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There is strong evidence that diabetes is closely linked with gut dysbiosis such that insults to the gut microbiota
can lead to diabetes. Meanwhile, since diabetes can be caused by a variety of tissue dysfunction, it would be ideal
to develop single therapeutic strategies that aim at mitigating the condition and modulating the gut microbiota
towards a healthy state. However, as it is difficult to define what a healthy gut microbiota is, the strategies would
need to result in a healthy functional change in the microbiota. Recently, the use of functional foods for pro-

moting health and modulating the gut microbiota is on the rise and colored vegetables such as beetroot have
shown promising results. Meanwhile, the possible mechanism by which beetroot consumption combats diabetes
through gut microbiota modulation is not established. Therefore, in this work, we discuss our current knowledge
about the possible mechanism by which beetroot exerts antidiabetic effects as well as the challenges and future
perspectives in this field of research.

1. Introduction

High blood sugar levels, insulin resistance, and dyslipidemia are the
hallmarks of type 2 diabetes mellitus (T2DM), a chronic condition that
also causes damaged pancreatic beta cells and insulin resistance (Bellary
et al., 2021). With approximately 8% of the world’s population affected
by T2DM, this disease is of particular significance to global health care
systems (Khan et al., 2020). Uncontrolled hyperglycemia is closely
associated with the overproduction of reactive oxygen species (ROS),
which causes oxidative stress and is a key component of T2DM patho-
physiology (Bhatti et al., 2022).

In fact, diabetes is a risk factor for nephropathy (Chun & Park, 2020),
cognitive dysfunction (Dao et al., 202.3), cardiovascular events as well as
micro- and macrovascular diseases (Mannucci et al., 2012). The body
produces more dipeptidyl peptidase-IV (DPP-IV) as a result of T2DM,
which inhibits the incretin system that regulates glucose homeostasis
(Kasina & Baradhi, 2021). As a result, glycemic control has emerged as a
crucial therapeutic approach for T2DM management. In the gut,
pancreatic and intestinal glucosidases hydrolyze dietary carbohydrates
to release glucose, which when absorbed, raises blood sugar levels (Liu
et al., 2023).

The gut microbiota has been linked to diabetes pathogenesis as it has
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been found to play a crucial role in host glucose metabolism (Amabebe
et al., 2020). This was evident in a study involving men with insulin
resistance who experienced improved insulin sensitivity after receiving
the gut microbiota of non-diabetic donors (Kootte et al., 2017). Since
dietary glucose is a major contributor to hyperglycemia, delaying di-
etary carbohydrate hydrolysis by inhibiting a-amylase and a-glucosidase
activities has emerged as an effective therapeutic approach for the
management of diabetes (DiNicolantonio et al., 2015). Meanwhile, liver
problems, asthenia, nausea, and gastrointestinal discomfort have all
been associated with the use of pharmacological therapeutics that block
carbohydrate-digesting enzymes (DiNicolantonio et al., 2015).

The prevalence of diabetes coupled with the side effects of existing
antidiabetic drugs makes the search and development of safe non-
pharmacological therapeutics for managing diabetes imperative.
Considering that diabetes can be triggered by pancreatic problems and
insulin resistance in the fat, liver and muscle cells, it is essential to
develop therapeutic strategies that aim at mitigating the condition and
modulating the gut microbiota towards a healthy state. However, as it is
difficult to define what a healthy gut microbiota is, the strategies would
need to result in a healthy functional change in the microbiota.

Interestingly, plants and their metabolites have remained invaluable
therapeutic sources for health promotion and modulation of the gut
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microbial composition. Indeed, phytochemicals such as carotenoids,
anthocyanins and betalains found in vegetables such as red beetroot
(Beta vulgaris subsp. vulgaris) have potential antioxidant and glycemic
control effects (Azizah et al., 2022; Li et al., 2022) and can therefore be
used for combating the disease. Red beetroot (herein referred to as
beetroot) is a vegetable high in nitrates, dietary fiber (Cava et al., 2012;
Kale et al., 2018) and betalains which have anti-inflammatory, antiox-
idant and antidiabetic effects (Aliahmadi et al., 2021; Karimzadeh et al.,
2022). It also has a strong ability to modulate the gut microbiota (Wang
et al., 2023).

Despite the antidiabetic potential of the vegetable, the possible
mechanisms by which it mitigates diabetes is not clearly understood.
Therefore, in this work, we discuss our current knowledge about the
antidiabetic potential of beetroot, the possible mechanisms by which it
modulates the gut microbiota for diabetes remission and the future
perspectives of its use as an antidiabetic functional food.

2. Different bioactive compounds in beetroot and their
functions

High amounts of polyphenols, betalains, flavonoids, ascorbic acid,
carotenoids, saponins and nitrate are present in beetroot (Chhikara
et al.,, 2019) and the bioactive potentials of the vegetable has been re-
ported (Bangar et al., 2022). This section will further elaborate on some
of the important bioactive components in red beetroot and their impact
on the gut microbiota.

2.1. Phenolic compounds and flavonoids

Beetroot is a rich source of flavonoids and phenolic compounds
(Fig. 1). A recent study reported that the total phenolic acids content in
beetroot was 30.81 mg gallic acid equivalent/g dry weight (DW) (Des-
seva et al., 2020) while other studies report relatively lower levels
(Vasconcellos et al., 2016; Wootton-Beard & Ryan, 2011). Beetroot peels
also have very high levels of phenolic acids such as rutin, epicatechin,
catechin hydrate, vanillic, protocatechuic, p-coumaric, syringic acids
and caffeic acid (Maraie et al., 2014). A study showed that 100 g of DW
of beetroot pomace extract contained 132.52 mg of ferulic acid, 5.12 mg
vanillic acid, 1.13 mg p-hydroxybenzoic acid, 7.11 mg caffeic acid, 5.42
mg Protocatechuic acid, 37.96 mg catechin, 0.39 mg epicatechin and
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0.25 mg rutin (Vuli¢ et al., 2014). Some studies have shown that cooked
beetroot and beetroot juice have higher phenolic contents than beetroot
powder and chips due to loss during the drying process (Mella et al.,
2022; Vasconcellos et al., 2016). Four main groups of flavonoids namely
betavulgarin, cochliophilin A, betagarin, and dihydroisorhamnetin have
been identified in beetroot (Vulic et al., 2014) and potential anticancer
flavanones such as betagarin and betavulgarin are present in beetroot
leaves (Tan & Hamid, 2021). Other flavonoids in beetroots include 5-hy-
droxy-6,7-methylenedioxyflavone, 3,5-dihydroxy- 6,7-methylenedioxy-
flavanone, 2,5-dihydroxy-6, and 7-methylenedioxyisoflavone (Lim,
2012; Rana et al., 2022). Most phenolic compounds are not readily
absorbed in the upper gastrointestinal tract after consumption and they
therefore reach the large intestine where they interact with gut micro-
biota (Quatrin et al., 2020). These phenolic compound promote the
growth of gut bacteria such as Parabacteroides distasonis, Bifidobacterium
sp., Prevotella sp., Bacteroides cellulosilyticus and Akkermansia muciniphila
which play critical roles in host energy metabolism (Han et al., 2009; Liu
et al., 2019).

2.2. Carotenoids

Carotenoids are abundant in beetroot and act as potent antioxidant,
oxygen radical scavengers (Lim et al., 2023), anticarcinogens (Vrdoljak,
2022) and immune stimulants (Riley et al., 2023) (Fig. 1). Beetroot flesh
contains about 1.9 mg/100 g beta carotene (Rebecca, et al., 2014) and
22 1g/100 g alpha carotene (Ceclu & Nistor, 2020) while beetroot leaves
contain 11.64 pg/100 g beta carotene and 3.5 pg/100 g alpha carotene
(Ceclu & Nistor, 2020). Beta carotene consumption has been shown to
prevent oxidative stress and DNA strand breakage (Riso et al., 1999) and
therefore promote health. Although beta carotene consumption may not
significantly alter gut microbial a-diversity (Honarbakhsh et al., 2022; Li
et al., 2021), B-carotene may increase the abundance of Roseburia,
Lachnospiraceae and Parasutterella but decrease the populations of
Dialister, Enterobacter and Collinsella in the gut. p-carotene can also
promote the production of acetic acid, propionic acid and lactic acid by
gut microbes which can reduce inflammatory biomarkers (Li et al.,
2023).
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Fig. 1. Major phenolic and flavonoid compounds in red beetroot that have potential anti-diabetic activity.
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2.3. Betalains

Based on their chemical structure and composition, betalains, can be
classified as betaxanthin (yellow pigment) and betacyanin (red pigment)
(Fig. 2). Betaxanthin can be subdivided into vulgaxanthin-I and
vulgaxanthin-II (Ravichandran et al., 2013). Betacyanins such as pre-
betanin, betanin, isobetanin, and neobetanin have been identified in
beetroot peel (Nemzer et al., 2011). Previous studies showed that dried
beetroot extracts contained 20.75 mg/g of betacyanins and 19.01 mg/g
of betaxanthins. Another study showed that betanin was the most
abundant pigment in red beetroot juice (312.47 mg/100 g DW) followed
by vulgaxanthin I (104.08 mg/100 g DW), isobetanin (71.28 mg/100 g
DW), betanidin (18.2 mg/100 g DW) and isobetanidin (4.6 mg/100 g
DW) (Slavov et al., 2013). Using eutectic solvents for betacyanin
extraction from red beetroot can yield about 400 mg/100 g of the dye
(Hernandez-Aguirre et al., 2021). Interestingly, consumption of beta-
lains may promote the growth of Akkermansia sp. which have beneficial
effects against metabolic disorders such as insulin resistance and dia-
betes (Song et al., 2016). More so, betalains suppress Staphylococcus
aureus and Pseudomonas aeruginosa attachment proliferation and pro-
liferation by inhibiting their biofilm production (Yong et al., 2019).

3. Summary of recent clinical experiments on beetroot to
control diabetes, and possible methods of improving the
antidiabetic potentials of the vegetable

3.1. Antidiabetic abilities of beetroot consumption

The interest in using beetroot as a functional food for managing
diabetes is fascinating due to the results observed in animal studies. In
fact, several studies have demonstrated the antidiabetic potential of
beetroot in vitro and in animal studies though a few positive outcomes
have been observed in human studies. In diabetic rat models, for
example, an ethanolic extract of red beetroot reduced fasting blood
glucose, increased insulin levels, hepatic cholesterol levels, tri-
glycerides, and serum low-density lipoproteins (Al-Harbi et al., 2021).
Similarly, in a single-blind cross-over controlled study, consumption of a
beetroot juice significantly lowered postprandial glycemic and insulin
response relative to volunteers who consumed a control beverage
(Wootton-Beard et al., 2014). Only several clinical trial studies have
investigated the effects of beetroot supplementation on glycemic control
and lipid profile in T2DM patients and they have yielded mixed
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outcomes (Table 1). Such outcomes could be due to the inter-individual
variations in gut microbiota, metabotypes as well as genetics (Daliri
et al., 2021; Surono et al., 2022).

3.2. Strategies for improving the antidiabetic effects of beetroot

Most studies about the antidiabetic potential of beetroot have
focused on fresh beetroot (Aliahmadi et al., 2021; Karimzadeh et al.,
2022) but not much is known about the potential anti-diabetic activities
of fermented beetroot. Meanwhile, it is well established that fermenta-
tion with lactic acid bacteria and yeast can bioactivate, biotransform,
and increase the release of bound bioactive compounds from the food
matrix to augment their health promoting effects (Zhao et al., 2021).
Recently, we recorded a significant increase in the antioxidant activity,
DPP-1V inhibitory potential and inhibition of carbohydrate hydrolyzing
enzyme activities when beetroot was fermented with Latilactobacillus
curvatus PN39MY (Daliri, Balnionyte, et al., 2023; Daliri, Ofosu, Chel-
liah, & Oh, 2023). During fermentation, components of beetroot such as
betanin (the main red-violet component in beetroot) can be converted
by microbial deglucosylation into aglycones such as betanidin and iso-
betanidin (Czyzowska et al., 2006). Such aglycones produced after
cutting-off the B-p-glucosyl residues of betanin demonstrate improved
potential health benefits than the parent compounds (Wybraniec et al.,
2011). Although fermentation also produces other metabolites besides
aglycone molecules, the levels of aglycones can be increased drastically
when certain specific bacteria are used for the fermentation process.
Bacteroides thetaiotaomicron (Wardman et al., 2022), L. casei, L. planta-
rum, Streptococcus thermophilus, L. acidophilus, L. delbrueckii ssp. bulgar-
icus, L. fermentum and several Bifidobacterium species possess active
B-D-glycosidases (f-D-glucoside glucohydrolase, E.C. 3.2.1.21) (Ko
et al., 2022; Michlmayr & Kneifel, 2014) and may be useful for gener-
ating aglycones of betalains (Fig. 3). Saccharomyces cerevisiae also have
p-D-glycosidases (Tang et al., 2013) which could produce aglycones
during fermentation. Other metabolites of bioactive relevance such as
neobetanin may also be generated during fermentation by microbial
dehydrogenases (Qin et al., 2022). Most of the metabolites produced
after the fermentation process are usually readily absorbed through the
gut epithelium via passive diffusion (Xiao, 2017), thereby increasing
their bioavailability. It is therefore essential to identify beneficial mi-
crobes that can be used for the development of antidiabetic functional
foods (see Fig. 4).

Apart from using bacteria as cell factories for generating bioactive
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Fig. 2. General structures of betalamic acid (a), betacyanins (b) and betaxanthins (c) Betanin: RI—_R2—H. R3 = amine or amino acid group. Adapted from Baiao

et al. (Baiao et al., 2017).



