak et al., 2015), and are thought to play a role in insulin
sensitivity, cell signalling and the synthesis of inflammatory mediators
(Fraga et al., 2019). Dietary polyphenols can be categorised into two
main groups, flavonoids and non-flavonoids according to their structure.
Flavonoids share a basic carbon skeleton structure and include flavan-3-
ols, flavonols, isoflavones, flavones, anthocyanins, and flavanones. Non-
flavonoids include stilbenes and lignans and phenolic acids grouped as
hydroxycinnamic and hydroxybenzoic acids (Fraga et al., 2019). Tan-
nins and coumarins are also classed as dietary polyphenols. Other
notable phytochemicals include terpenoids, nitrogen and sulphur-
containing compounds.

5.2. Bioavailability and bioactive constituents

Polyphenols are often present in food as glycosides or combinations
with sugars and can be transformed into organic compounds by lipids,
sugars or organic acids (Rowland et al., 2018). It is estimated that only
5-10 % of dietary polyphenols are absorbed in the small intestine.
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Fig. 1. Common culinary herbs and spices and their major bioactive
constituents.

However, the remaining 90-95 % of dietary polyphenols are able to
reach the colon for metabolism by gut microbiota (Duenas et al., 2014),
where transformation into various metabolites may affect bioavail-
ability of the polyphenol, depending on host resident microbiota (Duda-
Chodak et al., 2015). As benefits associated with dietary polyphenol
consumption are believed to arise from bioactive components and their
resulting metabolites (Duenas et al., 2014), it may be more appropriate
to look at biotransformation of the herb or spice by the host gut
microbiota and bioavailability, or how accessible active compounds in
herbs and spices are for absorption, when considering potential health
benefits (Duda-Chodak et al., 2015).

5.2.1. Possible mechanism of action

A possible mechanism of action for gut microbial modulation by
herbs and spices may be in biotransformation of intrinsic compounds in
polyphenols as well as their metabolic pathway. Flavonoids are known
to have an impact on gut microbial modulation and may undergo
transformation from their unabsorbable parent form to an absorbable
metabolite by hydrolysation, ring cleavage or reduction reaction (Ste-
vens & Maier, 2016). Li et al. (2023) showed that (-)-epicatechin, also
present in tea is transformed into numerous derivatives in the body over
a 36-hour period. The specific metabolite formed, quantity of poly-
phenol consumed and actions by gut microbiota may play a role in
determining a health outcome. For example, it has been shown that high
consumption compared to low consumption of cocoa derived flavanols,
significantly stimulated growth of Bifidobacterium spp. and Lactobacillus
spp. in a randomised controlled trial (Tzounis et al., 2010). Tannins can
also impact gut microbiota as they can convert ellagitannins found in
triphala herbal formulations into urolithin metabolites, which may be
responsible for some health benefits received from dietary consumption
of nuts and berries (Olennikov et al., 2015). Both of these pathways,
have potential for improving health as they may lead to homeostasis in
gut bacteria (Tomads-Barberan et al., 2017), prevention of inflammation,
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oxidative damage (Olennikov et al., 2015) and antimicrobial behaviour
against pathogens (Puljula et al., 2020).

As herbs and spices generally have low bioavailability, this may
affect the extent of health benefits of that substrate. This is thought to be
one reason for inconsistent results in some herb and spice interventions
and also why results seen in in vitro experiments are not always repli-
cable to in vivo studies (Lee, 2013). In addition to this, polyphenol
content is not consistent and may vary according to use of the bioactive
compound versus its natural form, harvesting methods, storage time,
processing and cooking method (Opara & Chohan, 2014). Despite the
low bioavailability of herb and spice compounds and variance of poly-
phenol contents, some studies have demonstrated that herbs and spices
may beneficially alter gut microbial populations (Tables 1-3).

6. Studies demonstrating influence of culinary herbs and spices
on gut microbial modulation

Studies summarised in Tables 1-3 demonstrate the influence of
culinary herbs and spices on gut microbial modulation. Although
outcome measures of these studies vary, comparison is based on dem-
onstrations of gut microbiota stimulation with the use of culinary herbs
or spices in human, animal and in vitro studies, as information is limited
on culinary spice and effects on the microbiome.

Lu et al. (2017) showed that six of seven aqueous culinary spice
extracts of oregano, ginger, rosemary, cinnamon, black pepper and
cayenne pepper were able to promote the growth of Bifidobacterium spp.
in vitro, whereas turmeric was not. The same study demonstrated stim-
ulation of Lactobacillus spp. and inhibition of certain Clostridium spp. by
all seven spices. However, Peterson, Vaughn, et al. (2018) recorded an
increase in most Clostridium spp. after turmeric and curcumin inter-
vention in a human study.

This could be due to differences in study methods, interactions be-
tween herbs as well as between fibre and polyphenols. In vitro experi-
mentation provides a more controlled test environment, however
interactions of herbs together may also be responsible for the effects
seen. In addition to this, in vitro work by Lu et al. (2017) reported pure
cultures which showed the impact of herbs on individual bacterial
species rather than as a group. Peterson, Vaughn, et al. (2018) examined
the effects of herbal intervention in humans, which is a less controlled
environment where interactions between bioactive components of herbs
and gut microbiota were not restricted. Polyphenol and fibre in-
teractions are not completely understood, but it is thought that
fermentation of fibre, e.g. from turmeric root, may influence microor-
ganisms which breakdown polyphenols into their useable forms
(Edwards et al., 2017). This may also be why Peterson, Vaughn, et al.
(2018) saw different host microbial activity with curcumin, which
presumably had no interaction with fermentable fibre, than with
turmeric intervention.

Lu et al. (2019) also demonstrated positive changes in the abundance
of beneficial bacteria following in vivo intervention with a 5 g mixed
spice capsule on healthy humans. Results from Lu et al. (2019) were
consistent with habitual consumption of polyphenol-rich foods by
humans i.e. an increase in Bifidobacterium and Lactobacillus spp. and a
decrease in Clostridium spp. (Bamberger et al., 2018; Shinohara et al.,
2010).

