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ARTICLE INFO ABSTRACT

Background: Obesity is a leading contributor to numerous diseases, such as diabetes mellitus, cardiovascular
diseases, and cancers. Therefore, seeking effective and safe approaches to control obesity is essential. Gut mi-
crobiota has been demonstrated to play a critical role in the occurrence of obesity via the regulation of energy
metabolism. The composition and abundance of gut microbiota can be altered by the diet. Recently, many
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5:11;table dietary plants have been demonstrated to exert anti-obesity effects through bioactive components that modulate
spfce gut microbiota, which has drawn increasing research attention.

Scope and approach: In this review, the obesity-associated gut microbiota has been summarized and classified
into obesogenic and anti-obesity categories. Subsequently, some anti-obesity dietary plants with gut microbiota-
modulating activities and the mechanisms of action of their bioactive components are discussed.

Key findings and conclusions: The effects of gut microbiota on obesity have been found in most animal and some
human studies. Certain strains of Firmicutes, Lactobacillus, and Bacteroidetes are positively associated with obesity
development, while Bifidobacterium, most Lactobacillus, and some Bacteroidetes show anti-obesity activities. Some
dietary plants, such as grapes, berries, apple, turmeric, chili, soy, sorghum, and barley, show anti-obesity effi-
cacy through increasing the diversity of gut microbiota, up-regulating anti-obesity gut microbiota and down-
regulating obesogenic gut microbiota.

This review may stimulate further development of functional foods to treat obesity through modulating gut
microbiota. Future work will rely on the exploration of more dietary plants and their components with anti-
obesity and gut microbiota-modulating effects, and further investigation of related mechanisms as well as
clinical trials.

1. Introduction

Obesity is a chronic metabolic disorder, and a rapidly increasing
global health problem. According to a report from the World Health
Organization (WHO), over 1.9 billion (accounting for 39%) adults were
overweight, and 650 million of these were obese in 2016 (https://www.
who.int/mediacentre/factsheets/fs311/zh/). Obesity is associated with
several diseases, such as diabetes mellitus, cardiovascular diseases, and
cancers, posing a heavy economic burden on society (Mokdad et al.,
2003). Therefore, managing and reducing obesity has attracted in-
creasing interest and attention from researchers.

The main therapeutic options to treat obesity include diet mod-
ification, exercise, surgery, and pharmacotherapy. However,

conventional weight loss therapies often do not have satisfactory out-
comes, and the prevalence of obesity is predicted to continue to rise
(Kazemipoor et al., 2015). Many dietary plants have shown anti-obesity
activity by reducing appetite, inhibiting nutrient absorption, reducing
adipogenesis, and enhancing energy expenditure (Fu, Jiang, Guo, & Su,
2016). In recent years, the influence of gut microbiota on obesity has
become a hot research focus, and is a potentially effective target to treat
obesity. The impact of dietary plants on the gut microbiota has become
a particular focus of attention.

Gut microbiota can be regarded as a microbial organ residing in the
host, which has a significant impact on host physiology (Backhed, Ley,
Sonnenburg, Peterson, & Gordon, 2005; Zhang et al., 2015a). Studies
show that gut microbiota has a tight association with host metabolism
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via the production of gut microbiota-derived metabolites, such as short-
chain fatty acids (SCFAs) which can supply energy for colonic epithelial
cells (Tremaroli & Backhed, 2012), trimethylamine-N-oxide (TMAO)
which is associated with the formation of white adipose tissue (Schugar
et al.,, 2017), and inosine-5-monophosphate (IMP) which has been
found involved in the metabolism of lipids (Whitehead et al., 2004). In
addition, gut microbiota can modulate host immune system (Round &
Mazmanian, 2009), and regulate bile acid profile which can affect the
digestion and metabolism of the host (Sayin et al., 2013). Dysbiosis of
the gut microbiota is suggested to be responsible for certain diseases of
the host, such as obesity, cancers, and inflammatory bowel diseases
(Gilbert et al., 2018; Postler & Ghosh, 2017). The link between gut
microbiota and the development of obesity and other metabolic dis-
eases in hosts could be due to the microbiota-derived toxic metabolites,
extra energy harvested from gut microbiota, and endotoxemia-related
low-grade inflammation (Zhao, 2013). For instance, lipopolysaccharide
(LPS), produced by Gram-negative bacteria, could cause an in-
flammatory response in the host (Shen, Obin, & Zhao, 2013). Compared
with lean humans, obese persons are lower in the diversity of gut mi-
crobiota (Turnbaugh et al., 2009), and meanwhile, the relative abun-
dance of the specific gut microbiota taxa in obese persons has been
altered (Ley et al., 2005). Epidemiological studies also reveal that
consumption of some dietary plants may be inversely associated with
weight gain through modulating gut microbiota (Kang et al., 2016;
Menni et al., 2017; Moreno-Indias et al., 2016). Thus, consumption of
dietary plants, exploiting their effect on regulating gut microbiota, can
be a novel strategy to combat obesity.