Table 1
Effects of beetroot consumption on T2DM patients and healthy volunteers.
Group Study Population Method Dose Duration ~ Outcome
Type 2 Karimzadeh et al. 45 patients (31 males), 53.99 + 9 years. Stratified block 12 ml of concentrated 12 Compared with the control group, beetroot juice reduced IL-6 (—0.1 vs.0.83,
diabetes (2022) Duration of disease = 6.43 + 3.31 years randomized control trials beet root juice, twice weeks P =0.001), TNF-a (—1.28 vs. 5.51, P = 0.001), and NF-kB (—0.03 vs. 0.36, P
patients daily = 0.005)
Karimzadeh et al. 38 patients (n = 19 in beetroot group and n  Simply randomized, 24 ml of concentrated 12 Compared with the baseline, significant reductions in plasma insulin (14.55
(2023) =19 in placebo group), 54 + 9 years. parallel-group, controlled, beetroot juice, once per  weeks + 7.85 vs. 10.62 + 6.96, P = 0.014) and homeostasis model assessment of
Duration of disease = 6.43 + 3.3 years and open-label trial day p-cell function (HOMA-B) (3.96 + 0.83 vs. 3.63 + 0.75, P = 0.038)
Bahadoran, 64 patients (n = 35 in beetroot group and n ~ Randomized double-blind 5 g of beetroot powder, 24 No effect on metabolic parameters
Norouzirad, et al. = 29 in placebo group), 54.0 + 8.5 years placebo controlled trial once per day weeks
(2021) (47.9% were male), Duration of disease =
8.5 + 6.1 years
Gilchrist et al. (2013) 27 patients (18 males), 67.2 + 4.9 years, Double-blind, randomized, 250 ml of beetroot 2 weeks No improvement in insulin sensitivity
Duration of disease = 13.6 + 8.1 years placebo-controlled juice, once per day
crossover trial
Aliahmadi et al. 44 patients (10 males), 57 + 4.5 years. Quasi-experimental study 100 g of raw beetroot 8 weeks Reduction in fasting blood sugar levels (—13.53 mg/dL), glycosylated
(2021) Duration of disease >5 years powder, once per day hemoglobin (—0.34%), apolipoproteinB100 (—8.25 mg/dL), aspartate
aminotransferase (—1.75 U/L), alanine aminotransferase (—3.7 U/L),
homocysteine (—7.88 pmoL/1), and a significant increase in total antioxidant
capacity
Bahadoran, 9 healthy adults and nine T2DM patients Randomized crossover 270 ml of beetroot Once Reduced blood glucose levels significantly after consuming white bread
Norouzirad, et al. study juice, once per day
(2021)
Healthy Olumese and Oboh 30 subjects (18 males) aged 19-29 years, Not reported 10% beetroot juice, 6 weeks Reduced blood glucose levels from 76.1 mg/dL to 49.8 mg/dL, decrease the
volunteers (2016) (FBS <2 5.6 mmol/L) and BMI less than 25 once per day values of insulin obtained during the intervention period from 9.42 y IU/ml
kg/m? to 1.16 p IU/ml
Wootton-Beard et al. 16 subjects (6 males), 27 + 5 years, 23-3 & Randomized, single-blind, 225 ml of concentrated ~ Once Significant lowering of the postprandial insulin response
(2014) 2.8 kg/m? cross-over design beetroot juice, once per
day
Shepherd et al. 16 young adults (26.6 & 6 year), BMI = 24.6  Double-blind, placebo- 140 ml concentrated Once No effect on plasma glucose, C-peptide, or incretin concentration
(2016) + 3.1 kg/m2 controlled, randomized beetroot juice, once per
15 adults (59.2 + 6 year), BMI = 26.36 + control trial day No effect on plasma glucose, C-peptide, or incretin concentration
3.8 kg/m?
Chang et al. (2018) 10 volunteers (1 male and 9 females), aged Randomized crossover 270 ml of concentrated ~ Once Reduced blood glucose levels significantly after consuming white bread

20-24 years and BMI ranging from
16-7-26-8 kg/m?

study

beetroot juice, once per
day
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components in beetroot, treatment of beetroot with specific $-D-glyco-
sidases under controlled temperature and pH could yield aglycones.
Indeed, a combination of high temperature and fermentation could
further improve the bioactivity of beetroot products since microbial
transformation and thermal degradation could generate new com-
pounds (Daliri, Balnionyte, et al., 2023; Daliri, Ofosu, et al., 2023).
Similarly, treating beetroot with appropriate imidases under the right
conditions could yield betalamic acid (a strong antioxidant compound).
Betalamic acid can also be obtained by high temperature treatment of
beetroot (Xu et al., 2023) and by alkaline hydrolysis (Miguel, 2018).

4. Diabetes-associated gut dysbiosis and the impact of beetroot
on gut microbial ecology

4.1. Diabetes-associated gut dysbiosis

Accumulating evidence show that the gut microbiota of diabetics and
non-diabetics are different (Larsen et al., 2010). To understand the
causality between gut microbiota and diabetes, Cani et al. (Cani et al.,
2008) fed mice with high-fat diet (HFD) to alter their gut microbiota.
The HFD-fed mice exhibited dramatic changes in the gut microbiota (a
decrease in the levels of Lactobacillus spp., Bifidobacterium spp. and
Bacteroides-Prevotella spp.), high plasma lipopolysaccharide concentra-
tions (an indicator of metabolic endotoxemia), inflammation, intestinal
permeability and high bold glucose levels compared to control mice.
Treating the mice with ampicillin and neomycin however altered their
gut microbiota, reduced metabolic endotoxemia to a level similar to that
of the control mice, significantly reduced cecal endotoxin contents,
reduced blood glucose and restored gut membrane permeability. In a

similar study, administration of vancomycin and polymyxin B was
shown to drastically reduce the levels of lithocholic acid (LCA) and
deoxycholic acid (DCA) producers such as Clostridium cluster XI, Clos-
tridium cluster XIVa and B. fragilis and their metabolites (LCA and DCA).
This resulted in altered liver glycogen metabolism, bile acid and
cholesterol biosynthesis and reduced blood glucose levels (Kuno et al.,
2018). This is because, microbial LCA and DCA are farnesoid X receptor
agonists which suppress gluconeogenesis, lipogenesis and fatty acid
synthesis (Han et al., 2021). These studies provide evidence that gut
dysbiosis can cause diabetes. Similar to animal studies, gut microbial
dysbiosis is also well documented in diabetic patients (Karlsson et al.,
2013). In a recent literature review of forty-two human studies reporting
the relationship between diabetes and gut microbiota, the populations of
Akkermansia, Bifidobacterium, Faecalibacterium, Bacteroides and Rose-
buria genera were significantly reduced in T2DM, while the genera of
Fusobacterium, Blautia and Ruminococcus genera were significantly
increased in T2DM patients (Gurung et al., 2020).

The introduction of a complete and stable bacteria community in the
gut to repair or replace the altered native microbiota has yielded some
promising outcomes (Ng et al., 2022). For instance, in a randomized,
double-blind controlled study of insulin-resistant men, patients received
the gut microbiota from lean body mass donors. Analysis of the exper-
imental results demonstrated that fecal microbiota transplantation
(FMT) improved insulin sensitivity and also increased the number of
butyrate-producing gut bacteria (Vrieze et al., 2012). Although an in-
crease or restoration in the levels of butyrate-producing bacteria is
thought to be responsible for the disease remission after FMT (Capper
etal., 2020; Ng et al., 2022; Vrieze et al., 2012), the specific bacteria that
need to be restored for the remission are yet to be established.
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Fig. 4. Possible mechanism by which betanin directly inhibit carbohydrate digestion and glucose metabolism to mitigate diabetes.

Furthermore, the functional changes that occur in the microbial com-
munity following the treatment of diabetic patients with FMT are still
unclear. This is particularly important because the gut microbial profile
of the recipient tend to differ from the donor’s gut microbiota over time,
due to host immunity (Littmann et al., 2021) and diet (Lee et al., 2017)
although the health effect may remain. However, as the gut microbiota
is directly involved in diabetes and its management, strategies aimed at
modulating the gut microbiota and its functions remain imperative.

4.2. Beetroot modulation of microbial structure and function in diabetes-
associated dysbiosis

The modulatory effects of beetroot on the gut microbiota have been
attributed to its constituents (de Oliveira et al., 2021) as they can pro-
mote the growth of microbes that can metabolize them while inhibiting
others. This is particularly true because the ability of resident bacteria to
utilize dietary components for growth directly influences their abun-
dance in the gut (Agans et al., 2018). For instance, recent studies with
healthy volunteers demonstrated that beetroot consumption can in-
crease the population of Akkermansia muciniphila (a known butyrate
producer) and decrease the abundance Bacteroides fragilis (Wang et al.,
2023). Researchers reported that beetroot consumers had high levels of
fecal butyrate which was associated with the high levels of betacyanin
catabolites in beetroot (Wang et al., 2023). In general, betalains are
poorly absorbed in the upper gastrointestinal tract (Clifford et al., 2017;
Sawicki et al., 2018) and can therefore reach the large intestine to
modulate the gut microbiota. This was demonstrated in a study in which
consumption of betacyanin promoted the growth of Akkermansia,
Mucispirilum, and Anaerotruncus species in diabetic mice (Henning et al.,
2017). The antimicrobial activity of betalains against gram-positive
bacteria is also well established (Velicanski et al., 2011; Vuli¢ et al.,
2013; Yong et al. 2017, 2018) and this may likely play a role in the
ability of beetroot consumption to alter the gut microbial profile.

Beetroot components not only selectively promote the growth of gut
microorganisms but can also modulate their functions by upregulating

(Agans et al., 2018; McIntosh et al., 2012) or downregulating microbial
gene expression which can influence host physiology. Since gut micro-
organisms contribute to the digestion of complex carbohydrates, pro-
teins and fats in the host by expressing enzymes required for the
hydrolysis of these compounds (Oliphant & Allen-Vercoe, 2019), the
ability to modulate their functions would be critical for gut health. In a
recent study, consumption of fermented beetroot was found to inhibit
the growth of Enterobacteriaceae, suppress their p-glucosidase produc-
tion and inhibit the overall B-glucosidase activity in the gut (Klewicka
et al., 2009). In fact, gut bacteria belonging to the Enterobacteriaceae
family (Klewicka et al., 2009) and Bacteroides species (Xu et al., 2003)
possess numerous active glycoside hydrolases in their genomes and can
express o-glucosidases, p-glucosidases, a-galactosidases, a-man-
nosidases, p-galactosidases, p-glucuronidases, p-fructofuranosidases,
endo-1,2-B-xylanases and amylases (Xu et al., 2003). A reduction in the
populations of these bacteria would therefore influence complex car-
bohydrate metabolism in the gut. Meanwhile, though fermented beet-
root may modulate the structure and function of the gut microbiota, the
specific component(s) in the fermented samples that were involved in
the bacteria and enzyme inhibition would need to be investigated to
understand the mechanism behind its (their) activities. It is however
noteworthy that, although consumption of beetroot can significantly
affect specific microbial groups in the gut, the levels of certain bacteria
characteristic of a given disease condition may remain unaltered even
after intervention (Fragiadakis et al., 2020; Walker et al., 2011) and
remission. This therefore makes a complete reversal of the diabetes gut
microbial profile to its initial profile before the onset of the disease
almost impossible.

4.3. Direct and indirect mechanisms by which beetroot mitigates diabetes

4.3.1. Direct effect on the host

Beetroot may directly mitigate diabetes by inhibiting carbohydrate
hydrolysis and glucose metabolism. Indeed, glucose released from car-
bohydrate digestion and increased gluconeogenesis in the liver of
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diabetic patients are the main causes of hyperglycemia (Jiang et al.,
2020). Therefore, inhibiting the activities of carbohydrate-digesting
enzymes and controlling hepatic carbohydrate metabolism in the host
would drastically reduce postprandial blood glucose levels (Hedrington
& Davis, 2019). In a recent study, we demonstrated that fermentation of
beetroot with L. curvatus PN39MY significantly increased its anti--
a-glucosidase ability (Daliri, Balnionyte, et al., 2023; Daliri, Ofosu, et al.,
2023). Results from other studies have shown that betanins in beetroot
can inhibit both a-amylase and a-glucosidase thereby reducing glucose
release from food (Koss-Mikotajczyk et al., 2019; Montiel-Sanchez et al.,
2021). Betanin consumption can also promote glycolysis by activating
glucokinase and pyruvate kinase while decreasing gluconeogenic en-
zymes such as glucose-6-phosphatase and fructose-1,6-bisphosphatase
in the liver (Dhananjayan et al., 2017). In addition, beetroot nitrates
can generate nitric oxide which plays a crucial role in glucose transport
in adipocytes and myocytes, increases glucose oxidation and decreases
glycogenesis (Jobgen et al., 2006). The ability of beetroot to control
glucose metabolism could account for the significant reduction in fasting
blood glucose levels in diabetic patients after they consumed beetroot
juice (Aliahmadi et al., 2021; Bahadoran Mirmiran et al., 2021).

Beetroot may also alleviate diabetes due to its antioxidant abilities.
In fact, hyperglycemia induces rapid fragmentation of mitochondria,
which offsets the production of ROS —generating substrate by the Krebs
cycle. This results in an upsurge in ROS production (Nishikawa et al.,
2000; Rena et al., 1999; Yu et al., 2006) which activates intracellular
formation of precursors of advanced glycation end products (AGEs) and
the overexpression of AGE receptors as well as their activating ligands
(Brownlee, 2005). These AGE precursors modify intracellular proteins
that regulate gene transcription (Kim et al., 2012) as well as other
extracellular matrix molecules to alter cell signaling resulting in cellular
dysfunction (Ahmad et al., 2022). Recent studies have demonstrated the
antioxidant and radical scavenging abilities of beetroot flavonoids,
phenolics and betalains, suggesting that beetroot has the potential to
prevent oxidative damage to lipid molecules and DNA (Esatbeyoglu
et al., 2014). Betalains are immonium derivatives of betalamic acid that
have an aromatic amino molecule capable of radical stabilization. The
ability of betalain to donate electrons is directly related to this stabili-
zation (Slimen et al.,, 2017). Due to the fact that radicals are
electron-deficient molecules, betalains can provide electron density to
the half-filled orbital and maintain its stability. For betaxanthins, the
amount of hydroxy and imino residues present determines their anti-
oxidant activity (Gliszczynska-Swiglo et al., 2006). Acylation is known
to increase the antioxidant activity of betacyanin while glycosylation
decreases it. Furthermore, 6-O-p-glycosylated betacyanins are more
effective in scavenging free radicals than their 5-O-p-glycosylated
counterparts (Gliszczyniska-Swiglo et al., 2006). Betanin triggers cellular
antioxidant defense by inducing the transcription factor nuclear factor
erythroid 2-related factor 2 which increases levels of heme oxygenase 1
protein and cellular glutathione as well as transactivation of para-
oxonase 1 (Esatbeyoglu et al., 2014). This may be the reason why con-
sumption of betanin reduces oxidative stress by increasing the activity of
antioxidant enzymes, terminating lipid peroxidation and reversing liver
damage in Wistar rats fed with HFD (da Silva et al., 2019). Meanwhile,
indicaxanthin is a chain-terminating lipoperoxyl radical-scavenger
which inhibits lipid oxidation by inducing a lag phase and decreasing
the rate of lipid oxidations reaction (Tesoriere et al., 2007).