6.1. Inflammation

Prebiotic effects exhibited by these herbs may stimulate other poly-
phenol associated benefits such as decreased inflammation and reduced
risk of certain cancers (Fraga et al., 2019) among others in humans.
Moreover quercetin, a flavonol from apple intake, also found in oregano,
has been noted to extend preventative effects of cardiovascular disease
in individuals at risk of the disease in a randomised controlled clinical
trial (Bondonno et al., 2018). Rosmarinic acid in oregano oil in a
randomised controlled trial (Zou et al., 2016) and shogaol and 6-



Table 1

Human studies investigating gut microbial modulation with herbs, spices, or polyphenols as intervention.

Study reference Objective Major Participant Subject Intervention Control/ placebo Dose per  Study design Duration  Methods of analysis Microbial outcome
bioactive No. day
ingredients
NCT03066791 To investigate the Curcumin 32 Healthy Turmeric tablet: Placebo tablet: 6 Randomised 8 weeks 16S rDNA Change in observed
Peterson et al., effects of turmeric (curcumin C3 subjects - 1000 mg turmeric microcrystalline tablets/ placebo- sequencing bacterial species:
20180® and curcumin complex) from omnivorous root (Curcuma cellulose, dicalcium 6000mg  controlled Placebo: decrease 15
supplements on turmeric root diet longa), 1.25 mg phosphate, PVPK30, pilot %; Turmeric group:
human gut (curcuma black pepper sodium starch increase 7 %; Curcumin
microbiota longa) black derived piperine glycolate, magnesium group: increase 69 %;
pepper extract alkaloid extract stearate, OpaDry Increased bacterial
(piperine (BioPerine); orange coating, created species with
alkaloid, Curcumin tablet: to resemble the size, intervention: most
BioPerine) 1000 mg curcumin shape and colour of the Clostridium spp.,
(Curcumin C3 intervention tablets. Bacteroides spp.,
Complex), 1.25 mg Citrobacter spp.,
black pepper Cronobacter spp.,
(BioPerine) Enterobacter spp.,
Enterococcus spp.,
Klebsiella spp.,
Parabacteroides spp.,
Psudomonas spp.;
Reduced bacterial
species with
intervention: some
Blautia spp., most
Ruminococcus spp.
NCT030676803 To investigate the Not provided 31 Healthy 5 g capsule of 5 g capsule of 1 Randomised 2 weeks Gas Significant reduction in
Luetal., effect of 5 in study subjects - mixed spice: 1.5 g maltodextrin capsule placebo- chromatography, Firmicutes with
201940 combined spices beige diet (30 %) oregano, controlled high-performance intervention (p =
(cinnamon, black 1.5 g (30 %) ginger, pilot liquid 0.033); Increase in

pepper, ginger,
oregano, and
cayenne pepper) at
culinary doses on
the production of
short-chain fatty
acids (SCFAs) and
gut microbiota

1.0 g (20 %)
cinnamon, 0.85 g
(17 %) black
pepper, 0.15 g (3
%) cayenne pepper

chromatography
(HPLC), 16S rRNA
sequencing,

Bacteroidetes with
placebo (p = 0.097);
Change in faecal short
chain fatty acids
(SCFA): Greater
increase in all
measured faecal SCFA
with intervention than
placebo

Note. The literature search was performed by using electronic databases Web of Science and PubMed through ProQuest Summon. Key words and search terms used to identify relevant articles included (microbiota) AND
(culinary herbs) AND (modulation). Google Scholar was used to source articles. Key article reference lists were manually searched for. Article eligibility included peer reviewed articles on the combined topic of in vitro or in
vivo gut microbe modulation with influence of culinary herbs and spices. Both human and animal studies were included for a wider perspective on the topic.
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Table 2

Characterisation of animal studies investigating gut microbial modulation with herbs, spices or polyphenols as intervention.

Microbial outcome

Study design  Duration Methods of analysis

Control/ placebo Dose per

Participant ~ Subject Intervention

No.

Major

Objective

Study reference

day

bioactive

ingredients

Oral high-fat diet with ginger

16s rRNA gene

16

Orally fed mouse model;

mice:

48 (4 groups C57BL/6J Orally fed mice: fresh  Orally fed mice:

of 12)

Fresh ginger

To investigate alterations in

Wang et al.,

supplementation (HFD-G): Increase
in Bifidobacterium genus,

sequencing, gas

weeks

faecal

saline solution;

Faecal

male mice ginger rhizomes

at5and 8
weeks of
age

gut microbiota and metabolic rhizomes

processes resulting from

2020140

chromatography,

FMT,

500 mg/ microbiota

(Zingiber officiale

(Zingiber

Alloprevotella, Allobaculum, faecal
SCFA concentrations; HFD- G gut

transplant
(FMT)

kg body
weight

microbiota

Roscoe); Faecal

officinalis

normal chow (NCD) and high- Roscoe)

ginger supplementation in
fat diet (HFD) fed mice

recipients: not
applicable

microbiota recipients:

microbiota recipients: Similar anti-

microbiota from HFD

and HFD-G donors

obesity and gut modulatory effects

visible after FMT as seen in orally fed

HFD-G mice.

Note. The literature search was performed by using electronic databases Web of Science and PubMed through ProQuest Summon. Key words and search terms used to identify relevant articles included (microbiota) AND

(culinary herbs) AND (modulation). Google Scholar was used to source articles. Key article reference lists were manually searched for. Article eligibility included peer reviewed articles on the combined topic of in vitro or in

vivo gut microbe modulation with influence of culinary herbs and spices. Both human and animal studies were included for a wider perspective on the topic.
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gingerol in ginger extract in an animal study (Kim et al., 2017) have
been shown to decrease inflammatory responses associated with
impairment of the gut-barrier function, as seen in Inflammatory Bowel
Disease.