There are some recent reviews focusing on the topic of gut micro-
biota and their roles in obesity (Al-Assal, Martinez, Torrinhas,
Cardinelli, & Waitzberg, 2018; Harsch & Konturek, 2018; Ottosson
et al., 2018; Rastelli, Knauf, & Cani, 2018; Sun et al., 2018a, b), while
these reviews mainly focused on the biomedical aspects of the topic.
Herein, the current review discusses the topic mainly from the view-
point of food and nutritional sciences, and summarizes the types of gut
microbiota related to obesity and the anti-obesity activities of some
dietary plants through modulating gut microbiota. Overall, this review
may stimulate the development of dietary plants as functional foods,
which have the potential to promote weight loss.

2. Obesogenic gut microbiota

Gut microbiota comprises numerous species, and some species may
contribute to the development of obesity, which is defined as obeso-
genic gut microbiota (Prior et al., 2010), such as Firmicutes and Bac-
teroidetes.

2.1. Firmicutes

Phylum Firmicutes comprise a dominant part of the microbiota in the
human gut (with phylum Bacteroidetes together accounting for 90% of
human bacterial species), and mainly include Ruminiococcus,
Clostridium, and Lactobacillus (Barlow, Yu, & Mathur, 2015; Eckburg
et al., 2005). Firmicutes substantially decreased in diet-induced obese
C57BL/6J mice treated with antibiotics (vancomycin and bacitracin),
which could improve insulin resistance and ameliorate obesity by
modulating glucagon-like peptide 1 secretion (Hwang et al., 2015). In
contrast, an increase in Firmicutes was observed in high fat diet (HFD)-
fed male C57BL/6J mice gut (Shang et al., 2017). A high ratio of Fir-
micutes to Bacteroidetes has been considered as an obesity-related pat-
tern of the gut microbiota composition for obese humans and obese
(ob/ob) mice (Ley et al., 2005). Gut Firmicutes were reportedly in-
creased in endocarditis patients with vancomycin-related obesity
(Million et al., 2013). Besides, women who had obese phenotype with
high expression of toll-like receptor 5 (TLR5) genes had more Firmicutes
(Pekkala et al., 2015). Moreover, a study compared the gut microbiota
composition of 51 obese persons (including 23 children and 28 adults)
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with 28 normal weight persons (including 17 children and 11 adults)
from Egypt, and found that phyla Firmicutes and Bacteroidetes sig-
nificantly increased in the obese group (p < 0.001, p = 0.003) (Ismail
et al., 2011).

Lactobacillus has many subspecies, some of which are related to
weight gain and help induce obesity. Weight gain-promoted
Lactobacillus species were found to lack some important enzymes, in-
cluding glucose metabolic enzymes, antioxidant enzymes, and the
synthetases of dextrin, .-rhamnose, and acetate (Drissi et al., 2014). A
meta-analysis, including 17 randomized controlled trials (RCTs) in
humans, 51 studies on farm animals, and 14 studies on experimental
models, reported that Lactobacillus acidophilus administration was as-
sociated with weight gain in humans, and Lactobacillus fermentum and
Lactobacillus ingluviei would cause weight gain in animals (Million et al.,
2012). Treating newborn broiler chicks and ducks with Lactobacillus at
a dose of 4 x 10 bacteria per animal promoted weight gain
(Angelakis & Raoult, 2010). In addition, Lactobacillus ingluviei was re-
ported to speed the weight gain in female BALB/c mice (Angelakis
et al., 2012). Moreover, in a human observational study, researchers
found that endocarditis patients treated with vancomycin, a common
antibiotic, showed body weight gain (12.2% of patients had a BMI in-
crease of over 10%) with increased Lactobacillus (Million et al., 2013).