Recent studies have shown that some components of beetroot (spe-
cifically betanin) may inhibit the formation of AGE by binding to
methylglyoxal (the main intermediate in the formation of AGE), making
them unavailable for the formation of AGE. Although betanin may not
directly bind to serum proteins to inhibit the formation of AGE, thermal
degradation products of betanin such as betalamic acid can bind to
bovine serum albumin at positions LYS920 and SER930, disabling it
from binding with sugars (Xu et al., 2023). These antioxidant and
anti-AGE effects of betanin may account, at least in part to the reduced
glycated hemoglobin (HbA1c) levels observed in diabetes patients when
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fed with beetroot juice (Aliahmadi et al., 2021) and in mice after they
were fed with betanin-loaded liposomes (Amjadi et al., 2019).

4.3.2. Indirect effect on the host through gut microbiota modulation

It is evident that the gut microbiota influences gut permeability and
inflammation (Liu et al., 2021), host glucose and lipid metabolism as
well as insulin sensitivity (Aw & Fukuda, 2018). In view of this, we
discuss the indirect mechanisms by which beetroot and its components
modulate the gut microbiota for diabetes remission.

Recent studies have demonstrated that the gut microbiota can in-
fluence glucose homeostasis by altering gut hormones in the host
(Gérard & Vidal, 2019). For instance, sulphate-reducing bacteria have
been shown to produce H,S which can trigger the p38 mitogen-activated
protein kinase (MAPK) pathway to increase glucagon-like peptide-1
(GLP-1) secretion from by colonic GLP-1-secreting L-cells (Pichette
etal., 2017). However, Enterococcus faecalis (which is overly represented
in diabetics but reduced during treatment and in healthy individuals (Su
et al., 2015)) can secrete the metalloprotease GelE which disrupts the
gut epithelia and cleaves GLP-1 to upset glucose homeostasis (LeValley
et al., 2020). Meanwhile, beetroot consumption promotes the levels of
Bifidobacterium spp and Lactobacillus spp in the gut (de Oliveira et al.,
2023) which produce metabolites that enhance glucose transporter-4
translocation through IRS-1/PI3K/Akt insulin signaling pathway in
L-cells (Kim et al., 2014) and the liver (Li et al., 2017) to mitigate insulin
resistance. Indeed, many gut Lactobacilli produce metabolites with
potent a-glucosidase inhibitory abilities that retard glucose release from
complex carbohydrates, thereby reducing postprandial hyperglycemia
(Panwar et al., 2014). In addition, gut Bifidobacterium and Lactobacillus
have bile salt hydrolases which convert primary conjugated bile salts to
secondary bile acids (Golubeva et al., 2017; Ishimwe et al., 2015).
Secondary bile acids such as 6a-hydroxylated bile acid can activate the
TGR5-GLP1R axis to increase the release of incretin hormone and signal
transduction (Makki et al., 2023). Beetroot consumption also promotes
the production of butyrate which acts as a ligand of G-protein coupled
receptors (GPCR41 and GPCR43) that stimulate entero-endocrine [-cells
to release PYY, GLP-1 and GLP-2 (Allin et al., 2015).

Additionally, there is increasing evidence to show that alterations in
gut microbiota fatty acid metabolism play a role in diabetes pathogen-
esis. In fact, diabetic patients have reduced expression of gut microbial
genes involved in the biosynthesis of short chain fatty acids, whereas
this is not the case in healthy patients (Vatanen et al., 2018). Further-
more, patients with p-cell autoantibodies have low populations of
butyrate-producing bacteria in their gut (de Goffau et al., 2013) and this
accounts for the low levels of butyrate levels observed in their stools.
Meanwhile, beetroot consumption increases the levels of Lactobacillus
spp which produce butyrate. Butyrate in turn can inhibit histone
deacetylation (Steliou et al., 2012) to stimulate mitochondria biogenesis
and fatty acid oxidation (Hong et al., 2016) which alters insulin
signaling (Chriett et al., 2017) in the host. Butyrate also activates
browning and up-regulates fatty acid p-oxidation genes CPT1a, PPARa
and ACOX1 in adipocytes (Zhang et al., 2023). In the gut, A. muciniphila
can increase lipid metabolism by activating Lxr, Cptl and HMG-CoA
synthase genes which are involved in fatty acid, cholesterol and bile
acid metabolism (Derrien et al., 2011; Lukovac et al., 2014). Hence,
beetroot modulates members of the microbiota to regulate host fatty
acid metabolism and energy expenditure, which is important for the
control of T2DM (Denisenko et al., 2020).

Further, diabetes is associated with low-grade inflammation char-
acterized by elevated levels of circulating pro-inflammatory cytokines,
chemokines and inflammatory proteins (Pesaro et al., 2021) and gut
bacteria have been shown to modulate inflammation. Gut bacteria such
as Fusobacterium, Blautia and Ruminococcus are overrepresented during
diabetes (Gurung et al., 2020) and these bacteria trigger
pro-inflammatory metabolites that activate pro-inflammatory cytokines
in the host (Brennan et al., 2021; Juste et al., 2014). In fact, Fusobacte-
rium nucleatum metabolites and vesicles can provoke the infiltration of
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inflammatory cells, such as macrophages, creating a pro-inflammatory
microenvironment (Rubinstein et al., 2013). When macrophages are
infected with F. nucleatum, they induce the release of inflammatory cy-
tokines such as NF-xB, IL-6, IL-8, IL-10 and IL-18 (Engevik et al., 2021;
Rubinstein et al., 2013). Similarly, some B. fragilis strains can produce
B. fragilis toxin which can induce the cleavage of E-cadherin and IL-8
secretion via p-catenin, NF-xB, and MAPK pathways in the gut epithe-
lium (Lee et al., 2022). However, beetroot consumption promotes the
populations of bacteria such as A. muciniphila (Gurung et al., 2020)
whose extracellular vesicles and metabolites may stimulate
anti-inflammatory cytokines (Raftar et al., 2022) by suppressing TNF-a,
IFN-y and IL-8 expression in the gut (Zhai et al., 2019) resulting in
improved glucose metabolism (Abot et al., 2023). A. muciniphilla buty-
rate also suppresses NF-kB/Rel activation and inhibits the expression of
IL-8 in the gut (Kinoshita et al., 2002).

Increased gut membrane permeability is common among T2DM pa-
tients and results in the leakage of gut microbes and toxins into the
bloodstream (Zhao et al., 2020). This compromised gut membrane
integrity can be caused by the overexpression of extracellular vesicles by
some pathobionts in the gut during diabetes. For instance, Fusobacterium
nucleatum extracellular vesicles can activate receptor-interacting protein
kinase 1 and receptor-interacting protein kinase 3 resulting in gut
epithelia necroptosis and membrane dysfunction (Liu et al., 2021).
Meanwhile, A. muciniphila (whose populations are boosted by beetroot
consumption) produce extracellular vesicles which can mitigate gut
membrane permeability by stimulating intestinal tight junction protein
expression through the activation of adenosine
monophosphate-activated protein kinase (AMPK) in the gut epithelium
(Chelakkot et al., 2018). Furthermore, the outer membrane protein of
A. muciniphila, Amuc_1100, can stimulate the expression of occludin and
tight junction protein-1 which enhance gut membrane integrity (Riley
et al., 2023). In addition, Amuc_1100 can inhibit intestinal cannabinoid
receptor type 1 which could reduce gut permeability (Plovier et al.,
2017). A recent study has demonstrated that A. municiphilla as well as
their cell membrane proteins can upregulate and activate intestinal
cAMP-responsive element-binding protein H which increases tight
junction proteins claudin-5 and claudin-8 expression to improve gut
integrity (Wade et al., 2023). Moreover, butyrate produced by
A. municiphilla may also protect membrane integrity by enhancing the
expression of zonula occludens and also through the peroxisome
proliferator-activated receptor y pathway (Kinoshita et al., 2002).
Consumption of beetroot could therefore boost the levels of beneficial
commensal microbes that enhance gut membrane integrity during dia-
betes management.

5. Challenges and future perspectives

Despite the tendency of beetroot consumption to improve diabetic
conditions, factors such as variations in gut enteroypes, and metabolic
phenotypes a play crucial role in the outcome of dietary interventions
(Dahal et al., 2022; Mayneris-Perxachs et al., 2020). Even in healthy
subjects (control groups), their metabotypes and enterotypes may differ
though they display the same phenotypes (Kang et al., 2016). In fact, the
type and amount of food-derived compounds that reach the gut micro-
biota is strongly affected by the digestive and metabolic efficiency of the
individual. More so, with the exception of A. muciniphilla and butyrate,
there is no consensus on which other specific beneficial gut bacteria and
metabolites are enriched after beetroot consumption. For this reason,
future microbiota studies would need to stratify participants based on
their genetic, gut enterotype and metabotype diversity to reveal a more
personalized effect of beetroot interventions on health and disease.

In addition, current studies pertaining to the effects of beetroot on
diabetes and the gut microbiota have focused on individual potential
causal bacteria while neglecting the mycobiome and virome which
symbiotically interact with the bacteria. This is particularly important
because the quality and function of the gut mycobiome (Mingaila et al.,
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2023; Salamon et al., 2021; Van Syoc et al., 2023) and virome (Fan et al.,
2023; Yang et al., 2021) are altered during diabetes and by dietary in-
terventions. For this reason, grouping microbial consortia based on
functional similarities would provide a clearer information of the
community-level dynamics of the gut microbiota in health and disease.
Meanwhile, knowledge on bacteriophages that may control the levels
and functions of gut commensal bacteria in diabetes is crucial for un-
derstand the etiology of diabetes caused by gut microbial dysbiosis. This
is plausible because phages usually infect bacteria and affect their
metabolism, survival and death (Daliri, Ofosu, Chelliah, Lee, & Oh,
2020; Seed et al., 2014). It is therefore possible that these phages could
influence certain nonpathogenic bacteria to display pathogenic pheno-
types when the gut homeostasis is compromised. In such a case, certain
bacteria regarded as beneficial may be overrepresented in the diseased
group and yet overlooked though they may be key players in the disease
(Daliri, Balnionyte, et al., 2023; Daliri, Ofosu, et al., 2023).

Meanwhile, it is anticipated that essential microbial products such as
A. muciniphila extracellular vesicles and Amuc_1100 proteins would be
purified and their effective doses needed to mitigate the leaky gut
associated with diabetes would be determined. In the meantime, it
would be interesting to know whether or not beetroot actually triggers
the production of these A. muciniphila products in the gut and in fer-
menters (in vitro). This would enable the overproduction of these mol-
ecules as safe and affordable non-pharmacological therapies for
combating diabetes. Moreover, in the near future, a new generation of
analytical techniques is expected to emerge that will model cause-and-
effect relationships and determine the targets of such non-
pharmacological therapeutic treatments.

6. Conclusions

Although beetroot possesses great anti-diabetic potential, the results
of beetroot consumption in diabetic patients are inconsistent, probably
due to differences in the experimental designs and variations in the
enterotype and metabotype of the patients/subjects. Stratification of the
experimental groups, taking into account their genetics, enterotypes and
metabolic phenotypes, may allow the full potential of beetroot to be
realized. However, food processing strategies such as fermentation,
enzyme treatment and heating could improve the levels of antidiabetic
compounds in the vegetable. Once consumed, these compounds could
significantly alter the microbial profile and function of the gut by
affecting host glucose clearance, energy metabolism, inflammation and
gut barrier function, while suppressing populations of pathobionts in the
gut. The mechanism described in this work could at least, in part account
for the antidiabetic potential of beetroot.

Funding
This project was funded by European Social Fund (project No 09.3.3-

LMT-K-712-23-0117) under grant agreement with the Research Council
of Lithuania (LMTLT)

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

No data was used for the research described in the article.