Turmeric and curcumin tablets were better able to modulate gut
microbes of healthy humans in comparison to placebo by Peterson,
Vaughn, et al. (2018). The authors suggested alterations in bacteria as
seen with intervention (Table 1), were thought to be due to a prebiotic
effect of the turmeric and a similar effect of curcumin. SCFAs were not
measured here, however Peterson et al. (2019) recorded an increase in
butyrate producing microbes with turmeric in in vitro experimentation.
Butyrate has anti-inflammatory properties in humans and may protect
against colon cancer (Zhang et al., 2017), as it helps to reduce systemic
inflammation through upkeep of the gut-barrier function. This may
explain the benefits of curcumin as seen with cell line experimentation
in Wang et al. (2017), and why curcumin may decrease risk of devel-
oping metabolic diseases associated with chronic inflammation.

6.2. Obesity

While a higher Firmicutes to Bacteroidetes ratio has been associated
with obesity, Lu et al. (2019) saw a decrease in Firmicutes and increase
in Bacteroidetes following spice intervention in humans, which was also
seen by Bamberger et al. (2018). SCFA production seen following
stimulation of beneficial bacteria, was thought to possibly support
development of obesity due to the host’s ability to harvest extra energy
during this process (Canfora et al., 2015), however Wang et al. (2020)
showed that ginger root consumption could increase Bifidobacterium
spp., enhance faecal SCFA production as well as invoke anti-obesity
effects in obese mice. Consistent with this, acetic acid, a product of
Bifidobacterium spp. known to function as an appetite suppressant
(Ejtahed et al., 2019), was found to be most abundant in the faeces of
mice following ginger supplementation.

6.3. Culinary herb and spice possible provision of health through gut
microbial modulation

Consumption of certain culinary herbs and spices may help to in-
crease beneficial bacteria available for fermentation and metabolite
production. Dietary carbohydrate components in the root structure of
some herbs and spices such as turmeric and ginger (McCance, 2015) may
account for their contributions toward health. These components may
be a selective energy source for certain beneficial gut microbiota and aid
in increasing numbers. As detailed above, SCFAs, which are important
for the human body are produced through fermentation of
carbohydrates.

6.4. Inconsistencies and limitations

Luetal. (2019) and Peterson, Vaughn, et al. (2018), were pilot trials,
and although positive results were reported, there were also in-
consistencies in results. As such, results among subjects were reported as
being highly variable in human studies. This may be due to differences
between participant gut microbiota which may affect absorption of
bioactive compounds, (Rowland et al., 2018; Sanders et al., 2019), dif-
ferences in diet between study groups (e.g. omnivorous and beige diet),
small sample size or duration and study design, but it supports the need
for additional work of a larger magnitude to be completed. All studies,
apart from the animal study by Wang et al. (2020), added black pepper
or piperine extract, to the intervention which is known to increase
bioavailability of polyphenols, hence it may be difficult to decipher ef-
fects of the individual polyphenols. Although herbal supplements are
easier to standardise, inconsistencies in, and absence of, results in
studies using extracts of polyphenols has been recognised (Ejtahed et al.,
2019; Peterson, Vaughn, et al., 2018). Following this, it is thought that
consumption of whole foods may be more effective. Lu et al. (2019) and
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Wang et al. (2020) of the in vivo studies as well as the in vitro study by
Peterson et al. (2019) obtained positive results using whole herbs and
spices rather than extract, which may be encouraging for food-based
dietary guidelines. Also, while the benefits of culinary herbs and
spices on health have been explored, there have been few studies
investigating their role in the gut microbiome. It should also be
considered that knowledge of the interactions of herbs and spices on the
gut microbiota is incomplete and needs further research.

7. Conclusion

Increase in selected Bifidobacterium spp.
with: all tested spices apart from turmeric;
Increase in selected Lactobacillus spp. with:
all tested spices apart from turmeric; High,
modest, minimal/ no decrease in selected
bacteria species/ tested spice: High-

Ruminococcus spp.- all tested spices;
oregano, rosemary; Modest - C. difficile:

cinnamon, rosemary, turmeric; Minimal/
none: Bacteroides, Finegoldia, E. coli,
Salmonella, Staphylococcus: all tested

spices
Turmeric enhanced butyrate producing

Modest- Fusobacterium spp.: cinnamon,
microbes.

Microbial outcome

The studies featured in this paper show evidence of gut microbial
modulation with whole culinary herbs and spices as well as extracts.

= . Literature revealed that culinary herbs and spices have been recognised

o g 8 for their ability to exert a potential prebiotic effect, polyphenol content

e £ ,§ ‘3 s %a and health benefits they may bestow in connection to these. It has been

E 2| & 5 5 5% § noted that bioactive constituents of herbs and spices outlined in these

§ E % ﬁ ﬁ E 8 g studies may play important roles in afflictions and diseases associated

with chronic inflammation such as gut-barrier function impairment and

5 - RS obesity. Studies have demonstrated that some bioactive constituents of

g &9 c“?\ g polyphenols have been able to extend benefits regardless of low

a @8 NI bioavailability and modulate gut microbes as well. Inconsistencies in

results after herb and spice intervention together with incomplete

s S s %o knowledge of their impact on gut microbiota serve as a basis for addi-

g S 8= S ‘! tional research. More investigation on herb and spice impact on gut
o A o A — 00 O

microbes, may help to confirm potential health benefits following
ingestion and warrant their inclusion in dietary guidelines for promotion
of gut and overall host health, particularly in vivo. Analyses of culinary
herbs and spices beyond those discussed here would contribute to cur-
rent knowledge of effects of herb and spice consumption on the gut
microbiota and their potential health benefits.