2.2. Bacteroidetes

Bacteroides, Prevotella, and Porphyromonas are the three main genera
of Bacteroidetes in the human gut. Bacteroides alone accounts for an
estimated 30% of all gut bacteria, and is most common in Western
populations consuming high-fat or high-sucrose diet (Johnson, Heaver,
Walters, & Ley, 2017). In a prospective study on 138 infants from 1 to 3
years, Bacteroides fragilis in their intestines was found positively related
to body weight (Vael, Verhulst, Nelen, Goossens, & Desager, 2011).
Similarly, Koleva, Bridgman, and Kozyrskyj (2015) reported that Bac-
teroides and Lactobacillus species were associated with weight gain in
children.

2.3. Other obesogenic microbiota

Studies reported that several microbiota, such as Rhizobium,
Lactococcus, and Clostridium, were also associated with the development
of obesity (Hippe et al., 2016; Pekkala et al., 2015; Qiao, Sun, Xie, Shi,
& Le, 2014a). A study has shown that the amount of intestinal Rhizo-
bium and Lactococcus increased greatly in HFD-fed C57BL/6J male mice
(Qiao et al., 2014a). Besides, HFD feeding also increased the amount of
gut sulfidogenic bacteria in C57BL/6J male mice, which may be re-
sponsible for chronic intestinal and systemic inflammation (Shen et al.,
2014). A study demonstrated that women with higher TLR5 expression
and flagellated Clostridium cluster XIV bacteria count would have a
tendency to obesity because the flagellin from Clostridium could activate
TLR5 inflammatory pathway, enhance glycerol secretion, and reduce
insulin signaling (Pekkala et al., 2015). Compared with the lean control
group, obese people had higher Faecalibacterium prausnitzii count,
which were considered to produce more butyrate, an essential energy
substrate for gut epithelium metabolism, and overproduction of buty-
rate could cause gut inflammation to different degrees (Hippe et al.,
2016).

To sum up, obesogenic gut microbiota, such as Firmicutes, certain
Bacteroidetes, Rhizobium, Lactococcus, and Clostridium, could promote
the development of obesity mainly through the production of SCFAs
like butyrate, providing extra energy for the host, and the induction of
low-grade inflammation caused by the metabolites of gut microbiota. It
should be pointed out that the effects of SCFAs on obesity have been
extensively studied in animal studies, but few conclusions have been
drawn from human studies. Therefore, more clinical trials are required
to test and verify their effects on human.
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3. Anti-obesity gut microbiota

In contrast to the obesogenic gut microbiota, some species of gut
microbiota have shown anti-obesity activity. In the following part,
Bifidobacterium, certain subspecies of Lactobacillus and Bacteroidetes are
discussed as anti-obesity gut microbiota.

3.1. Bifidobacterium

Treatment of Bifidobacterium lactis 420 (10° colony-forming units
(CFU)/day, i. g.) to C57BL/6J mice for 12 weeks significantly reduced
HFD-induced weight gains, which could be related to decreased in-
testinal mucosal adherence and plasma LPS (Stenman et al., 2014).
Besides, Bifidobacterium lactis 420 dose-dependently enhanced the in-
tegrity and decreased the permeability of Caco-2 cells, which could
fight against the low-grade inflammation-related diseases such as obe-
sity (Mokkala, Laitinen, & ROytio, 2016). Bifidobacterium pseudocate-
nulatum CECT 7765 could also protect C57BL/6 male mice against HFD-
induced weight gain through modulating the expression of key reg-
ulators in fatty acid and cholesterol metabolism, including fatty acid
transporter CD36, the transcription regulator of lipid biosynthesis early
growth response 1, and patatin-like phospholipase domain containing 2
(PNPLA2) (Moya-Pérez, Romo-Vaquero, Tomds-Barberan, Sanz, &
Garcia-Conesa, 2014). Treating HFD-fed mice with Bifidobacterium bi-
fidum BGN4 and Bifidobacterium longum BORI individually for 8 weeks
greatly inhibited the weight gain of mice, and lowered the hepatic le-
vels of triglyceride and total cholesterol, and the activities of serum
aspartate transaminase and alanine transaminase, without influencing
food intake (Li, Jin, Oh, & Ji, 2016). Moreover, Bifidobacterium ado-
lescentis IM38 with a dose of 2 X 10° CFU/day suppressed body and
epididymal fat weight gains caused by HFD in male C57BL/6 mice, via
regulating the ratio of Proteobacteria to Bacteroidetes, which reduced
LPS production in the gut. Meanwhile, an in vitro study found that Bi-
fidobacterium adolescentis IM38 greatly inhibited the nuclear factor
(NF)-xB activation and tumor necrosis factor (TNF) expression in LPS-
stimulated Caco-2cells (Lim & Kim, 2017). Treatment with Bifido-
bacterium MKK4 to obese mice for 8 weeks reduced body and organ
weight, improved levels of serum glucose, triglyceride, and cholesterol,
and regulated gut microbiota dysbiosis. Enhanced expressions of lipo-
lytic transcription factors, such as peroxisome proliferator-activated
receptor (PPAR)-a, PPAR-§, and their downstream productions, were
associated with the anti-obesity effect of Bifidobacterium MKK4 (Ray
et al.,, 2018). Moreover, in an RCT, participants with BMI ranging
24-30 kg/m? were treated with 5 x 10*° CFU/d Bifidobacterium breve B-
3, and it was found that alterations in levels of vy-glutamyl-
transpeptidase and high-sensitivity C-reactive protein might be asso-
ciated with lowered fat mass (Minami et al., 2015).