References

Abot, A., Brochot, A., Pomié, N., Astre, G., Druart, C., de Vos, W. M., Knauf, C., &
Cani, P. D. J. H. (2023). Pasteurized Akkermansia muciniphila improves glucose



E. Banan-Mwine Daliri et al.

metabolism is linked with increased hypothalamic nitric oxide release. Heliyon, 9,
Article €18196. https://doi.org/10.1016/j.heliyon.2023.e18196

Agans, R., Gordon, A., Kramer, D. L., Perez-Burillo, S., Rufian-Henares, J. A., & Paliy, O.
(2018). Dietary fatty acids sustain the growth of the human gut microbiota. Applied
and Environmental Microbiology, 84, Article e01525-18. https://doi.org/10.1128/
AEM.01525-18

Ahmad, S., Al-Shaghdali, K., Rehman, S., Khan, M. Y., Rafi, Z., Faisal, M., Alatar, A. A.,
Tahir, I. K., Khan, S., Ahmad, S., & Shahab, U. (2022). Nonenzymatic glycosylation
of isolated human immunoglobulin-G by D-ribose. Cell Biochemistry and Function, 40,
526-534. https://doi.org/10.1002/cbf.3722

Al-Harbi, L. N., Alshammari, G. M., Al-Dossari, A. M., Subash-Babu, P., Binobead, M. A.,
Alhussain, M. H., AlSedairy, S. A., Al-Nouri, D. M., & Shamlan, G. J. B. (2021). Beta
vulgaris L.(beetroot) methanolic extract prevents hepatic steatosis and liver damage
in T2DM rats by hypoglycemic, insulin-sensitizing, antioxidant effects, and
upregulation of PPARa. Biology, 10, 1306. https://doi.org/10.3390/
biology10121306

Aliahmadi, M., Amiri, F., Bahrami, L. S., Hosseini, A. F., Abiri, B., & Vafa, M. (2021).
Effects of raw red beetroot consumption on metabolic markers and cognitive
function in type 2 diabetes patients. Journal of Diabetes and Metabolic Disorders, 20,
673-682. https://doi.org/10.1007/s40200-021-00798-z

Allin, K. H., Nielsen, T., & Pedersen, O. (2015). Mechanisms in endocrinology: Gut
microbiota in patients with type 2 diabetes mellitus. European Journal of
Endocrinology, 172, R167-R177. https://doi.org/10.1530/EJE-14-0874

Amabebe, E., Robert, F. O., Agbalalah, T., & Orubu, E. (2020). Microbial dysbiosis-
induced obesity: Role of gut microbiota in homoeostasis of energy metabolism.
British Journal of Nutrition, 123, 1127-1137. https://doi.org/10.1017/
S0007114520000380

Amjadi, S., Mesgari Abbasi, M., Shokouhi, B., Ghorbani, M., & Hamishehkar, H. (2019).
Enhancement of therapeutic efficacy of betanin for diabetes treatment by liposomal
nanocarriers. Journal of Functional Foods, 59, 119-128. https://doi.org/10.1016/j.
jff.2019.05.015

Aw, W., & Fukuda, S. J. (2018). Understanding the role of the gut ecosystem in diabetes
mellitus. Journal of Diabetes Investigation, 9, 5-12. https://doi.org/10.1111/
jdi.12673

Azizah, R. N., Emelda, A., Asmaliani, 1., Ahmad, 1., & Fawwaz, M. J. (2022). Total
phenolic, flavonoids, and carotenoids content and anti-obesity activity of Purslane
herb (Portulaca oleracea L.) ethanol extract. Pharmacognosy Journal, 14, 8-13.
https://doi.org/10.5530/pj.2022.14.2

Bahadoran, Z., Mirmiran, P., Carlstrom, M., Norouzirad, R., Jeddi, S., Azizi, F., &
Ghasemi, A. (2021). Different pharmacokinetic responses to an acute dose of
inorganic nitrate in patients with type 2 diabetes. Endocrine, Metabolic and Immune
Disorders, 21, 878-886. https://doi.org/10.2174/1871530320666200813135251

Bahadoran, Z., Norouzirad, R., Mirmiran, P., Gaeini, Z., Jeddi, S., Shokri, M., Azizi, F., &
Ghasemi, A. (2021). Effect of inorganic nitrate on metabolic parameters in patients
with type 2 diabetes: A 24-week randomized double-blind placebo-controlled
clinical trial. Nitric Oxide, 107, 58-65. https://doi.org/10.1016/j.niox.2020.12.005

Baiao, D. S., da Silva, D. V., Del Aguila, E. M., & Paschoalin, V. M. (2017). Nutritional,
bioactive and physicochemical characteristics of different beetroot formulations.
Food additives-IntechOpen, 6. https://doi.org/10.5772/intechopen.69301

Bellary, S., Kyrou, L., Brown, J. E., & Bailey, C. J. (2021). Type 2 diabetes mellitus in
older adults: Clinical considerations and management. Nature Reviews Endocrinology,
17, 534-548. https://doi.org/10.1038/s41574-021-00512-2

Bhatti, J. S., Sehrawat, A., Mishra, J., Sidhu, I. S., Navik, U., Khullar, N., Kumar, S.,
Bhatti, G. K., & Reddy, P. H. (2022). Oxidative stress in the pathophysiology of type
2 diabetes and related complications: Current therapeutics strategies and future
perspectives. Free Radical Biology and Medicine, 184, 114-134. https://doi.org/
10.1016/j.freeradbiomed.2022.03.019

Brennan, C. A, Clay, S. L., Lavoie, S. L., Bae, S., Lang, J. K., Fonseca-Pereira, D.,
Rosinski, K. G., Ou, N., Glickman, J. N., & Garrett, W. S. (2021). Fusobacterium
nucleatum drives a pro-inflammatory intestinal microenvironment through
metabolite receptor-dependent modulation of IL-17 expression. Gut Microbes, 13,
Article 1987780. https://doi.org/10.1080/19490976.2021.1987780

Brownlee, M. J. (2005). The pathobiology of diabetic complications: A unifying
mechanism. Diabetes, 54, 1615-1625. https://doi.org/10.2337 /diabetes.54.6.1615

Cani, P. D., Bibiloni, R., Knauf, C., Waget, A.l., Neyrinck, A. M., Delzenne, N. M., &
Burcelin, R. (2008). Changes in gut microbiota control metabolic endotoxemia-
induced inflammation in high-fat diet-induced obesity and diabetes in mice.
Diabetes, 57, 1470-1481. https://doi.org/10.2337/db07-1403

Capper, T. E., Houghton, D., Stewart, C. J., Blain, A. P., McMahon, N., Siervo, M.,
West, D. J., & Stevenson, E. J. (2020). Whole beetroot consumption reduces systolic
blood pressure and modulates diversity and composition of the gut microbiota in
older participants. NFS Journal, 21, 28-37. https://doi.org/10.1016/j.
nfs.2020.08.001

Cava, R., Ladero, L., Cantero, V., & Rosario Ramirez, M. (2012). Assessment of different
dietary fibers (tomato fiber, beet root fiber, and inulin) for the manufacture of
chopped cooked chicken products. Journal of Food Science, 77, C346-C352. https://
doi.org/10.1111/j.1750-3841.2011.02597.x

Ceclu, L., & Nistor, O. J. (2020). Red beetroot: Composition and health effects—a review.
Journal of Open Access Nutritional Medicine and Diet Care, 6, 1-9. https://doi.org/
10.23937/2572-3278.1510043

Chang, P. Y., Hafiz, M. S., & Boesch, C. (2018). Beetroot juice attenuates glycaemic
response in healthy volunteers. Proceedings of the Nutrition Society, 77, E165. https://
doi.org/10.1017/50029665118001714

Chelakkot, C., Choi, Y., Kim, D.-K., Park, H. T., Ghim, J., Kwon, Y., Jeon, J., Kim, M.-S.,
Jee, Y.-K., & Gho, Y. S. (2018). Akkermansia muciniphila-derived extracellular
vesicles influence gut permeability through the regulation of tight junctions.

Trends in Food Science & Technology 142 (2023) 104216

Experimental and Molecular Medicine, 50, Article e450. https://doi.org/10.1038/
emm.2017.282. -e450.

Chhikara, N., Kushwaha, K., Sharma, P., Gat, Y., & Panghal, A. J. (2019). Bioactive
compounds of beetroot and utilization in food processing industry: A critical review.
Food Chemistry, 272, 192-200. https://doi.org/10.1016/j.foodchem.2018.08.022

Chriett, S., Zerzaihi, O., Vidal, H., & Pirola, L. J. (2017). The histone deacetylase
inhibitor sodium butyrate improves insulin signalling in palmitate-induced insulin
resistance in L6 rat muscle cells through epigenetically-mediated up-regulation of Irs
1. Molecular and Cellular Endocrinology, 439, 224-232. https://doi.org/10.1016/j.
mce.2016.09.006

Chun, H., & Park, Y. (2020). Oxidative stress and diabetic neuropathy. In V. R. Preedy
(Ed.), Diabetes (2nd ed., pp. 13-23). Academic Press.

Clifford, T., Constantinou, C. M., Keane, K. M., West, D. J., Howatson, G., &
Stevenson, E. J. (2017). The plasma bioavailability of nitrate and betanin from Beta
vulgaris rubra in humans. European Journal of Nutrition, 56, 1245-1254. https://doi.
org/10.1007/s00394-016-1173-5

Czyzowska, A., Klewicka, E., & Libudzisz, Z. J. (2006). The influence of lactic acid
fermentation process of red beet juice on the stability of biologically active colorants.
European Food Research and Technology, 223, 110-116. https://doi.org/10.1007/
500217-005-0159-y

Dahal, C., Wawro, N., Meisinger, C., Brandl, B., Skurk, T., Volkert, D., Hauner, H., &
Linseisen, J. (2022). Evaluation of the metabotype concept after intervention with
oral glucose tolerance test and dietary fiber-enriched food: An enable study.
Nutrition, Metabolism, and Cardiovascular Diseases, 32, 2399-2409. https://doi.org/
10.1016/j.numecd.2022.06.007

Daliri, E. B.-M., Balnionyte, T., Stankevicitute, J., Lastauskiené, E., Meskys, R., &
Burokas, A. (2023). High temperature lacto-fermentation improves antioxidant and
antidiabetic potentials of Lithuanian red beetroot. LWT-Food Science and Technology,
185, Article 115122. https://doi.org/10.1016/j.1wt.2023.115122

Daliri, E. B.-M., Ofosu, F. K., Chelliah, R., Lee, B. H., & Oh, D.-H. (2020). Health impact
and therapeutic manipulation of the gut microbiome. High-Throughput, 9, 17.
https://doi.org/10.3390/ht9030017

Daliri, E. B.-M., Ofosu, F. K., Chelliah, R., & Oh, D.-H. (2023). Lacto-fermented and
unfermented soybean differently modulate serum lipids, blood pressure and gut
microbiota during hypertension. Fermentation, 9, 152. https://doi.org/10.3390/
fermentation9020152

Daliri, E. B.-M., Ofosu, F. K., Oh, D.-H., & Lee, B.-H. (2021). Use of metabotyping for
targeted nutrition. In A. Cifuentes (Ed.), Reference module in food science (pp.
697-713). Elsevier. https://doi.org/10.1016/B978-0-08-100596-5.22892-8.

Dao, L., Choi, S., & Freeby, M. J. (2023). Type 2 diabetes mellitus and cognitive function:
Understanding the connections. Current Opinion in Endocrinology Diabetes and Obesity,
30, 7-13. https://doi.org/10.1097/MED.0000000000000783

Denisenko, Y. K., Kytikova, O. Y., Novgorodtseva, T. P., Antonyuk, M. V.,

Gvozdenko, T. A., & Kantur, T. A. (2020). Lipid-induced mechanisms of metabolic
syndrome. Journal of Obesity, 2020, Article 5762395. https://doi.org/10.1155/
2020/5762395

Derrien, M., Van Baarlen, P., Hooiveld, G., Norin, E., Miiller, M., & de Vos, W. M. (2011).
Modulation of mucosal immune response, tolerance, and proliferation in mice
colonized by the mucin-degrader Akkermansia muciniphila. Frontiers in Microbiology,
2, 166. https://doi.org/10.3389/fmicb.2011.00166

Desseva, 1., Stoyanova, M., Petkova, N., & Mihaylova, D. J. (2020). Red beetroot juice
phytochemicals bioaccessibility: An in vitro approach. Polish Journal of Food and
Nutrition Sciences, 70, 45-53. https://doi.org/10.31883/pjfns/116590

Dhananjayan, I., Kathiroli, S., Subramani, S., & Veerasamy, V. (2017). Ameliorating
effect of betanin, a natural chromoalkaloid by modulating hepatic carbohydrate
metabolic enzyme activities and glycogen content in streptozotocin — nicotinamide
induced experimental rats. Biomedicine & Pharmacotherapy, 88, 1069-1079. https://
doi.org/10.1016/j.biopha.2017.01.146

DiNicolantonio, J. J., Bhutani, J., & O’Keefe, J. H. (2015). Acarbose: Safe and effective
for lowering postprandial hyperglycaemia and improving cardiovascular outcomes.
Open Heart, 2, Article e000327. https://doi.org/10.1136/0openhrt-2015-000327

Engevik, M. A., Danhof, H. A., Ruan, W., Engevik, A. C., Chang-Graham, A. L.,
Engevik, K. A., Shi, Z., Zhao, Y., Brand, C. K., & Krystofiak, E. S. J. M. (2021).
Fusobacterium nucleatum secretes outer membrane vesicles and promotes intestinal
inflammation. mBio, 12, 2706-2720. https://doi.org/10.1128/mBio.02706-20

Esatbeyoglu, T., Wagner, A. E., Motafakkerazad, R., Nakajima, Y., Matsugo, S.,
Rimbach, G. J. F., & Toxicology, C. (2014). Free radical scavenging and antioxidant
activity of betanin: Electron spin resonance spectroscopy studies and studies in
cultured cells. Food and Chemical Toxicology, 73, 119-126. https://doi.org/10.1016/
j.fct.2014.08.007

Fan, G., Cao, F., Kuang, T., Yi, H., Zhao, C., Wang, L., Peng, J., Zhuang, Z., Xu, T., &
Luo, Y. J. (2023). Alterations in the gut virome are associated with type 2 diabetes
and diabetic nephropathy. Gut Microbes, 15, Article 2226925. https://doi.org/
10.1080/19490976.2023.2226925

Fragiadakis, G. K., Wastyk, H. C., Robinson, J. L., Sonnenburg, E. D., Sonnenburg, J. L., &
Gardner, C. D. (2020). Long-term dietary intervention reveals resilience of the gut
microbiota despite changes in diet and weight. The American Journal of Clinical
Nutrition, 111, 1127-1136. https://doi.org/10.1093/ajcn/ngaa046

Gérard, C., & Vidal, H. J. (2019). Impact of gut microbiota on host glycemic control.
Frontiers in Endocrinology, 10, 29. https://doi.org/10.3389/fendo.2019.00029

Gilchrist, M., Winyard, P. G., Aizawa, K., Anning, C., Shore, A., & Benjamin, N. (2013).
Effect of dietary nitrate on blood pressure, endothelial function, and insulin
sensitivity in type 2 diabetes. Free Radical Biology and Medicine, 60, 89-97. https://
doi.org/10.1016/j.freeradbiomed.2013.01.024