Financial support

SMD is in receipt of a PhD studentship funded by Pukka Herbs.

cayenne pepper, cinnamon, ginger,
Mediterranean oregano, rosemary

and turmeric at 9.0, 4.50, 2.25,
1.13, 0.56, 0.14 and 0.07 mg/mL

Aqueous extracts of: black pepper,
concentrations

4), long pepper (n = 5) or black
pepper (n = 4) in chemically

1 %: turmeric (n = 4), ginger (n
defined medium

Intervention

Authorship

VR and GEW provided research and editorial support. GRG provided
structural-planning, research and editorial support. SMD wrote, revised
and edited the manuscript. All authors reviewed and revised multiple
versions of the manuscript and approved the final version for print.

CRediT authorship contribution statement

Sasha M. Dahl: Investigation, Conceptualization, Visualization,
Writing — original draft, Writing — review & editing. Vivien Rolfe: Re-
sources, Writing — review & editing. Gemma E. Walton: Writing — re-
view & editing. Glenn R. Gibson: Supervision, Writing — review &
editing.

cinnamic acid, apigenin, luteolin, ferulic acid,

lithospermic acid, rosmarinic acid, p-coumaric
dihydrocapsaicin, capsaicin, piperine

Curcumin, demethoxycurcumin,
bisdemethoxycurcumin, luteolin-3-glucuronide,
acid, vanillin, 6-gingerol, cinnamaldehyde,

Major bioactive ingredients
(culinary herbs) AND (modulation). Google Scholar was used to source articles. Key article reference lists were manually searched for. Article eligibility included peer reviewed articles on the combined topic of in vitro or in

vivo gut microbe modulation with influence of culinary herbs and spices. Both human and animal studies were included for a wider perspective on the topic.

Characterisation of in vitro studies investigating gut microbial modulation with herbs, spices or polyphenols as intervention.

Note. The literature search was performed by using electronic databases Web of Science and PubMed through ProQuest Summon. Key words and search terms used to identify relevant articles included (microbiota) AND

8 . Declaration of Competing Interest
! 0 p g
£33 45 g
g2 9 =T . . . .
g g 28 § =58 The authors declare the following financial interests/personal re-
< £ =9 8 P
B .= = 00 . . . . . . .
% g E % § & g5 g lationships which may be considered as potential competing interests:
o
- 28738 § 297 VR works for Pukka Herbs Ltd who manufacture herbal teas and sup-
[T e = A S P . .
SZ2ETER g E = plements. SMD is in receipt of a PhD studentship funded by PUKKA
o T IS b=l
v qé T‘; g E §% %“ E’ g Herbs Ltd who manufacture herbal teas and supplements. GEW has no
g g E g‘ e § 3 z g g financial interests or personal relationships which may be considered as
2 g E=z25 g 8 . .. ' c .
5 SE£SgF g 8 % g potential competing interests. GRG has no financial interests or personal
relationships which may be considered as potential competing interests.
g| -8 = .8 -
© o R = 2% 2 Data availability
(7] T g5 o2 o)
— E o~ = N ‘5 o AN
= R ~ . . .
= No data was used for the research described in the article.



S.M. Dahl et al.

References

Assimakopoulos, S. F., Triantos, C., Maroulis, I., & Gogos, C. (2018). The role of the gut
barrier function in health and disease. GastroenterologyResearch, 11(4), 261-263.
https://doi.org/10.14740/gr1053w

Bamberger, C., Rossmeier, A., Lechner, K., Wu, L., Waldmann, E., Fischer, S., Stark, R. G.,
Altenhofer, J., Henze, K., & Parhofer, K. G. (2018). A walnut-enriched diet affects gut
microbiome in healthy caucasian subjects: A randomized, controlled trial. Nutrients,
10(2). https://doi.org/10.3390/nu10020244

Belenguer, A., Duncan, S. H., Calder, A. G., Holtrop, G., Louis, P., Lobley, G. E., &
Flint, H. J. (2006). Two routes of metabolic cross-feeding between Bifidobacterium
adolescentis and butyrate-producing anaerobes from the human gut. Applied and
Environmental Microbiology, 72(5), 3593-3599. https://doi.org/10.1128/
aem.72.5.3593-3599.2006

Binns, N. (2013). Probiotics, Prebiotics and the Gut Microbiota. (International Life Sciences
Institute Europe Concise Monograph Series., Issue.

Bock, B. (2012). Sourcing, organizing, and administering medicinal ingredients (K. Radner &
E. Robson, Eds.). Oxford University Press. doi: 10.1093/oxfordhb/
9780199557301.013.0032.

Bondonno, N. P., Bondonno, C. P., Blekkenhorst, L. C., Considine, M. J., Maghzal, G.,
Stocker, R., Woodman, R. J., Ward, N. C., Hodgson, J. M., & Croft, K. D. (2018).
Flavonoid-rich apple improves endothelial function in individuals at risk for
cardiovascular disease: A randomized controlled clinical trial. Molecular Nutrition &
Food Research, 62(3), 1700674. https://doi.org/10.1002/mnfr.201700674

Bottéro, J. (1987). The culinary tablets at Yale. Journal of the American Oriental Society,
107(1), 11-19. https://doi.org/10.2307/602948

Canfora, E. E., Jocken, J. W., & Blaak, E. E. (2015). Short-chain fatty acids in control of
body weight and insulin sensitivity. Nature Reviews. Endocrinology, 11(10), 577-591.
https://doi.org/10.1038/nrendo.2015.128

Canfora, E. E., Meex, R. C. R., Venema, K., & Blaak, E. E. (2019). Gut microbial
metabolites in obesity, NAFLD and T2DM. Nature Reviews. Endocrinology, 15(5),
261-273. https://doi.org/10.1038/541574-019-0156-z

Dogra, S., Sakwinska, O., Soh, S.-E., Ngom-Bru, C., Briick, W. M., Berger, B., Briissow, H.,
Karnani, N., Lee, Y. S., Yap, F., Chong, Y.-S., Godfrey, K. M., & Holbrook, J. D.
(2015). Rate of establishing the gut microbiota in infancy has consequences for
future health. Gut Microbes, 6(5), 321-325. https://doi.org/10.1080/
19490976.2015.1078051

Duda-Chodak, A., Tarko, T., Satora, P., & Sroka, P. (2015). Interaction of dietary
compounds, especially polyphenols, with the intestinal microbiota: A review.
European Journal of Nutrition, 54(3), 325-341.