3.2. Lactobacillus

Although certain Lactobacillus is associated with weight gain, most
Lactobacilli has an anti-obesity effect (Barlow et al., 2015). A meta-
analysis revealed that Lactobacillus plantarum promoted weight loss in
animals and Lactobacillus gasseri promoted weight loss in both obese
humans and animals (Million et al., 2012). Lactobacillus acidophilus 031
CE significantly inhibited obesity development and lipid deposition in
the liver of ICR (Institute of Cancer Research) mice fed with HFD by
reducing the level of triglyceride, and activities of aspartate transami-
nase and alanine transaminase (Li et al., 2016). Administration of
Lactobacillus sakei OK67 to HFD-fed mice greatly reduced body and
epididymal fat weight gains through down-regulating TNF-a, inter-
leukin (IL)-1P, and NF-kB, as well as up-regulating IL-10 and tight
junction proteins (Lim, Jeong, Woo, Han, & Kim, 2016). Besides, Lac-
tobacillus sakei could reduce HFD-induced obesity, colitis, and anxiety
through activating gut microbiota-mediated AMP-activated protein ki-
nase (AMPK) and NF-kB pathways, and modulating SIRT-1 expression
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in mice (Jang et al., 2019). Moreover, Lactobacillus reuteri GMNL-263,
both living and heat-killed, could decrease weight gain and the number
of pathogenic bacteria, alleviate hepatic steatosis, and improve insulin
resistance in mice fed with HFD (Hsieh et al., 2016). Lactobacillus reuteri
263 exhibited anti-obesity effect by promoting the browning of white
adipose tissue through upregulating the expression of browning-related
genes Ppar-y, PR domain containing 16 (Prdm16), Ppar-y coactivator-1a
(Pgc-a), bone morphogenetic protein 7 (Bmp7), and fibroblast growth factor
21 (Fgf21) in Sprague-Dawley rats (Chen et al., 2018). Lactobacillus
plantarum Ln4, obtained from napa cabbage kimchi, inhibited weight
gains and epididymal fat mass in mice fed with HFD by decreasing le-
vels of C-reactive protein, insulin-like growth factor binding proteins-3,
and monocyte chemoattractant protein (MCP)-1 in white adipose tissue,
and lowering total plasma triglyceride level (Lee et al., 2018a). Ad-
ditionally, 10-ox0-12(Z)-octadecenoic acid, a linoleic acid metabolite
produced by lactic acid bacteria, could elevate energy expenditure in
mice by activating transient receptor potential vanilloid (TRPV) 1-
mediated browning in white adipose tissue, which inhibited diet-in-
duced obesity development (Kim et al., 2017). Treating C57BL/6J mice
with a mixture of lactic acid bacteria isolated from cheese reduced the
levels of pro-inflammatory cytokines, chemokines, triglyceride, and
cholesterol, and inhibited fat accumulation, which led to the suppres-
sion of obesity and obesity-related inflammation (Roselli et al., 2017).
Administration of Lactobacillus JBD301 daily with 107 CFU to female
C57BL/6 mice inhibited the free fatty acid absorption by increasing its
fecal excretion and reducing its concentration in the gut fluid content,
thus suppressing the weight gain induced by HFD (Chung et al., 2016).
Furthermore, this study also found that people administered with Lac-
tobacillus JBD301 had less weight gain compared with the control group
in a phaselIRCT. In another 6-year prospective observational study, a
negative association was found between a high level of oral Lactoba-
cillus and weight gain among those with medium and low administra-
tions of complex carbohydrates (Rosing, Walker, Jensen, & Heitmann,
2017). Moreover, a pilot study conducted on obese children revealed
that Lactobacillus casei strain Shirota-containing beverage reduced body
weight and increased high-density lipoprotein cholesterol level
(Nagata, Chiba, Wang, & Yamashiro, 2017). Furthermore, in an RCT,
Lactobacillus gasseri BNR17 effectively decreased visceral fat mass and
waist circumferences in tested obese adults (Kim, Yun, Kim, Kwon, &
Cho, 2018). However, in a 6-week, single-blinded, parallel-group in-
tervention conducted on 58 obese postmenopausal women, Lactoba-
cillus paracasei F19 at a dose of 9.4 x 10'° CFU/d showed no effects in
the metabolic markers and gut microbiota composition (Brahe et al.,
2015). Besides, the intake of Lactobacillus salivarius Ls-33 at a dose of
10'° CFU/d for 12 weeks in 50 obese Danish adolescents also had no
beneficial effects (Gobel, Larsen, Jakobsen, Mglgaard, & Michaelsen,
2012). The inconsistent effects of probiotics Lactobacillus on preventing
obesity might be associated with the differences of bacterial strains
used and their doses, intervention time, and dietary bioactive com-
pounds in foods.