Gliszczyﬁska-éwig{o, A., Szymusiak, H., & Malinowska, P. J. (2006). Betanin, the main
pigment of red beet: Molecular origin of its exceptionally high free radical-


https://doi.org/10.1016/j.heliyon.2023.e18196
https://doi.org/10.1128/AEM.01525-18
https://doi.org/10.1128/AEM.01525-18
https://doi.org/10.1002/cbf.3722
https://doi.org/10.3390/biology10121306
https://doi.org/10.3390/biology10121306
https://doi.org/10.1007/s40200-021-00798-z
https://doi.org/10.1530/EJE-14-0874
https://doi.org/10.1017/S0007114520000380
https://doi.org/10.1017/S0007114520000380
https://doi.org/10.1016/j.jff.2019.05.015
https://doi.org/10.1016/j.jff.2019.05.015
https://doi.org/10.1111/jdi.12673
https://doi.org/10.1111/jdi.12673
https://doi.org/10.5530/pj.2022.14.2
https://doi.org/10.2174/1871530320666200813135251
https://doi.org/10.1016/j.niox.2020.12.005
https://doi.org/10.5772/intechopen.69301
https://doi.org/10.1038/s41574-021-00512-2
https://doi.org/10.1016/j.freeradbiomed.2022.03.019
https://doi.org/10.1016/j.freeradbiomed.2022.03.019
https://doi.org/10.1080/19490976.2021.1987780
https://doi.org/10.2337/diabetes.54.6.1615
https://doi.org/10.2337/db07-1403
https://doi.org/10.1016/j.nfs.2020.08.001
https://doi.org/10.1016/j.nfs.2020.08.001
https://doi.org/10.1111/j.1750-3841.2011.02597.x
https://doi.org/10.1111/j.1750-3841.2011.02597.x
https://doi.org/10.23937/2572-3278.1510043
https://doi.org/10.23937/2572-3278.1510043
https://doi.org/10.1017/S0029665118001714
https://doi.org/10.1017/S0029665118001714
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1016/j.foodchem.2018.08.022
https://doi.org/10.1016/j.mce.2016.09.006
https://doi.org/10.1016/j.mce.2016.09.006
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref27
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref27
https://doi.org/10.1007/s00394-016-1173-5
https://doi.org/10.1007/s00394-016-1173-5
https://doi.org/10.1007/s00217-005-0159-y
https://doi.org/10.1007/s00217-005-0159-y
https://doi.org/10.1016/j.numecd.2022.06.007
https://doi.org/10.1016/j.numecd.2022.06.007
https://doi.org/10.1016/j.lwt.2023.115122
https://doi.org/10.3390/ht9030017
https://doi.org/10.3390/fermentation9020152
https://doi.org/10.3390/fermentation9020152
https://doi.org/10.1016/B978-0-08-100596-5.22892-8
https://doi.org/10.1097/MED.0000000000000783
https://doi.org/10.1155/2020/5762395
https://doi.org/10.1155/2020/5762395
https://doi.org/10.3389/fmicb.2011.00166
https://doi.org/10.31883/pjfns/116590
https://doi.org/10.1016/j.biopha.2017.01.146
https://doi.org/10.1016/j.biopha.2017.01.146
https://doi.org/10.1136/openhrt-2015-000327
https://doi.org/10.1128/mBio.02706-20
https://doi.org/10.1016/j.fct.2014.08.007
https://doi.org/10.1016/j.fct.2014.08.007
https://doi.org/10.1080/19490976.2023.2226925
https://doi.org/10.1080/19490976.2023.2226925
https://doi.org/10.1093/ajcn/nqaa046
https://doi.org/10.3389/fendo.2019.00029
https://doi.org/10.1016/j.freeradbiomed.2013.01.024
https://doi.org/10.1016/j.freeradbiomed.2013.01.024

E. Banan-Mwine Daliri et al.

scavenging activity. Food Additives & Contaminants, 23, 1079-1087. https://doi.org/
10.1080/02652030600986032

de Goffau, M. C., Luopajarvi, K., Knip, M., Ilonen, J., Ruohtula, T., Harkonen, T.,
Orivuori, L., Hakala, S., Welling, G. W., Harmsen, H. J., & Vaarala, O. (2013). Fecal
microbiota composition differs between children with p-cell autoimmunity and those
without. Diabetes, 62, 1238-1244. https://doi.org/10.2337/db12-0526

Golubeva, A. V., Joyce, S. A., Moloney, G., Burokas, A., Sherwin, E., Arboleya, S.,
Flynn, I., Khochanskiy, D., Moya-Pérez, A., Peterson, V., Rea, K., Murphy, K.,
Makarova, O., Buravkov, S., Hyland, N. P., Stanton, C., Clarke, G., Gahan, C. G. M.,
Dinan, T. G., & Cryan, J. F. (2017). Microbiota-related changes in bile acid and
tryptophan metabolism are associated with gastrointestinal dysfunction in a mouse
model of autism. EBioMedicine, 24, 166-178. https://doi.org/10.1016/j.
ebiom.2017.09.020

Gurung, M., Li, Z., You, H., Rodrigues, R., Jump, D. B., Morgun, A., &

Shulzhenko, N. J. E. (2020). Role of gut microbiota in type 2 diabetes
pathophysiology. EBioMedicine, 51, Article 102590. https://doi.org/10.1016/j.
ebiom.2019.11.051

Han, Y., Haraguchi, T., Iwanaga, S., Tomotake, H., Okazaki, Y., Mineo, S., Moriyama, A.,
Inoue, J., & Kato, N. (2009). Consumption of some polyphenols reduces fecal
deoxycholic acid and lithocholic acid, the secondary bile acids of risk factors of colon
cancer. Journal of Agricultural and Food Chemistry, 57(18), 8587-8590. https://doi.
org/10.1021/jf900393k

Han, S. Y., Song, H. K., Cha, J. J., Han, J. Y., Kang, Y. S., & Cha, D. R. (2021). Farnesoid X
receptor (FXR) agonist ameliorates systemic insulin resistance, dysregulation of lipid
metabolism, and alterations of various organs in a type 2 diabetic kidney animal
model. Acta Diabetologica, 58, 495-503. https://doi.org/10.1007/500592-020-
01652-z

Hedrington, M. S., & Davis, S. N. (2019). Considerations when using alpha-glucosidase
inhibitors in the treatment of type 2 diabetes. Expert Opinion on Pharmacotherapy, 20,
2229-2235. https://doi.org/10.1080/14656566.2019.1672660

Henning, S. M., Yang, J., Shao, P., Lee, R.-P., Huang, J., Ly, A., Hsu, M., Lu, Q.-Y.,
Thames, G., Heber, D., & Li, Z. (2017). Health benefit of vegetable/fruit juice-based
diet: Role of microbiome. Scientific Reports, 7, 2167. https://doi.org/10.1038/
s41598-017-02200-6

Hernéandez-Aguirre, O. A., Muro, C., Herndandez-Acosta, E., Alvarado, Y., & Diaz-Nava, M.
(2021). Extraction and stabilization of betalains from beetroot (Beta vulgaris) wastes
using deep eutectic solvents. Molecules, 26, 6342. https://doi.org/10.3390/
molecules26216342

Honarbakhsh, M., Malta, K., Ericsson, A., Holloway, C., Kim, Y. K., Hammerling, U., &
Quadro, L. (2022). p-carotene improves fecal dysbiosis and intestinal dysfunctions in
a mouse model of vitamin A deficiency. Biochimica et Biophysica Acta (BBA)-
Molecular and Cell Biology of Lipids, 1867(5), Article 159122. https://doi.org/
10.1016/j.bbalip.2022.159122

Hong, J., Jia, Y., Pan, S., Jia, L., Li, H., Han, Z., Cai, D., & Zhao, R. J. O. (2016). Butyrate
alleviates high fat diet-induced obesity through activation of adiponectin-mediated
pathway and stimulation of mitochondrial function in the skeletal muscle of mice.
Oncotarget, 7, 56071-56082. https://doi.org/10.18632/oncotarget.11267

Ishimwe, N., Daliri, E. B., Lee, B. H., Fang, F., & Du, G. (2015). The perspective on
cholesterol-lowering mechanisms of probiotics. Molecular Nutrition & Food Research,
59, 94-105. https://doi.org/10.1002/mnfr.201400548

Jiang, S., Young, J. L., Wang, K., Qian, Y., & Cai, L. (2020). Diabetic-induced alterations
in hepatic glucose and lipid metabolism: The role of type 1 and type 2 diabetes
mellitus. Molecular Medicine Reports, 22, 603-611. https://doi.org/10.3892/
mmr.2020.11175

Jobgen, W. S., Fried, S. K., Fu, W. J., Meininger, C. J., & Wu, G. (2006). Regulatory role
for the arginine—nitric oxide pathway in metabolism of energy substrates. The
Journal of Nutritional Biochemistry, 17, 571-588. https://doi.org/10.1016/j.
jnutbio.2005.12.001

Juste, C., Kreil, D. P., Beauvallet, C., Guillot, A., Vaca, S., Carapito, C., Mondot, S.,
Sykacek, P., Sokol, H., Blon, F., Lepercq, P., Levenez, F., Valot, B., Carré, W.,
Loux, V., Pons, N., David, O., Schaeffer, B., Lepage, P., ... Doré¢, J. (2014). Bacterial
protein signals are associated with Crohn’s disease. Gut, 63, 1566-1577. https://doi.
org/10.1136/gutjnl-2012-303786

Kale, R., Sawate, A., Kshirsagar, R., Patil, B., & Mane, R. J. (2018). Studies on evaluation
of physical and chemical composition of beetroot (Beta vulgaris L.). International
Jjournal of chemical studies, 6, 2977-2979.

Kang, C., Zhang, Y., Zhu, X., Liu, K., Wang, X., Chen, M., Wang, J., Chen, H., Hui, S.,
Huang, L., Zhang, Q., Zhu, J., Wang, B., & Mi, M. (2016). Healthy subjects
differentially respond to dietary capsaicin correlating with specific gut enterotypes.
The Journal of Clinical Endocrinology and Metabolism, 101, 4681-4689. https://doi.
org/10.1210/jc.2016-2786

Karimzadeh, L., Behrouz, V., Sohrab, G., Hedayati, M., & Emami, G. (2022).

A randomized clinical trial of beetroot juice consumption on inflammatory markers
and oxidative stress in patients with type 2 diabetes. Journal of Food Science, 87,
5430-5441. https://doi.org/10.1111/1750-3841.16365

Karimzadeh, L., Sohrab, G., Hedayati, M., Ebrahimof, S., Emami, G., & Razavion, T.
(2023). Effects of concentrated beetroot juice consumption on glycemic control,
blood pressure, and lipid profile in type 2 diabetes patients: Randomized clinical trial
study. Irish Journal of Medical Science, 192, 1143-1153. https://doi.org/10.1007/
$11845-022-03090-y, 1971 -.

Karlsson, F. H., Tremaroli, V., Nookaew, 1., Bergstrom, G., Behre, C. J., Fagerberg, B.,
Nielsen, J., & Béackhed, F. (2013). Gut metagenome in European women with
normal, impaired and diabetic glucose control. Nature, 498, 99-103. https://doi.
org/10.1038/nature12198

Kasina, S. V. S. K., & Baradhi, K. M. (2021). Dipeptidyl peptidase iv (DPP IV) inhibitors.
In StatPearls [internet]. StatPearls Publishing.

10

Trends in Food Science & Technology 142 (2023) 104216

Khan, M. A. B., Hashim, M. J., King, J. K., Govender, R. D., Mustafa, H., & Al Kaabi, J.
(2020). Epidemiology of type 2 diabetes - global burden of disease and forecasted
trends. Journal of Epidemiology and Global Health, 10, 107-111. https://doi.org/
10.2991/jegh.k.191028.001

Kim, S. H., Huh, C. S., Choi, L. D., Jeong, J. W., Ku, H. K., Ra, J. H., Kim, T. Y., Kim, G. B.,
Sim, J. H.,, & Ahn, Y. T. (2014). The anti-diabetic activity of Bifidobacterium lactis
HY8101 in vitro and in vivo. Journal of Applied Microbiology, 117, 834-845. https://
doi.org/10.1111/jam.12573

Kim, K. M., Kim, Y. S., Jung, D. H., Lee, J., & Kim, J. S. (2012). Increased glyoxalase I
levels inhibit accumulation of oxidative stress and an advanced glycation end
product in mouse mesangial cells cultured in high glucose. Experimental Cell
Research, 318, 152-159. https://doi.org/10.1016/j.yexcr.2011.10.013

Kinoshita, M., Suzuki, Y., & Saito, Y. (2002). Butyrate reduces colonic paracellular
permeability by enhancing PPARy activation. Biochemical and Biophysical Research
Communications, 293, 827-831. https://doi.org/10.1016/50006-291X(02)00294-2

Klewicka, E., Zdunczyk, Z., & Juskiewicz, J. (2009). Effect of Lactobacillus fermented
beetroot juice on composition and activity of cecal microflora of rats. European Food
Research and Technology, 229, 153-157. https://doi.org/10.3390/nu7075260

Ko, J.-A., Kim, S.-Y., Ahn, H.-S., Go, J.-G., Ryu, Y.-B., Lee, W. S., Wee, Y.-J., Park, J.-S.,
Kim, D., & Kim, Y.-M. (2022). Characterization of a lactic acid bacterium-derived
p-glucosidase for the production of rubusoside from stevioside. Enzyme and Microbial
Technology, 153, Article 109939. https://doi.org/10.1016/j.enzmictec.2021.109939

Kootte, R. S., Levin, E., Salojarvi, J., Smits, L. P., Hartstra, A. V., Udayappan, S. D.,
Hermes, G., Bouter, K. E., Koopen, A. M., & Holst, J. J. (2017). Improvement of
insulin sensitivity after lean donor feces in metabolic syndrome is driven by baseline
intestinal microbiota composition. Cell Metabolism, 26. https://doi.org/10.1016/j.
cmet.2017.09.008, 611-619. e616.