Duenas, M., Munoz-Gonzalez, 1., Cueva, C., Jiménez-Girdn, A., Sanchez-Patan, F., Santos-
Buelga, C., Moreno-Arribas, M. V., & Bartolomé, B. (2014). A survey of modulation
of gut microbiota by dietary polyphenols. Biomed Research International, 2015(15),
Article 850902. https://doi.org/10.1155/2015/850902

Edwards, C. A., Havlik, J., Cong, W., Mullen, W., Preston, T., Morrison, D. J., &
Combet, E. (2017). Polyphenols and health: Interactions between fibre, plant
polyphenols and the gut microbiota. Nutrition Bulletin, 42(4), 356-360. https://doi.
org/10.1111/nbu.12296

Ejtahed, H.-S., Soroush, A.-R., Siadat, S.-D., Hoseini-Tavassol, Z., Larijani, B., & Hasani-
Ranjbar, S. (2019). Targeting obesity management through gut microbiota
modulation by herbal products: A systematic review. Complementary Therapies in
Medicine, 42, 184-204. https://doi.org/10.1016/j.ctim.2018.11.019

Fraga, C. G., Croft, K. D., Kennedy, D. O., & Tomas-Barberan, F. A. (2019). The effects of
polyphenols and other bioactives on human health [10.1039/C8FO01997E]. Food &
Function, 10(2), 514-528. https://doi.org/10.1039/C8FO01997E

Gibson, G. R., Hutkins, R., Sanders, M. E., Prescott, S. L., Reimer, R. A., Salminen, S. J.,
Scott, K., Stanton, C., Swanson, K. S., Cani, P. D., Verbeke, K., & Reid, G. (2017).
Expert consensus document: The international scientific association for probiotics
and prebiotics (ISAPP) consensus statement on the definition and scope of prebiotics.
Nature Reviews Gastroenterology, 14, 491. https://doi.org/10.1038/nrgastro.2017.75

Hamaguchi, T., Ono, K., Murase, A., & Yamada, M. (2009). Phenolic compounds prevent
Alzheimer’s pathology through different effects on the amyloid-beta aggregation
pathway. The American Journal of Pathology, 175(6), 2557-2565. https://doi.org/
10.2353/ajpath.2009.090417

Hugon, P., Dufour, J. C., Colson, P., Fournier, P. E., Sallah, K., & Raoult, D. (2015).

A comprehensive repertoire of prokaryotic species identified in human beings. The
Lancet Infectious Diseases, 15(10), 1211-1219. https://doi.org/10.1016/51473-3099
(15)00293-5

Jovel, J., Patterson, J., Wang, W., Hotte, N., O’Keefe, S., Mitchel, T., ... Wong, G.-K.-S.
(2016). Characterization of the gut microbiome using 16S or shotgun metagenomics
[Technology Report]. Frontiers in Microbiology, 7(459). https://doi.org/10.3389/
fmicb.2016.00459

Kim, Y., Kim, D. M., & Kim, J. Y. (2017). Ginger extract suppresses inflammatory
response and maintains barrier function in human colonic epithelial caco-2 cells
exposed to inflammatory mediators. Journal of Food Science, 82(5), 1264-1270.
https://doi.org/10.1111/1750-3841.13695

Larsen, J. M. (2017). The immune response to Prevotella bacteria in chronic
inflammatory disease. Immunology, 151(4), 363-374. https://doi.org/10.1111/
imm.12760

Lee, C. Y. (2013). Challenges in providing credible scientific evidence of health benefits
of dietary polyphenols. Journal of Functional Foods, 5(1), 524-526.

Li, J., Jia, H., Cai, X., Zhong, H., Feng, Q., Sunagawa, S., Arumugam, M., Kultima, J. R.,
Prifti, E., & Nielsen, T. (2014). An integrated catalog of reference genes in the human
gut microbiome. [Report]. Nature Biotechnology, 32, 834. https://link.gale.com/apps
/doc/A381407322/AONE?u=rdg&sid=AONE&xid=3d144b75.

Food Chemistry 409 (2023) 135286

Li, Z., Ren, Z., Zhao, L., Chen, L., Yu, Y., Wang, D., Mao, X., Cao, G., Zhao, Z., & Yang, H.
(2023). Unique roles in health promotion of dietary flavonoids through gut
microbiota regulation: Current understanding and future perspectives. Food
Chemistry, 399, Article 133959. https://doi.org/10.1016/j.foodchem.2022.133959

Lockyer, S., & Stanner, S. (2019). Prebiotics — An added benefit of some fibre types.
Nutrition Bulletin, 44(1), 74-91. https://doi.org/10.1111/nbu.12366

Lu, Q.-Y., Rasmussen, A. M., Yang, J., Lee, R.-P., Huang, J., Shao, P., Carpenter, C. L.,
Gilbuena, I., Thames, G., Henning, S. M., Heber, D., & Li, Z. (2019). Mixed spices at
culinary doses have prebiotic effects in healthy adults: A pilot study. Nutrients, 11(6),
1425. https://doi.org/10.3390/nu11061425

Lu, Q.-Y., Summanen, P. H., Lee, R.-P., Huang, J., Henning, S. M., Heber, D.,

Finegold, S. M., & Li, Z. (2017). Prebiotic potential and chemical composition of
seven culinary spice extracts. Journal of Food Science, 82(8), 1807-1813. https://doi.
org/10.1111/1750-3841.13792

Martinez-Lacoba, R., Pardo-Garcia, 1., Amo-Saus, E., & Escribano-Sotos, F. (2018).
Mediterranean diet and health outcomes: A systematic meta-review. European
Journal of Public Health, 28(5), 955-961. https://doi.org/10.1093/eurpub/cky113

McCance, R. A. (2015). McCance and Widdowson’s composition of foods integrated dataset
(CoFID) Version GW-285) Public Health England (PHE) publications gateway GW-
285. https://www.gov.uk/government/publications/composition-of-foods-
integrated-dataset-cofid.