3.3. Bacteroidetes

Most Bacteroidetes in the gut harvested energy from the indigestible
polysaccharides and produced SCFAs, which regulate host energy me-
tabolism (Johnson et al., 2017). Bacteroidetes are negatively related to
obesity, and were decreased by 50% in leptin-deficient obese mouse
models compared with the lean mice (Ley et al., 2005). In an animal
experiment, 12-week HFD-fed Wistar rats became obese with lowered
Bacteroidetes, Prevotella, and Lactobacillus in the gut (Lau et al., 2016),
and the similar alteration was also found in HFD-fed C57BL/6J mice
(Shang et al., 2017). Besides, a study compared the gut microbial
composition in 100 women from rural Ghana and urban US (including
50 lean women and 50 obese women), and found that lean women had
more abundant Bacteroides, and lean Ghanaians had more butyrate-
generating gut microbiota. Meanwhile, mice transplanted with feces
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from the lean Ghanaian were resistant to obesity induced by 6-weeks
high-fat diet feeding (p < 0.01) (Dugas et al., 2018).

3.4. Other anti-obesity gut microbiota

Yeast and Akkermansia muciniphila could also promote weight loss
(Chelakkot et al., 2018; Tsai, Wang, Hsu, Li, & Chen, 2015). Adminis-
tration of yeast with bacteriocin from ruminal bacteria inhibited weight
gain and enhanced lipid catabolism through modulating gut microbiota
in C57BL/6 male mice fed with a Western diet (Tsai et al., 2015). Ak-
kermansia muciniphila, a mucin-degrading bacterium which can benefit
host metabolism, could decrease the permeability of Caco-2 cells
treated with LPS, thus regulating gut barrier integrity (Chelakkot et al.,
2018).

Collectively, anti-obesity gut bacteria, such as Bifidobacterium,
Lactobacillus, Bacteroidetes, and Akkermansia muciniphila, can induce
weight loss in multiple ways, including lowering gut permeability, en-
hancing gut mucosa integrity with elevated levels of tight junction
proteins, modulating the expression of key regulators involved in li-
pogenesis, attenuating gut inflammation with lowered NF-xB, TNF, and
IL-13 levels, reducing insulin resistance, and promoting the browning of
white adipose fat. It should be pointed out that different species of the
same genus could have different effects on obesity. For example, some
species of Lactobacillus (such as Lactobacillus plantarum, Lactobacillus
sakei, and Lactobacillus reuteri) were associated with weight loss as they
could express a certain amount of glucose permease and encode fewer
bacteriocins than weight-promoting Lactobacillus (Driss et al., 2014).
On the other hand, some Lactobacillus species (such as Lactobacillus
acidophilus, Lactobacillus fermentum, and Lactobacillus ingluviei) were
found to be weight-promoting in animal and human studies as they
lacked the ability to breakdown fructose or glucose, and had more
stronger replication, recombination, and repair activities, which may
interrupt the host gut microbiota eco-balance.

4. Anti-obesity effect of dietary plants through modulating gut
microbiota

Many dietary plants have been demonstrated to have anti-obesity
effects via modulating gut microbiota composition and abundance, such
as fruits, vegetables, spices, legumes, grains, and tea (Fu et al., 2016;
Qiao et al., 2014b; Shen, Liu, & Ji, 2017a), which are further discussed
below.