Koss-Mikotajczyk, 1., Kusznierewicz, B., Wiczkowski, W., Sawicki, T., & Bartoszek, A. J.
(2019). The comparison of betalain composition and chosen biological activities for
differently pigmented prickly pear (Opuntia ficus-indica) and beetroot (Beta vulgaris)
varieties. International Journal of Food Sciences & Nutrition, 70, 442-452. https://doi.
0rg/10.1080/09637486.2018.1529148

Kuno, T., Hirayama-Kurogi, M., Ito, S., & Ohtsuki, S. (2018). Reduction in hepatic
secondary bile acids caused by short-term antibiotic-induced dysbiosis decreases
mouse serum glucose and triglyceride levels. Scientific Reports, 8, 1253. https://doi.
0rg/10.1038/s41598-018-19545-1

Larsen, N., Vogensen, F. K., Van Den Berg, F. W., Nielsen, D. S., Andreasen, A. S.,
Pedersen, B. K., Al-Soud, W. A., Sgrensen, S. J., Hansen, L. H., & Jakobsen, M. J.
(2010). Gut microbiota in human adults with type 2 diabetes differs from non-
diabetic adults. PLoS One, 5, Article e9085. https://doi.org/10.1371/journal.
pone.0009085

Lee, C.-G., Hwang, S., Gwon, S.-Y., Park, C., Jo, M., Hong, J.-E., & Rhee, K.-J. (2022).
Bacteroides fragilis toxin induces intestinal epithelial cell secretion of interleukin-8 by
the e-Cadherin/p-Catenin/NF-kB dependent pathway. Biomedicines, 10, 827. https://
doi.org/10.3390/biomedicines10040827

Lee, S. T. M., Kahn, S. A., Delmont, T. O., Shaiber, A., Esen, O. C., Hubert, N. A.,
Morrison, H. G., Antonopoulos, D. A., Rubin, D. T., & Eren, A. M. (2017). Tracking
microbial colonization in fecal microbiota transplantation experiments via genome-
resolved metagenomics. Microbiome, 5, 50. https://doi.org/10.1186/540168-017-
0270-x

LeValley, S. L., Tomaro-Duchesneau, C., & Britton, R. A. (2020). Degradation of the
incretin hormone glucagon-like peptide-1 (GLP-1) by Enterococcus faecalis
metalloprotease GelE. mSphere, 5. https://doi.org/10.1128/mSphere.00585-19,
00585-00519.

Li, Z., Dai, Z., Shi, E., Wan, P., Chen, G., Zhang, Z., Xu, Y., Gao, R., Zeng, X., & Li, D.
(2023). Study on the interaction between f-carotene and gut microflora using an in
vitro fermentation model. Food Science and Human Wellness, 12(4), 1369-1378.
https://doi.org/10.1016/j.fshw.2022.10.030

Li, R,, Li, L., Hong, P., Lang, W., Hui, J., Yang, Y., & Zheng, X. (2021). p-Carotene
prevents weaning-induced intestinal inflammation by modulating gut microbiota in
piglets. Animal bioscience, 34(7), 1221. https://doi.org/10.5713/ajas.19.0499

Lim, T. K. (2012). Edible medicinal and non-medicinal plants (Vol. 1, pp. 656-687).
Dordrecht, The Netherlands: Springer.

Lim, K. C., Yusoff, F. M., Karim, M., & Natrah, F. M. (2023). Carotenoids modulate stress
tolerance and immune responses in aquatic animals. Reviews in Aquaculture, 15,
872-894. https://doi.org/10.1111/raq.12767

Li, Z., Tian, J., Cheng, Z., Teng, W., Zhang, W., Bao, Y., Wang, Y., Song, B., Chen, Y., &
Li, B. J. (2022). Hypoglycemic bioactivity of anthocyanins: A review on proposed
targets and potential signaling pathways. Critical Reviews in Food Science and
Nutrition, 1-18. https://doi.org/10.1080/10408398.2022.2055526

Littmann, E., Lee, J.-J., Denny, J., Alam, Z., Maslanka, J., Zarin, I., Matsuda, R.,
Carter, R., Susac, B., Saffern, M., Fett, B., Mattei, L., Bittinger, K., & Abt, M. (2021).
Host immunity modulates the efficacy of microbiota transplantation for treatment of
Clostridioides difficile infection. Nature Communications, 12, 755. https://doi.org/
10.1038/541467-020-20793-x

Liu, L., Liang, L., Yang, C., Zhou, Y., & Chen, Y. (2021). Extracellular vesicles of
Fusobacterium nucleatum compromise intestinal barrier through targeting RIPK1-
mediated cell death pathway. Gut Microbes, 13, Article 1902718. https://doi.org/
10.1080/19490976.2021.1902718

Liu, Z., Ma, Z., Zhang, H., Summabh, B. S., Liu, H., An, D., Zhan, Q., Lai, W., Zeng, Q.,
Ren, H., & Xu, D. (2019). Ferulic acid increases intestinal Lactobacillus and improves
cardiac function in TAC mice. Biomedicine & Pharmacotherapy, 120, Article 109482.
https://doi.org/10.1016/j.biopha.2019.109482

Liu, Y., Zhang, J., An, C., Liu, C., Zhang, Q., Ding, H., Ma, S., Xue, W., & Fan, D. J. (2023).
Ginsenoside Rg1 alleviates the postprandial blood glucose by inhibiting


https://doi.org/10.1080/02652030600986032
https://doi.org/10.1080/02652030600986032
https://doi.org/10.2337/db12-0526
https://doi.org/10.1016/j.ebiom.2017.09.020
https://doi.org/10.1016/j.ebiom.2017.09.020
https://doi.org/10.1016/j.ebiom.2019.11.051
https://doi.org/10.1016/j.ebiom.2019.11.051
https://doi.org/10.1021/jf900393k
https://doi.org/10.1021/jf900393k
https://doi.org/10.1007/s00592-020-01652-z
https://doi.org/10.1007/s00592-020-01652-z
https://doi.org/10.1080/14656566.2019.1672660
https://doi.org/10.1038/s41598-017-02200-6
https://doi.org/10.1038/s41598-017-02200-6
https://doi.org/10.3390/molecules26216342
https://doi.org/10.3390/molecules26216342
https://doi.org/10.1016/j.bbalip.2022.159122
https://doi.org/10.1016/j.bbalip.2022.159122
https://doi.org/10.18632/oncotarget.11267
https://doi.org/10.1002/mnfr.201400548
https://doi.org/10.3892/mmr.2020.11175
https://doi.org/10.3892/mmr.2020.11175
https://doi.org/10.1016/j.jnutbio.2005.12.001
https://doi.org/10.1016/j.jnutbio.2005.12.001
https://doi.org/10.1136/gutjnl-2012-303786
https://doi.org/10.1136/gutjnl-2012-303786
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref64
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref64
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref64
https://doi.org/10.1210/jc.2016-2786
https://doi.org/10.1210/jc.2016-2786
https://doi.org/10.1111/1750-3841.16365
https://doi.org/10.1007/s11845-022-03090-y
https://doi.org/10.1007/s11845-022-03090-y
https://doi.org/10.1038/nature12198
https://doi.org/10.1038/nature12198
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref70
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref70
https://doi.org/10.2991/jegh.k.191028.001
https://doi.org/10.2991/jegh.k.191028.001
https://doi.org/10.1111/jam.12573
https://doi.org/10.1111/jam.12573
https://doi.org/10.1016/j.yexcr.2011.10.013
https://doi.org/10.1016/S0006-291X(02)00294-2
https://doi.org/10.3390/nu7075260
https://doi.org/10.1016/j.enzmictec.2021.109939
https://doi.org/10.1016/j.cmet.2017.09.008
https://doi.org/10.1016/j.cmet.2017.09.008
https://doi.org/10.1080/09637486.2018.1529148
https://doi.org/10.1080/09637486.2018.1529148
https://doi.org/10.1038/s41598-018-19545-1
https://doi.org/10.1038/s41598-018-19545-1
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.3390/biomedicines10040827
https://doi.org/10.3390/biomedicines10040827
https://doi.org/10.1186/s40168-017-0270-x
https://doi.org/10.1186/s40168-017-0270-x
https://doi.org/10.1128/mSphere.00585-19
https://doi.org/10.1016/j.fshw.2022.10.030
https://doi.org/10.5713/ajas.19.0499
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref86
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref86
https://doi.org/10.1111/raq.12767
https://doi.org/10.1080/10408398.2022.2055526
https://doi.org/10.1038/s41467-020-20793-x
https://doi.org/10.1038/s41467-020-20793-x
https://doi.org/10.1080/19490976.2021.1902718
https://doi.org/10.1080/19490976.2021.1902718
https://doi.org/10.1016/j.biopha.2019.109482

E. Banan-Mwine Daliri et al.

a-glucosidase. Journal of Functional Foods, 107, Article 105648. https://doi.org/
10.1016/j.jff.2023.105648

Li, X., Wang, E., Yin, B., Fang, D., Chen, P., Wang, G., Zhao, J., Zhang, H., & Chen, W. J.
(2017). Effects of Lactobacillus casei CCFM419 on insulin resistance and gut
microbiota in type 2 diabetic mice. Beneficial Microbes, 8, 421-432. https://doi.org/
10.3920/BM2016.0167

Lukovac, S., Belzer, C., Pellis, L., Keijser, B. J., de Vos, W. M., Montijn, R. C., &
Roeselers, G. J. M. (2014). Differential modulation by Akkermansia muciniphila and
Faecalibacterium prausnitzii of host peripheral lipid metabolism and histone
acetylation in mouse gut organoids. mBio, 5, Article €01438-01414. https://doi.org/
10.1128/mBio.01438-14

Makki, K., Brolin, H., Petersen, N., Henricsson, M., Christensen, D. P., Khan, M. T.,
Wahlstrom, A., Bergh, P.-O., Tremaroli, V., Schoonjans, K., Marschall, H.-U., &
Béckhed, F. (2023). 6a-hydroxylated bile acids mediate TGR5 signalling to improve
glucose metabolism upon dietary fiber supplementation in mice. Gut, 72, 314-324.
https://doi.org/10.1136/gutjnl-2021-326541

Mannucci, E., Monami, M., Lamanna, C., & Adalsteinsson, J. E. (2012). Post-prandial
glucose and diabetic complications: Systematic review of observational studies. Gut,
49, 307-314. https://doi.org/10.1007/5s00592-011-0355-0

Maraie, N. K., Abdul-Jalil, T. Z., Alhamdany, A. T., & Janabi, H. A. (2014).
Phytochemical study of the Iraqi Beta vulgaris leaves and its clinical applications for
the treatment of different dermatological diseases. World Journal of Pharmacy and
Pharmaceutical Sciences, 3, 5-19.

Mayneris-Perxachs, J., Arnoriaga-Rodriguez, M., Luque-Cérdoba, D., Priego-Capote, F.,
Pérez-Brocal, V., Moya, A., Burokas, A., Maldonado, R., & Fernandez-Real, J.-M.
(2020). Gut microbiota steroid sexual dimorphism and its impact on gonadal
steroids: Influences of obesity and menopausal status. Microbiome, 8, 136. https://
doi.org/10.1186/540168-020-00913-x

Mclntosh, F. M., Maison, N., Holtrop, G., Young, P., Stevens, V. J., Ince, J.,

Johnstone, A. M., Lobley, G. E., Flint, H. J., & Louis, P. (2012). Phylogenetic
distribution of genes encoding p-glucuronidase activity in human colonic bacteria
and the impact of diet on faecal glycosidase activities. Environmental Microbiology,
14, 1876-1887. https://doi.org/10.1111/j.1462-2920.2012.02711.x

Mella, C., Vega-Galvez, A., Uribe, E., Pasten, A., Mejias, N., & Quispe-Fuentes, 1. (2022).
Impact of vacuum drying on drying characteristics and functional properties of
beetroot (Beta vulgaris). Applied Food Research, 2, Article 100120. https://doi.org/
10.1016/j.afres.2022.100120

Michlmayr, H., & Kneifel, W. (2014). p-Glucosidase activities of lactic acid bacteria:
Mechanisms, impact on fermented food and human health. FEMS Microbiology
Letters, 352, 1-10. https://doi.org/10.1111/1574-6968.12348

Miguel, M. G. (2018). Betalains in some species of the amaranthaceae family: A review.
Antioxidants, 7, 53. https://doi.org/10.3390/antiox7040053

Mingaila, J., Atzeni, A., & Burokas, A. (2023). A comparison of methods of gut
microbiota transplantation for preclinical studies. International Journal of Molecular
Sciences, 24, Article 12005. https://doi.org/10.3390/ijms241512005

Montiel-Sanchez, M., Garcia-Cayuela, T., Gdmez-Maqueo, A., Garcia, H. S., & Cano, M. P.
(2021). In vitro gastrointestinal stability, bioaccessibility and potential biological
activities of betalains and phenolic compounds in cactus berry fruits (Myrtillocactus
geometrizans). Food Chemistry, 342, Article 128087. https://doi.org/10.1016/].
foodchem.2020.128087

Nemzer, B., Pietrzkowski, Z., Spérna, A., Stalica, P., Thresher, W., Michatowski, T., &
Wybraniec, S. J. (2011). Betalainic and nutritional profiles of pigment-enriched red
beet root (Beta vulgaris L.) dried extracts. Food Chemistry, 127, 42-53. https://doi.
0rg/10.1016/j.foodchem.2010.12.081

Ng, S. C., Xu, Z., Mak, J. W. Y., Yang, K., Liu, Q., Zuo, T., Tang, W., Lau, L., Lui, R. N, &
Wong, S. H. J. G. (2022). Microbiota engraftment after faecal microbiota
transplantation in obese subjects with type 2 diabetes: A 24-week, double-blind,
randomised controlled trial. Gut, 71, 716-723. https://doi.org/10.1136/gutjnl-
2020-323617

Nishikawa, T., Edelstein, D., Du, X. L., Yamagishi, S., Matsumura, T., Kaneda, Y.,
Yorek, M. A., Beebe, D., Oates, P. J., & Hammes, H.-P. J. (2000). Normalizing
mitochondrial superoxide production blocks three pathways of hyperglycaemic
damage. Nature, 404, 787-790. https://doi.org/10.1038/35008121

Oliphant, K., & Allen-Vercoe, E. (2019). Macronutrient metabolism by the human gut
microbiome: Major fermentation by-products and their impact on host health.
Microbiome, 7, 91. https://doi.org/10.1186/540168-019-0704-8

de Oliveira, S. P. A., de Albuquerque, T. M. R., Massa, N. M. L., Rodrigues, N. P. A,,
Sampaio, K. B., do Nascimento, H. M. A., dos Santos Lima, M., da Conceicao, M. L., &
de Souza, E. L. (2023). Investigating the effects of conventional and unconventional
edible parts of red beet (Beta vulgaris L.) on target bacterial groups and metabolic
activity of human colonic microbiota to produce novel and sustainable prebiotic
ingredients. Food Research International, 171, Article 112998. https://doi.org/
10.1016/j.foodres.2023.112998

de Oliveira, S., do Nascimento, H. M. A., Sampaio, K. B., & de Souza, E. L. (2021).