Nakajima, A., Vogelzang, A., Maruya, M., Miyajima, M., Murata, M., Son, A.,
Kuwahara, T., Tsuruyama, T., Yamada, S., Matsuura, M., Nakase, H., Peterson, D. A.,
Fagarasan, S., & Suzuki, K. (2018). IgA regulates the composition and metabolic
function of gut microbiota by promoting symbiosis between bacteria. The Journal of
Experimental Medicine, 215(8), 2019-2034. https://doi.org/10.1084/jem.20180427

NCCIH. (2016, 25 May 2020). Herbs at a glance. National Institutes of Health NIH.
Retrieved 25 May from https://www.nccih.nih.gov/health/herbsataglance.

Olennikov, D. N., Kashchenko, N. I., & Chirikova, N. K. (2015). In vitro bioaccessibility,
human gut microbiota metabolites and hepatoprotective potential of chebulic
ellagitannins: A case of padma hepaten® formulation. Nutrients, 7(10), 8456-8477.
https://www.mdpi.com/2072-6643/7/10/5406.

Opara, E. I, & Chohan, M. (2014). Culinary herbs and spices: Their bioactive properties,
the contribution of polyphenols and the challenges in deducing their true health
benefits. International Journal of Molecular Sciences, 15(10), 19183-19202. https://
doi.org/10.3390/ijms151019183

Peterson, C. T., Rodionov, D. A., Iablokov, S. N., Pung, M. A., Chopra, D., Mills, P. J., &
Peterson, S. N. (2019). Prebiotic potential of culinary spices used to support
digestion and bioabsorption. Evidence-Based Complementary and Alternative Medicine,
2019, 11, Article 8973704. doi: 10.1155/2019/8973704.

Peterson, C. T., Vandana, S., Sasha, U., Kate, D., Deepak, C., J., M. P., & N., P. S. (2018).
Prebiotic potential of herbal medicines used in digestive health and disease. Journal
of Alternative and Complementary Medicine 24(7), 656-665. doi: 10.1089/
acm.2017.0422.

Peterson, C. T., Vaughn, A. R., Sharma, V., Chopra, D., Mills, P. J., Peterson, S. N., &
Sivamani, R. K. (2018). Effects of turmeric and curcumin dietary supplementation on
human gut microbiota: A double-blind, randomized, placebo-controlled pilot study,
2515690X18790725 Journal of Evidence-Based Integrative Medicine, 23. https://doi.
org/10.1177/2515690X18790725.

Puljula, E., Walton, G., Woodward, M. J., & Karonen, M. (2020). Antimicrobial activities
of ellagitannins against Clostridiales perfringens, Escherichia coli, Lactobacillus
plantarum and Staphylococcus aureus. Molecules, 25(16). https://doi.org/10.3390/
molecules25163714

Qin, Y., Havulinna, A. S., Liu, Y., Jousilahti, P., Ritchie, S. C., Tokolyi, A., ... Méric, G.
(2022). Combined effects of host genetics and diet on human gut microbiota and
incident disease in a single population cohort. Nature Genetics, 54(2), 134-142.
https://doi.org/10.1038/541588-021-00991-z

Rastall, R. A., & Gibson, G. R. (2015). Recent developments in prebiotics to selectively
impact beneficial microbes and promote intestinal health. Current Opinion in
Biotechnology, 32, 42-46. https://doi.org/10.1016/j.copbio.2014.11.002

Riviere, A., Selak, M., Lantin, D., Leroy, F., & De Vuyst, L. (2016). Bifidobacteria and
Butyrate-producing colon bacteria: Importance and strategies for their stimulation in
the human gut [Review]. Frontiers in Microbiology, 7. https://doi.org/10.3389/
fmicb.2016.00979

Rodriguez, J. M., Murphy, K., Stanton, C., Ross, R. P., Kober, O. I, Juge, N.,
Avershina, E., Rudi, K., Narbad, A., Jenmalm, M. C., Marchesi, J. R., & Collado, M. C.
(2015). The composition of the gut microbiota throughout life, with an emphasis on
early life. Microbial ecology in health and disease, 26, 26050. https://doi.org/
10.3402/mehd.v26.26050

Rowland, I., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele, I., & Tuohy, K. (2018).
Gut microbiota functions: Metabolism of nutrients and other food components.
European Journal of Nutrition, 57(1), 1-24. https://doi.org/10.1007/s00394-017-
1445-8

Sanders, M. E., Merenstein, D. J., Reid, G., Gibson, G. R., & Rastall, R. A. (2019).
Probiotics and prebiotics in intestinal health and disease: From biology to the clinic.
Nature Reviews. Gastroenterology & Hepatology. https://doi.org/10.1038/s41575-
019-0173-3

Sender, R., Fuchs, S., & Milo, R. (2016). Revised estimates for the number of human and
bacteria cells in the body. PLoS Biology, 14(8), Article e1002533. https://doi.org/
10.1371/journal.pbio.1002533