4.1. Fruits

Fruits are abundant in polyphenols, cellulose, and xylans, which
could prevent many chronic diseases, such as obesity, cancers, and
cardiovascular diseases (Zhang et al., 2015b; Zhao et al., 2017a). A
randomized controlled trial (RCT) conducted on 122 individuals in
Britain found that an increasing administration of fruit and vegetable
could modulate human gut microbiota composition with the increase in
Clostidium leptum-Ruminococcus bromii/flavefaciens and the decrease in
potentially pathogenic Clostridia, which may be associated with obesity
prevention (Klinder et al., 2016).

4.1.1. Grapes

Grapes are well-known as healthy fruit and are rich in resveratrol
(3,5,4’-trihydroxy-trans-stilbene), a natural polyphenol with several
health benefits (Zhang et al., 2015a, b). Resveratrol reduced the weight
gain and visceral adipose weight greatly, increased the Bacteroidetes to
Firmicutes ratio, Lactobacillus, and Bifidobacterium, as well as decreased
Enterococcus faecalis in HFD-fed mice. The anti-obesity activity of re-
sveratrol could be due to down-regulation of mRNA expression of genes
associated with lipogenesis, such as lipoprotein lipase (Lpl), stearoyl-CoA
desaturase 1 (Scdl), Ppar-y, acetyl-CoA carboxylase 1 (Accl), and fatty
acid synthase (Fas) (Qiao et al., 2014b). Co-administration of trans-
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resveratrol and quercetin inhibited weight gains, elevated Bacteroidetes
to Firmicutes ratio, and inhibited the growth of obesogenic bacteria like
Erysipelotrichaceae, Bacillus, and Eubacterium glindroides in high-fat-su-
crose diet-fed rats (Etxeberria et al., 2015). Similarly, the combination
of resveratrol and quercetin also inhibited body weight gain and visc-
eral adipose accumulation, increased the Bacteroidetes to Firmicutes
ratio and reduced the amounts of Desulfovibrionaceae, Acid-
aminococcaceae, Cozriobacteriaceae, Bilophilaz, and Lachnospiraceae and
its genus Lachnoclostridium in HFD-fed rats (Zhao et al., 2017b). Be-
sides, piceatannol, an analog of resveratrol, decreased mouse body
weight without affecting the food intake, dose-dependently lowered the
levels of serum total cholesterol, low-density lipoprotein cholesterol,
and blood glucose, and altered the abundance of Firmicutes and Lacto-
bacillus (Tung et al., 2016). In addition, the intake of the extracts from
grape pomace and cinnamon bark in C57BL/6J mice for 8 weeks, could
reduce obesity through alleviating fat mass gain and adipose tissue
inflammation, as well as alter gut microbiota and the markers of the gut
barrier. After the treatment of mixed extracts, Allobaculum and Rose-
buria were up-regulated, while Desulfovibrio and Lactococcus were
down-regulated in C57BL/6J mice (Van et al., 2018).

Feeding male C57BL/6J mice with grape seed extracts at a dose of
10 mg/kg body weight decreased the weight gain induced by HFD and
lowered the counts of Firmicutes in the small intestine (Griffin et al.,
2017). Besides, grape seed flour could decrease HFD-induced weight
gain, liver and adipose tissue weight, and plasma lipid levels, as well as
alter the population of intestinal Lactobacillus, Roseburia, and En-
terococcus in male C57BL/6J mice, which were associated with the
metabolism of bile acids and hepatic lipids, and the production of bu-
tyrate (Seo, Kim, Jeong, Yokoyama, & Kim, 2017a). Moreover, in re-
search conducted on obese patients, consumption of red wine at a
moderate dose remarkably improved obesity by increasing the amounts
of Bifidobacterium, Lactobacillus, and butyrate-generating Faecali-
bacterium (Moreno-Indias et al., 2016).