A review on bioactive compounds of beet (Beta vulgaris L. subsp. vulgaris) with
special emphasis on their beneficial effects on gut microbiota and gastrointestinal
health. Critical Reviews in Food Science and Nutrition, 61, 2022-2033. https://doi.org/
10.1080/10408398.2020.1768510

Olumese, F., & Oboh, H. (2016). Effects of daily intake of beetroot juice on blood glucose
and hormones in young healthy subjects. Diabetology & Metabolic Syndrome, 26,
455-462.

Panwar, H., Calderwood, D., Grant, 1. R., Grover, S., & Green, B. D. (2014). Lactobacillus
strains isolated from infant faeces possess potent inhibitory activity against intestinal
alpha- and beta-glucosidases suggesting anti-diabetic potential. European Journal of
Nutrition, 53, 1465-1474. https://doi.org/10.1007/500394-013-0649-9

11

Trends in Food Science & Technology 142 (2023) 104216

Pesaro, A. E., Bittencourt, M. S., Franken, M., Carvalho, J. A., Bernardes, D.,
Tuomilehto, J., & Santos, R. D. (2021). The Finnish diabetes risk score (FINDRISC),
incident diabetes and low-grade inflammation. Diabetes Research and Clinical
Practice, 171, Article 108558. https://doi.org/10.1016/j.diabres.2020.108558

Pichette, J., Fynn-Sackey, N., & Gagnon, J. (2017). Hydrogen sulfide and sulfate
prebiotic stimulates the secretion of GLP-1 and improves glycemia in male mice.
Endocrinology, 158, 3416-3425. https://doi.org/10.1210/en.2017-00391

Plovier, H., Everard, A., Druart, C., Depommier, C., Van Hul, M., Geurts, L., Chilloux, J.,
Ottman, N., Duparc, T., & Lichtenstein, L. (2017). A purified membrane protein from
Akkermansia muciniphila or the pasteurized bacterium improves metabolism in obese
and diabetic mice. Nature Medicine, 23, 107-113. https://doi.org/10.1038/nm.4236

Qin, Z., Yu, S., Chen, J., & Zhou, J. (2022). Dehydrogenases of acetic acid bacteria.
Biotechnology Advances, 54, Article 107863. https://doi.org/10.1016/j.
biotechadv.2021.107863

Quatrin, A., Rampelotto, C., Pauletto, R., Maurer, L. H., Nichelle, S. M., Klein, B.,
Rodrigues, R. F., Junior, M. R. M., de Souza Fonseca, B., de Menezes, C. R., & de
Oliveira Mello, R. (2020). Bioaccessibility and catabolism of phenolic compounds
from jaboticaba (Myrciaria trunciflora) fruit peel during in vitro gastrointestinal
digestion and colonic fermentation. Journal of Functional Foods, 65, Article 103714.
https://doi.org/10.1016/j.jff.2019.103714

Raftar, S. K. A,, Ashrafian, F., Abdollahiyan, S., Yadegar, A., Moradi, H. R., Masoumi, M.,
Vaziri, F., Moshiri, A., Siadat, S. D., & Zali, M. R. (2022). The anti-inflammatory
effects of Akkermansia muciniphila and its derivates in HFD/CCL4-induced murine
model of liver injury. Scientific Reports, 12, 2453. https://doi.org/10.1038/541598-
022-06414-1

Rana, A., Samtiya, M., Dhewa, T., Mishra, V., & Aluko, R. E. (2022). Health benefits of
polyphenols: A concise review. Journal of Food Biochemistry, 46, Article e14264.
https://doi.org/10.1111/jfbc.14264

Ravichandran, K., Saw, N. M. M. T., Mohdaly, A. A., Gabr, A. M., Kastell, A., Riedel, H.,
Cai, Z., Knorr, D., & Smetanska, 1. (2013). Impact of processing of red beet on
betalain content and antioxidant activity. Food Research International, 50, 670-675.
https://doi.org/10.1016/j.foodres.2011.07.002

Rebecca, L. J., Sharmila, S., Das, M. P., & Seshiah, C. J. (2014). Extraction and
purification of carotenoids from vegetables. Journal of Chemical and Pharmaceutical
Research, 6, 594-598.

Rena, G., Guo, S., Cichy, S. C., Unterman, T. G., & Cohen, P. J. (1999). Phosphorylation
of the transcription factor forkhead family member FKHR by protein kinase B.
Journal of Biological Chemistry, 274, 17179-17183. https://doi.org/10.1074/
jbc.274.24.17179

Riley, W. W., Nickerson, J. G., Mogg, T. J., & Burton, G. W. (2023). Oxidized f-Carotene
is a novel phytochemical immune modulator that supports animal health and
performance for antibiotic-free production. Animals, 13, 289. https://doi.org/
10.3390/ani13020289

Riso, P., Pinder, A., Santangelo, A., & Porrini, M. (1999). Does tomato consumption
effectively increase the resistance of lymphocyte DNA to oxidative damage?
American Journal of Clinical Nutrition, 69, 712-718. https://doi.org/10.1093/ajcn/
69.4.712

Rubinstein, M. R., Wang, X., Liu, W., Hao, Y., Cai, G., & Han, Y. W. (2013). Fusobacterium
nucleatum promotes colorectal carcinogenesis by modulating E-cadherin/p-catenin
signaling via its FadA adhesin. Cell Host & Microbe, 14, 195-206. https://doi.org/
10.1016/j.chom.2013.07.012

Salamon, D., Sroka-Oleksiak, A., Gurgul, A., Arent, Z., Szopa, M., Bulanda, M.,
Matecki, M. T., & Gosiewski, T. J. (2021). Analysis of the gut mycobiome in adult
patients with type 1 and type 2 diabetes using next-generation sequencing (NGS)
with increased sensitivity—pilot study. Nutrients, 13, 1066. https://doi.org/
10.3390/nu13041066

Sawicki, T., Topolska, J., Romaszko, E., & Wiczkowski, W. J. (2018). Profile and content
of betalains in plasma and urine of volunteers after long-term exposure to fermented
red beet juice. Journal of Agricultural Chemistry, 66, 4155-4163. https://doi.org/
10.1021/acs.jafc.8b00925

Seed, K. D., Yen, M., Shapiro, B. J., Hilaire, I. J., Charles, R. C., Teng, J. E., Ivers, L. C.,
Boncy, J., Harris, J. B., & Camilli, A. J. (2014). Evolutionary consequences of intra-
patient phage predation on microbial populations. Elife, 3, Article e03497. https://
doi.org/10.7554/eLife.03497

Shepherd, A. 1., Wilkerson, D. P., Fulford, J., Winyard, P. G., Benjamin, N., Shore, A. C., &
Gilchrist, M. (2016). Effect of nitrate supplementation on hepatic blood flow and
glucose homeostasis: A double-blind, placebo-controlled, randomized control trial.
American Journal of Physiology - Gastrointestinal and Liver Physiology, 311,
G356-G364. https://doi.org/10.1152/ajpgi.00203.2016

da Silva, D. V. T., Pereira, A. D. A., Boaventura, G. T., Ribeiro, R. S., Vericimo, M. A.,
Carvalho-Pinto, C. E.d., Baiao, D., Del Aguila, E. M., & Paschoalin, V. M. (2019).
Short-term betanin intake reduces oxidative stress in Wistar rats. Nutrients, 11, 1978.
https://doi.org/10.3390/nu11091978

Slavov, A., Karagyozov, V., Denev, P., Kratchanova, M., & Kratchanov, C. J. (2013).
Antioxidant activity of red beet juices obtained after microwave and thermal
pretreatments. Czech Journal of Food Sciences, 31, 139-147. https://doi.org/
10.17221/61/2012-CJFS

Song, H., Chu, Q., Yan, F., Yang, Y., Han, W., & Zheng, X. (2016). Red pitaya betacyanins
protects from diet-induced obesity, liver steatosis and insulin resistance in
association with modulation of gut microbiota in mice. Journal of Gastroenterology
and Hepatology, 31(8), 1462-1469. https://doi.org/10.1111/jgh.13278

Steliou, K., Boosalis, M. S., Perrine, S. P., Sangerman, J., & Faller, D. V. (2012). Butyrate
histone deacetylase inhibitors. BioResearch Open Access, 1, 192-198. https://doi.org/
10.1089/biores.2012.0223

Su, B,, Liu, H., Li, J., Sunli, Y., Liu, B., Liu, D., Zhang, P., & Meng, X. (2015). Acarbose
treatment affects the serum levels of inflammatory cytokines and the gut content of


https://doi.org/10.1016/j.jff.2023.105648
https://doi.org/10.1016/j.jff.2023.105648
https://doi.org/10.3920/BM2016.0167
https://doi.org/10.3920/BM2016.0167
https://doi.org/10.1128/mBio.01438-14
https://doi.org/10.1128/mBio.01438-14
https://doi.org/10.1136/gutjnl-2021-326541
https://doi.org/10.1007/s00592-011-0355-0
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref97
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref97
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref97
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref97
https://doi.org/10.1186/s40168-020-00913-x
https://doi.org/10.1186/s40168-020-00913-x
https://doi.org/10.1111/j.1462-2920.2012.02711.x
https://doi.org/10.1016/j.afres.2022.100120
https://doi.org/10.1016/j.afres.2022.100120
https://doi.org/10.1111/1574-6968.12348
https://doi.org/10.3390/antiox7040053
https://doi.org/10.3390/ijms241512005
https://doi.org/10.1016/j.foodchem.2020.128087
https://doi.org/10.1016/j.foodchem.2020.128087
https://doi.org/10.1016/j.foodchem.2010.12.081
https://doi.org/10.1016/j.foodchem.2010.12.081
https://doi.org/10.1136/gutjnl-2020-323617
https://doi.org/10.1136/gutjnl-2020-323617
https://doi.org/10.1038/35008121
https://doi.org/10.1186/s40168-019-0704-8
https://doi.org/10.1016/j.foodres.2023.112998
https://doi.org/10.1016/j.foodres.2023.112998
https://doi.org/10.1080/10408398.2020.1768510
https://doi.org/10.1080/10408398.2020.1768510
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref111
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref111
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref111
https://doi.org/10.1007/s00394-013-0649-9
https://doi.org/10.1016/j.diabres.2020.108558
https://doi.org/10.1210/en.2017-00391
https://doi.org/10.1038/nm.4236
https://doi.org/10.1016/j.biotechadv.2021.107863
https://doi.org/10.1016/j.biotechadv.2021.107863
https://doi.org/10.1016/j.jff.2019.103714
https://doi.org/10.1038/s41598-022-06414-1
https://doi.org/10.1038/s41598-022-06414-1
https://doi.org/10.1111/jfbc.14264
https://doi.org/10.1016/j.foodres.2011.07.002
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref122
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref122
http://refhub.elsevier.com/S0924-2244(23)00331-X/sref122
https://doi.org/10.1074/jbc.274.24.17179
https://doi.org/10.1074/jbc.274.24.17179
https://doi.org/10.3390/ani13020289
https://doi.org/10.3390/ani13020289
https://doi.org/10.1093/ajcn/69.4.712
https://doi.org/10.1093/ajcn/69.4.712
https://doi.org/10.1016/j.chom.2013.07.012
https://doi.org/10.1016/j.chom.2013.07.012
https://doi.org/10.3390/nu13041066
https://doi.org/10.3390/nu13041066
https://doi.org/10.1021/acs.jafc.8b00925
https://doi.org/10.1021/acs.jafc.8b00925
https://doi.org/10.7554/eLife.03497
https://doi.org/10.7554/eLife.03497
https://doi.org/10.1152/ajpgi.00203.2016
https://doi.org/10.3390/nu11091978
https://doi.org/10.17221/61/2012-CJFS
https://doi.org/10.17221/61/2012-CJFS
https://doi.org/10.1111/jgh.13278
https://doi.org/10.1089/biores.2012.0223
https://doi.org/10.1089/biores.2012.0223

E. Banan-Mwine Daliri et al.

bifidobacteria in Chinese patients with type 2 diabetes mellitus. Journal of Diabetes,
7, 729-739. https://doi.org/10.1111/1753-0407.12232

Surono, I. S., Simatupang, A., Kusumo, P. D., Waspodo, P., Verbruggen, S., Verhoeven, J.,
& Venema, K. J. (2022). Effect of different functional food supplements on the gut
microbiota of prediabetic Indonesian individuals during weight loss. Nutrients, 14,
781. https://doi.org/10.3390/nu14040781

Tang, H., Hou, J., Shen, Y., Xu, L., Yang, H., Fang, X., & Bao, X. J. (2013). High §
-Glucosidase secretion in Saccharomyces cerevisiae improves the efficiency of
cellulase hydrolysis and ethanol production in simultaneous saccharification and
fermentation. Journal of Microbiology and Biotechnology, 23, 1577-1585. https://doi.
org/10.4014/jmb.1305.05011