Shah, S., Lubeck, E., Schwarzkopf, M., He, T. F., Greenbaum, A., Sohn, C. H., Lignell, A.,
Choi, H. M., Gradinaru, V., Pierce, N. A., & Cai, L. (2016). Single-molecule RNA
detection at depth by hybridization chain reaction and tissue hydrogel embedding
and clearing. Development, 143(15), 2862-2867. https://doi.org/10.1242/
dev.138560


https://doi.org/10.14740/gr1053w
https://doi.org/10.3390/nu10020244
https://doi.org/10.1128/aem.72.5.3593-3599.2006
https://doi.org/10.1128/aem.72.5.3593-3599.2006
https://doi.org/10.1002/mnfr.201700674
https://doi.org/10.2307/602948
https://doi.org/10.1038/nrendo.2015.128
https://doi.org/10.1038/s41574-019-0156-z
https://doi.org/10.1080/19490976.2015.1078051
https://doi.org/10.1080/19490976.2015.1078051
http://refhub.elsevier.com/S0308-8146(22)03248-4/h0055
http://refhub.elsevier.com/S0308-8146(22)03248-4/h0055
http://refhub.elsevier.com/S0308-8146(22)03248-4/h0055
https://doi.org/10.1155/2015/850902
https://doi.org/10.1111/nbu.12296
https://doi.org/10.1111/nbu.12296
https://doi.org/10.1016/j.ctim.2018.11.019
https://doi.org/10.1039/C8FO01997E
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.2353/ajpath.2009.090417
https://doi.org/10.2353/ajpath.2009.090417
https://doi.org/10.1016/s1473-3099(15)00293-5
https://doi.org/10.1016/s1473-3099(15)00293-5
https://doi.org/10.3389/fmicb.2016.00459
https://doi.org/10.3389/fmicb.2016.00459
https://doi.org/10.1111/1750-3841.13695
https://doi.org/10.1111/imm.12760
https://doi.org/10.1111/imm.12760
http://refhub.elsevier.com/S0308-8146(22)03248-4/h0110
http://refhub.elsevier.com/S0308-8146(22)03248-4/h0110
https://link.gale.com/apps/doc/A381407322/AONE?u=rdg%26sid=AONE%26xid=3d144b75
https://link.gale.com/apps/doc/A381407322/AONE?u=rdg%26sid=AONE%26xid=3d144b75
https://doi.org/10.1016/j.foodchem.2022.133959
https://doi.org/10.1111/nbu.12366
https://doi.org/10.3390/nu11061425
https://doi.org/10.1111/1750-3841.13792
https://doi.org/10.1111/1750-3841.13792
https://doi.org/10.1093/eurpub/cky113
https://doi.org/10.1084/jem.20180427
https://www.mdpi.com/2072-6643/7/10/5406
https://doi.org/10.3390/ijms151019183
https://doi.org/10.3390/ijms151019183
https://doi.org/10.1177/2515690X18790725
https://doi.org/10.1177/2515690X18790725
https://doi.org/10.3390/molecules25163714
https://doi.org/10.3390/molecules25163714
https://doi.org/10.1038/s41588-021-00991-z
https://doi.org/10.1016/j.copbio.2014.11.002
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.3402/mehd.v26.26050
https://doi.org/10.3402/mehd.v26.26050
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1242/dev.138560
https://doi.org/10.1242/dev.138560

S.M. Dahl et al.

Shinohara, K., Ohashi, Y., Kawasumi, K., Terada, A., & Fujisawa, T. (2010). Effect of
apple intake on fecal microbiota and metabolites in humans. Anaerobe, 16(5),
510-515. https://doi.org/10.1016/j.anaerobe.2010.03.005

Stevens, J. F., & Maier, C. S. (2016). The chemistry of gut microbial metabolism of
polyphenols. Phytochemistry Reviews: Proceedings of the Phytochemical Society of
Europe, 15(3), 425-444. https://doi.org/10.1007/5s11101-016-9459-z

Szollosi, J., Lockett, S. J., Balazs, M., & Waldman, F. M. (1995). Autofluorescence
correction for fluorescence in situ hybridization. Cytometry, 20(4), 356-361. https://
doi.org/10.1002/cyt0.990200412

Tapsell, L. C., Hemphill, I., Cobiac, L., Sullivan, D. R., Fenech, M., Patch, C. S.,
Roodenrys, S., Keogh, J. B., Clifton, P. M., Williams, P. G., Fazio, V. A., & Inge, K. E.
(2006). Health benefits of herbs and spices: The past, the present, the future. The
Medical Journal of Australia, 185(S4), S1-S24. https://doi.org/10.5694/1.1326-
5377.2006.tb00548.x

Thumann, T. A., Pferschy-Wenzig, E.-M., Moissl-Eichinger, C., & Bauer, R. (2019). The
role of gut microbiota for the activity of medicinal plants traditionally used in the
European Union for gastrointestinal disorders. Journal of Ethnopharmacology, 245,
Article 112153. https://doi.org/10.1016/j.jep.2019.112153

Thursby, E., & Juge, N. (2017). Introduction to the human gut microbiota. The
Biochemical Journal, 474(11), 1823-1836. https://doi.org/10.1042/BCJ20160510

Tomas-Barberan, F. A., Gonzalez-Sarrias, A., Garcia-Villalba, R., Ntinez-Sanchez, M. A.,
Selma, M. V., Garcia-Conesa, M. T., & Espin, J. C. (2017). Urolithins, the rescue of
“old” metabolites to understand a “new” concept: Metabotypes as a nexus among
phenolic metabolism, microbiota dysbiosis, and host health status. Molecular
Nutrition & Food Research, 61(1), 1500901. https://doi.org/10.1002/
mnfr.201500901

Tzounis, X., Rodriguez-Mateos, A., Vulevic, J., Gibson, G. R., Kwik-Uribe, C., &
Spencer, J. P. (2010). Prebiotic evaluation of cocoa-derived flavanols in healthy
humans by using a randomized, controlled, double-blind, crossover intervention
study. The American Journal of Clinical Nutrition, 93(1), 62-72. https://doi.org/

10.3945/ajcn.110.000075

Vamanu, E., Gatea, F., Sarbu, L., & Pelinescu, D. (2019). An in vitro study of the influence
of curcuma longa extracts on the microbiota modulation process, in patients with
hypertension. Pharmaceutics, 11(4).