4.1.2. Apples

Apples are abundant in fiber, polysaccharides, and other bioactive
compounds, which are known to benefit health (Jiang et al., 2016).
Apple was fermented with feces obtained from diet-induced obese mice,
and the extracts could regulate the dysbiosis of microbiota induced by
obesity through altering the amounts of Firmicutes, Bacteroidetes, En-
terococcus, Enterobacteriaceae, Escherichia coli, and Bifidobacterium
(Condezo-Hoyos, Mohanty, & Noratto, 2014). Also, pectin extracted
from apple could inhibit weight gain by decreasing Firmicutes, in-
creasing Bacteroidetes, and reducing metabolic endotoxemia and in-
flammation in HFD-fed rats (Jiang et al., 2016). Besides, in C57BL/6J
mice fed with a high-fat or high-sucrose diet for 20 weeks, 0.5%
polymeric non-absorbable apple procyanidins consumption could re-
duce obesity through modulating the expression of genes associated
with lipid metabolism, lowering the ratio of Firmicutes to Bacteroidetes,
and raising the proportion of Akkermansia with eight folds (Masumoto
et al., 2016). Moreover, apple polysaccharides elevated Bacteroidetes
and Lactobacillus, and decreased Firmicutes and Fusobacteium, as well as
improved the gut permeability and dysbiosis-related gut inflammation
with the increase of tight junction protein occludin and the decrease of
pro-inflammatory factors TNF-a, IL-1f3, MCP-1, and chemokine ligand 1
in HFD-fed rats (Wang et al., 2017a).

4.1.3. Berries

Several berries like blueberry, black raspberries, and lingonberries
were found to possess anti-obesity effects via modulating gut micro-
biota (Heyman-Lindén et al., 2016; Lee et al., 2018b; Pan et al., 2017).
Supplementary feeding of blueberry powder to Wistar rats could protect
against HFD-induced inflammation through reducing TNF-a and IL-1f3
levels, improve insulin sensitivity, and increase the abundance of
Gammaproteobacteria (Lee et al., 2018b). Besides, the administration of
blueberry polyphenol extracts to high-fat diet-induced obesity C57BL/
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6J mice could alleviate obesity though altering gut microbiota com-
position by regulating Proteobacteria, Deferribacteres, Actinobacteria,
Bifidobacterium, Desulfovibrio, Adlercreutzia, Helicobacter, Flexispira, and
Prevotella (Jiao et al., 2019). In addition, whole black raspberries could
inhibit gut inflammation by increasing the anti-inflammatory bacteria,
i.e. Akkermansia and Desulfovibrio (Pan et al., 2017). However, another
study reported that black raspberries anthocyanins intake showed no
effect on obesity in high-fat diet feeding mice (Prior et al., 2010).
Moreover, lingonberries showed anti-obesity and anti-inflammatory
activities, which could elevate the amounts of gut mucosal beneficial
Akkermansia and Faecalibacterium in C57BL/6J mice (Heyman-Lindén
et al., 2016). Treating male New Zealand white rabbits with procya-
nidin B2, a proanthocyanidin dimer rich in berries, for 12 weeks, could
ameliorate diet-induced obesity by increasing the abundance of Bac-
teroidetes at the phylum level and Akkermansia at the genus level (Xing,
Lei, Wu, Jiang, & Huang, 2019).

4.1.4. Other fruits

Mango, citrus, persimmon, and kiwifruit also possess anti-obesity
effect through modulating gut microbiota (Ojo et al., 2016; Tung et al.,
2018; Zhu, Lin, Li, Deng, & Li, 2018). Mango at 10% (m/m) regulated
the gut microbiota dysbiosis by restoring the abundance of Bifido-
bacteria and Akkermansia in C57BL/6 mice treated with HFD (Ojo et al.,
2016). Polymethoxyflavones and hydroxyl polymethoxyflavones are
two components with anti-obesity activities found in citrus peel. Both of
them could lower the body weight and adipose tissue weight in HFD-fed
mice by reducing the levels of lipid droplets, perilipin 1 protein, and
sterol regulatory element binding protein 1, increasing the abundance
of Prevotella, as well as decreasing rc4-4 bacteria in the mouse gut (Tung
et al., 2018). Persimmon tannin lowered the levels of serum lipids and
cholesterol in high cholesterol-fed rats by altering the gut microbiota
composition with increases in Bifidobacterium and Lactobacillus, as well
as decreases in Firmicutes, Escherichia coli, and Enterococcus (Zhu et al.,
2018). Long-term intake of kiwifruit seed oil could reduce obesity and
the ratio of Firmicutes to Bacteroidetes with decreased inflammation and
adipose thermogenesis (Qu et al., 2019).

In summary, fruits like grapes, apple, and berries are under ex-
tensive research for the anti-obesity activities through modulating gut
microbiota, which could reduce the expression of genes associated with
lipogenesis, down-regulate the levels of serum cholesterol, LDL, and
glucose, mediate the metabolism of fatty acids and lipids, and attenuate
low-grade inflammation in the gut. It should be pointed out that many
fruits, such as grape, contain a high content of sugar, which may
counteract their anti-obesity activities. Therefore, most studies were
carried out using fruit extracts rather than the fruit itself, and the intake
of fruit extracts could have better anti-obesity effects than the intake of
the fruit itself, suggesting that bioactive compounds in fruits, such as
polyphenols, should possess anti-obesity effect besides dietary fibers.