Tan, M. L., & Hamid, S. B. S. (2021). Beetroot as a potential functional food for cancer
chemoprevention, a narrative review. Journal of Cancer Prevention, 26, 1-17. https://
doi.org/10.15430/JCP.2021.26.1.1

Tesoriere, L., Allegra, M., Butera, D., Gentile, C., & Livrea, M. (2007). Kinetics of the
lipoperoxyl radical-scavenging activity of indicaxanthin in solution and unilamellar
liposomes. Free Radical Research, 41, 226-233. https://doi.org/10.1080/
10715760601026614

Van Syoc, E., Nixon, M. P., Silverman, J. D., Luo, Y., Gonzalez, F. J., Elbere, 1., Klovins, J.,
Patterson, A. D., Rogers, C. J., & Ganda, E. J. (2023). Changes in the gut mycobiome
are associated with Type 2 diabetes mellitus and metformin treatment across
populations. bioRxiv, 2025, Article 542255. https://doi.org/10.1101/
2023.05.25.542255

Vasconcellos, J., Conte-Junior, C., Silva, D., Pierucci, A. P., Paschoalin, V., &
Alvares, T. S. (2016). Comparison of total antioxidant potential, and total phenolic,
nitrate, sugar, and organic acid contents in beetroot juice, chips, powder, and cooked
beetroot. Food Science and Biotechnology, 25, 79-84. https://doi.org/10.1007/
5s10068-016-0011-0

Vatanen, T., Franzosa, E. A., Schwager, R., Tripathi, S., Arthur, T. D., Vehik, K.,
Lernmark, A., Hagopian, W. A., Rewers, M. J., She, J.-X., Toppari, J., Ziegler, A.-G.,
Akolkar, B., Krischer, J. P., Stewart, C. J., Ajami, N. J., Petrosino, J. F., Gevers, D.,
Lahdesmaki, H., ... Xavier, R. J. (2018). The human gut microbiome in early-onset
type 1 diabetes from the TEDDY study. Nature, 562, 589-594. https://doi.org/
10.1038/541586-018-0620-2

Veli¢anski, A. S., Cvetkovi¢, D. D., Markov, S. L., Vuli¢, J. J., & bilas, S. M. (2011).
Antibacterial activity of Beta vulgaris L. pomace extract. Acta Periodica Technologica,
42, 263-269. https://doi.org/10.2298/APT1142263V

Vrdoljak, N. (2022). Carotenoids and carcinogenesis: Exploring the antioxidant and cell
signaling roles of carotenoids in the prevention of cancer. Critical Reviews in
Oncogenesis, 27, 1-13. https://doi.org/10.1615/CritRevOncog.2022045331

Vrieze, A., Van Nood, E., Holleman, F., Salojarvi, J., Kootte, R. S., Bartelsman, J. F.,
Dallinga-Thie, G. M., Ackermans, M. T., Serlie, M. J., & Oozeer, R. J. G. (2012).
Transfer of intestinal microbiota from lean donors increases insulin sensitivity in
individuals with metabolic syndrome. Gastroenterology, 143, 913-916. https://doi.
org/10.1053/j.gastro.2012.06.031

Vulié, J. J., Cebovi¢, T. N., Canadanovié-Brunet, J. M., Cetkovié, G. S.,
Canadanovi¢, V. M., Djilas, S. M., & Saponjac, V. T. (2014). In vivo and in vitro
antioxidant effects of beetroot pomace extracts. Journal of Functional Foods, 6,
168-175. https://doi.org/10.1016/j.jff.2013.10.003

Vuli¢, J. J., Cebovi¢, T. N., Canadanovié, V. M., Cetkovi¢, G. S., Djilas, S. M.,
Canadanovi¢-Brunet, J. M., Veli¢anski, A. S., Cvetkovi¢, D. D., & Tumbas, V. T.
(2013). Antiradical, antimicrobial and cytotoxic activities of commercial beetroot
pomace. Journal of Functional Foods, 4, 713-721. https://doi.org/10.1039/
¢3f030315b

Wade, H., Pan, K., Duan, Q., Kaluzny, S., Pandey, E., Fatumoju, L., Saraswathi, V.,
Wu, R., Harris, E. N., & Su, Q. (2023). Akkermansia muciniphila and its membrane
protein ameliorates intestinal inflammatory stress and promotes epithelial wound
healing via CREBH and miR-143/145. Journal of Biomedical Science, 30, 38. https://
doi.org/10.1186,/5s12929-023-00935-1

Walker, A. W., Ince, J., Duncan, S. H., Webster, L. M., Holtrop, G., Ze, X., Brown, D.,
Stares, M. D., Scott, P., Bergerat, A., Louis, P., McIntosh, F., Johnstone, A. M.,
Lobley, G. E., Parkhill, J., & Flint, H. J. (2011). Dominant and diet-responsive groups
of bacteria within the human colonic microbiota. The ISME Journal, 5, 220-230.
https://doi.org/10.1038/isme;j.2010.118

12

Trends in Food Science & Technology 142 (2023) 104216

Wang, Y., Do, T., Marshall, L. J., & Boesch, C. (2023). Effect of two-week red beetroot
juice consumption on modulation of gut microbiota in healthy human volunteers — a
pilot study. Food Chemistry, 406, Article 134989. https://doi.org/10.1016/j.
foodchem.2022.134989

Wardman, J. F., Bains, R. K., Rahfeld, P., & Withers, S. G. (2022). Carbohydrate-active
enzymes (CAZymes) in the gut microbiome. Nature Reviews Microbiology, 20,
542-556. https://doi.org/10.1038/s41579-022-00712-1

Wootton-Beard, P. C., Brandt, K., Fell, D., Warner, S., & Ryan, L. (2014). Effects of a
beetroot juice with high neobetanin content on the early-phase insulin response in
healthy volunteers. Journal of Nutrition Sciences, 3, €9. https://doi.org/10.1017/
jns.2014.7

Wootton-Beard, P. C., & Ryan, L. J. (2011). A beetroot juice shot is a significant and
convenient source of bioaccessible antioxidants. Journal of Functional Foods, 3,
329-334. https://doi.org/10.1016/j.jff.2011.05.007

Wybraniec, S., Stalica, P., Spérna, A., Nemzer, B., Pietrzkowski, Z., & Michatowski, T.
(2011). Antioxidant activity of betanidin: Electrochemical study in aqueous media.
Journal of Agricultural and Food Chemistry, 59, 12163-12170. https://doi.org/
10.1021/jf2024769

Xiao, J. (2017). Dietary flavonoid aglycones and their glycosides: Which show better
biological significance? Critical Reviews in Food Science and Nutrition, 57, 1874-1905.
https://doi.org/10.1080/10408398.2015.1032400

Xu, J., Bjursell, M. K., Himrod, J., Deng, S., Carmichael, L. K., Chiang, H. C.,

Hooper, L. V., & Gordon, J. I. (2003). A genomic view of the human-Bacteroides
thetaiotaomicron symbiosis. Science, 299, 2074-2076. https://doi.org/10.1126/
science.1080029

Xu, J., You, L., & Zhao, Z. (2023). Synthesize of the chitosan-TPP coated betanin-
quaternary ammonium-functionalized mesoporous silica nanoparticles and
mechanism for inhibition of advanced glycation end products formation. Food
Chemistry, 407, Article 135110. https://doi.org/10.1016/j.foodchem.2022.135110

Yang, K., Niu, J., Zuo, T., Sun, Y., Xu, Z., Tang, W., Liu, Q., Zhang, J., Ng, E. K., &
Wong, S. K. J. G. (2021). Alterations in the gut virome in obesity and type 2 diabetes
mellitus. Gastroenterology, 161, 1257-1269. https://doi.org/10.1053/j.
gastro.2021.06.056

Yong, Y. Y., Dykes, G., Lee, S. M., & Choo, W. S. (2017). Comparative study of betacyanin
profile and antimicrobial activity of red pitahaya (Hylocereus polyrhizus) and red
spinach (Amaranthus dubius). Plant Foods for Human Nutrition, 72, 41-47. https://doi.
org/10.1007/s11130-016-0586-x

Yong, Y. Y., Dykes, G., Lee, S. M., & Choo, W. S. (2018). Effect of refrigerated storage on
betacyanin composition, antibacterial activity of red pitahaya (Hylocereus polyrhizus)
and cytotoxicity evaluation of betacyanin rich extract on normal human cell lines.
LWT-Food Science and Technology, 91, 491-497. https://doi.org/10.1016/j.
1wt.2018.01.078

Yong, Y. Y., Dykes, G., Lee, S. M., & Choo, W. S. (2019). Biofilm inhibiting activity of
betacyanins from red pitahaya (Hylocereus polyrhizus) and red spinach (Amaranthus
dubius) against Staphylococcus aureus and Pseudomonas aeruginosa biofilms. Journal of
Applied Microbiology, 126(1), 68-78. https://doi.org/10.1111/jam.14091

Yu, T., Robotham, J. L., & Yoon, Y. J. (2006). Increased production of reactive oxygen
species in hyperglycemic conditions requires dynamic change of mitochondrial
morphology. PNAS, 103, 2653-2658. https://doi.org/10.1073/pnas.0511154103

Zhai, R., Xue, X., Zhang, L., Yang, X., Zhao, L., & Zhang, C. (2019). Strain-specific anti-
inflammatory properties of two Akkermansia muciniphila strains on chronic colitis in
mice. Frontiers in Cellular and Infection Microbiology, 9, 239. https://doi.org/
10.3389/fcimb.2019.00239

Zhang, W., Kong, L., Zhong, Z., Lin, L., Li, J., & Zheng, G. J. (2023). Short chain fatty
acids increase fat oxidation and promote browning through p3-adrenergic receptor/
AMP-activated protein kinase a signaling pathway in 3T3-L1 adipocytes. Journal of
Functional Foods, 103, Article 105488. https://doi.org/10.1016/j.jff.2023.105488

Zhao, Y.-S., Eweys, A. S., Zhang, J.-Y., Zhu, Y., Bai, J., Darwesh, O. M., Zhang, H.-B., &
Xiao, X. J. (2021). Fermentation affects the antioxidant activity of plant-based food
material through the release and production of bioactive components. Antioxidants,
10, 2004. https://doi.org/10.3390/antiox10122004

Zhao, L., Lou, H., Peng, Y., Chen, S., Fan, L., & Li, X. (2020). Elevated levels of circulating
short-chain fatty acids and bile acids in type 2 diabetes are linked to gut barrier
disruption and disordered gut microbiota. Diabetes Research and Clinical Practice,
169, Article 108418. https://doi.org/10.1016/j.diabres.2020.108418


https://doi.org/10.1111/1753-0407.12232
https://doi.org/10.3390/nu14040781
https://doi.org/10.4014/jmb.1305.05011
https://doi.org/10.4014/jmb.1305.05011
https://doi.org/10.15430/JCP.2021.26.1.1
https://doi.org/10.15430/JCP.2021.26.1.1
https://doi.org/10.1080/10715760601026614
https://doi.org/10.1080/10715760601026614
https://doi.org/10.1101/2023.05.25.542255
https://doi.org/10.1101/2023.05.25.542255
https://doi.org/10.1007/s10068-016-0011-0
https://doi.org/10.1007/s10068-016-0011-0
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.2298/APT1142263V
https://doi.org/10.1615/CritRevOncog.2022045331
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.1016/j.jff.2013.10.003
https://doi.org/10.1039/c3fo30315b
https://doi.org/10.1039/c3fo30315b
https://doi.org/10.1186/s12929-023-00935-1
https://doi.org/10.1186/s12929-023-00935-1
https://doi.org/10.1038/ismej.2010.118
https://doi.org/10.1016/j.foodchem.2022.134989
https://doi.org/10.1016/j.foodchem.2022.134989
https://doi.org/10.1038/s41579-022-00712-1
https://doi.org/10.1017/jns.2014.7
https://doi.org/10.1017/jns.2014.7
https://doi.org/10.1016/j.jff.2011.05.007
https://doi.org/10.1021/jf2024769
https://doi.org/10.1021/jf2024769
https://doi.org/10.1080/10408398.2015.1032400
https://doi.org/10.1126/science.1080029
https://doi.org/10.1126/science.1080029
https://doi.org/10.1016/j.foodchem.2022.135110
https://doi.org/10.1053/j.gastro.2021.06.056
https://doi.org/10.1053/j.gastro.2021.06.056
https://doi.org/10.1007/s11130-016-0586-x
https://doi.org/10.1007/s11130-016-0586-x
https://doi.org/10.1016/j.lwt.2018.01.078
https://doi.org/10.1016/j.lwt.2018.01.078
https://doi.org/10.1111/jam.14091
https://doi.org/10.1073/pnas.0511154103
https://doi.org/10.3389/fcimb.2019.00239
https://doi.org/10.3389/fcimb.2019.00239
https://doi.org/10.1016/j.jff.2023.105488
https://doi.org/10.3390/antiox10122004
https://doi.org/10.1016/j.diabres.2020.108418

	Beetroot for managing diabetes and its associated gut dysbiosis: Current findings and challenges
	1 Introduction
	2 Different bioactive compounds in beetroot and their functions
	2.1 Phenolic compounds and flavonoids
	2.2 Carotenoids
	2.3 Betalains

	3 Summary of recent clinical experiments on beetroot to control diabetes, and possible methods of improving the antidiabeti ...
	3.1 Antidiabetic abilities of beetroot consumption
	3.2 Strategies for improving the antidiabetic effects of beetroot

	4 Diabetes-associated gut dysbiosis and the impact of beetroot on gut microbial ecology
	4.1 Diabetes-associated gut dysbiosis
	4.2 Beetroot modulation of microbial structure and function in diabetes-associated dysbiosis
	4.3 Direct and indirect mechanisms by which beetroot mitigates diabetes
	4.3.1 Direct effect on the host
	4.3.2 Indirect effect on the host through gut microbiota modulation


	5 Challenges and future perspectives
	6 Conclusions
	Funding
	Declaration of competing interest
	Data availability
	References