Vrieze, A., Van Nood, E., Holleman, F., Salojérvi, J., Kootte, R. S.,

Bartelsman, J. F. W. M., ... Nieuwdorp, M. (2012). Transfer of intestinal microbiota
from lean donors increases insulin sensitivity in individuals with metabolic
syndrome. Gastroenterology, 143(4), 913-916.e917. https://doi.org/10.1053/j.
gastro.2012.06.031

Food Chemistry 409 (2023) 135286

Wang, J., Ghosh, S. S., & Ghosh, S. (2017). Curcumin improves intestinal barrier
function: Modulation of intracellular signaling, and organization of tight junctions.
American Journal of Physiology. Cell Physiology, 312(4), C438-C445. https://doi.org/
10.1152/ajpcell.00235.2016

Wang, J., Wang, P., Li, D., Hu, X., & Chen, F. (2020). Beneficial effects of ginger on
prevention of obesity through modulation of gut microbiota in mice. European
Journal of Nutrition, 59(2), 699-718. https://link.springer.com/content/pdf/10.100
7/500394-019-01938-1.pdf.

Weis, A. M., & Round, J. L. (2021). Microbiota-antibody interactions that regulate gut
homeostasis. Cell Host & Microbe, 29(3), 334-346. https://doi.org/10.1016/j.
chom.2021.02.009

Williams, C. F., Walton, G. E., Jiang, L., Plummer, S., Garaiova, I., & Gibson, G. R. (2015).
Comparative analysis of intestinal tract models. Annual Review of Food Science and
Technology, 6, 329-350. https://doi.org/10.1146/annurev-food-022814-015429

Yu, Z.-T., Chen, C., Kling, D. E., Liu, B., McCoy, J. M., Merighi, M., Heidtman, M., &
Newburg, D. S. (2013). The principal fucosylated oligosaccharides of human milk
exhibit prebiotic properties on cultured infant microbiota. Glycobiology, 23(2),
169-177. https://doi.org/10.1093/glycob/cws138

Zeng, H., Umar, S., Rust, B., Lazarova, D., & Bordonaro, M. (2019). Secondary bile acids
and short chain fatty acids in the colon: A focus on colonic microbiome, cell
proliferation, inflammation, and cancer. International Journal of Molecular Sciences,
20(5), 1214. https://www.mdpi.com/1422-0067/20/5/1214.

Zhang, S., Yang, J., Henning, S. M., Lee, R., Hsu, M., Grojean, E., Pisegna, R., Ly, A.,
Heber, D., & Li, Z. (2017). Dietary pomegranate extract and inulin affect gut
microbiome differentially in mice fed an obesogenic diet. 48, 184-193. http://www.
sciencedirect.com/science/article/pii/S1075996417301786.

Zhao, X., Wang, Y., Nie, Z., Han, L., Zhong, X., Yan, X., & Gao, X. (2020). Eucommia
ulmoides leaf extract alters gut microbiota composition, enhances short-chain fatty
acids production, and ameliorates osteoporosis in the senescence-accelerated mouse
P6 (SAMP6) model. Food Science & Nutrition, 8(9), 4897-4906. https://doi.org/
10.1002/fsn3.1779

Zhernakova, A., Kurilshikov, A., Bonder, M. J., Tigchelaar, E. F., Schirmer, M.,
Vatanen, T., ... Fu, J. (2016). Population-based metagenomics analysis reveals
markers for gut microbiome composition and diversity. Science, 352(6285),
565-569. https://doi.org/10.1126/science.aad3369

Zou, Y., Xiang, Q., Wang, J., Peng, J., & Wei, H. (2016). Oregano essential oil improves
intestinal morphology and expression of tight junction proteins associated with
modulation of selected intestinal bacteria and immune status in a pig model. Biomed
Research International, 2016, 5436738. https://doi.org/10.1155/2016/5436738


https://doi.org/10.1016/j.anaerobe.2010.03.005
https://doi.org/10.1007/s11101-016-9459-z
https://doi.org/10.1002/cyto.990200412
https://doi.org/10.1002/cyto.990200412
https://doi.org/10.5694/j.1326-5377.2006.tb00548.x
https://doi.org/10.5694/j.1326-5377.2006.tb00548.x
https://doi.org/10.1016/j.jep.2019.112153
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.1002/mnfr.201500901
https://doi.org/10.1002/mnfr.201500901
https://doi.org/10.3945/ajcn.110.000075
https://doi.org/10.3945/ajcn.110.000075
http://refhub.elsevier.com/S0308-8146(22)03248-4/h0270
http://refhub.elsevier.com/S0308-8146(22)03248-4/h0270
http://refhub.elsevier.com/S0308-8146(22)03248-4/h0270
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.1152/ajpcell.00235.2016
https://doi.org/10.1152/ajpcell.00235.2016
https://link.springer.com/content/pdf/10.1007/s00394-019-01938-1.pdf
https://link.springer.com/content/pdf/10.1007/s00394-019-01938-1.pdf
https://doi.org/10.1016/j.chom.2021.02.009
https://doi.org/10.1016/j.chom.2021.02.009
https://doi.org/10.1146/annurev-food-022814-015429
https://doi.org/10.1093/glycob/cws138
https://www.mdpi.com/1422-0067/20/5/1214
https://doi.org/10.1002/fsn3.1779
https://doi.org/10.1002/fsn3.1779
https://doi.org/10.1126/science.aad3369
https://doi.org/10.1155/2016/5436738

	Gut microbial modulation by culinary herbs and spices
	1 Introduction
	2 Herb and spice consumption
	3 Gut microbiota composition, acquisition, development and function
	3.1 Composition
	3.2 Acquisition and development
	3.3 Function

	4 Gut microbial modulation and health
	4.1 Prebiotics
	4.2 Function
	4.3 Short-chain fatty acids and health
	4.3.1 Metabolite formation

	4.4 Mechanisms leading to health benefits

	5 Phytochemicals, polyphenols, bioavailability and bioactive constituents
	5.1 Phytochemicals and polyphenols
	5.2 Bioavailability and bioactive constituents
	5.2.1 Possible mechanism of action


	6 Studies demonstrating influence of culinary herbs and spices on gut microbial modulation
	6.1 Inflammation
	6.2 Obesity
	6.3 Culinary herb and spice possible provision of health through gut microbial modulation
	6.4 Inconsistencies and limitations

	7 Conclusion
	Financial support
	Authorship
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	References