4.2. Vegetables

Thylakoid, a part of the chloroplast in all green vegetable tissue,
could promote weight loss by increasing Bacteriodes fragilis and en-
hancing satiety in rats, induced by altering appetite hormones
(Stenblom et al., 2016). In addition, dietary fiber of vegetables could
inhibit weight gain and white adipose tissue accumulation with mod-
ulation of gut microbiota, including increases of Bacteroidetes to Firmi-
cutes ratio and Roseburia abundance in HFD-induced fat mice (Wang,
Hong, Li, Zang, & Wu, 2018a). Moreover, the powder of bitter melon
was effective in elevating the ratio of Bacteroidetes to Firmicutes in HFD-
treated rats (Zhu, Bai, Zhang, Xiao, & Dong, 2016). In a cross-sectional
study of healthy females, high consumption of dietary fiber from ve-
getables and fruits could attenuate long-term weight gain with more
abundance of Ruminococcaceae, which could improve energy meta-
bolism (Menni et al., 2017).

In general, studies on the anti-obesity effect of vegetables through
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regulating gut microbiota were rare. Dietary fiber and bitter melon
have shown the anti-obesity effect through modulating the ratio of
Bacteroidetes to Firmicutes. In the future, more studies should be carried
out to evaluate the anti-obesity activities of different vegetables by
modulating gut microbiota, and active components should be separated
and identified.

4.3. Spices

Spices have a long history of use in flavoring food, and the poly-
phenols from spices have been shown to possess many bioactive func-
tions, such as anti-obesity, anticancer, anti-inflammatory activities and
inhibiting growth of bacteria (Carrera-Quintanar et al., 2018; Zheng
et al., 2016).

4.3.1. Turmeric

Curcumin is a main bioactive component in turmeric, which is a
widely used spice with multiple health benefits. It has been found that
curcumin could greatly influence the population of certain gut micro-
biota in C57BL/6 mice, such as Prevotella, Bacteroidaceae, and Rikenella,
which are closely associated with obesity development (Shen et al.,
2017a). In menopausal obese rat models, curcumin inhibited the weight
gain without affecting the levels of estradiol, and restored the diver-
sities of gut microbiota (Zhang et al., 2017a). Moreover, curcumin
improved the intestinal barrier function through increasing the ex-
pression of tight junction proteins, which were beneficial for obesity
prevention (Wang, Ghosh, & Ghosh, 2017b). Considering the poor
bioavailability of curcumin, a newly developed nanoparticle curcumin
with improved absorbability has been produced and could increase the
abundance of butyrate-producing bacteria, lower the level of NF-kB,
and improve gut mucosal permeability in BALB/c mice (Ohno et al.,
2017).

4.3.2. Chili

Chili is one of the most popular spicy flavors, and capsaicin is the
component playing a major role in the bioactivities of chili. A study
found that capsaicin could inhibit weight gain with increasing abun-
dance of butyrate-producing Ruminococcaceae and Lachnospiraceae,
and inactivate cannabinoid receptor type 1 in mice fed with HFD (Kang
et al., 2017). Similarly, capsaicin also showed anti-obesity effects
through decreasing Proteobacteria and increasing Akkermansia mucini-
phila in HFD-fed C57BL/6 mice (Shen et al., 2017b). Moreover, in obese
and diabetic ob/ob mice, capsaicin could reduce body weight, adiposity
index, and Lee's obesity index, and alter the composition of gut mi-
crobiota. Specifically, capsaicin could increase the Firmicutes to Bac-
teroidetes ratio at the phylum level and the Roseburia abundance, and
decrease the abundances of Bacteroides and Parabacteroides at the genus
level, leading to improved glucose tolerance, increased fecal butyrate
and plasma total glucagon-like peptide-1 (GLP-1) levels, and reduced
plasma total ghrelin, TNF-a, IL-1 3, and IL-6 levels (Song et al., 2017).
Furthermore, after oral intake for 6 weeks of chili powder in Chinese
healthy adults, the level of plasma ghrelin, a regulator of appetite, was
lowered and the gut microbiota composition was altered with changes
in Firmicutes to Bacteroidetes ratio and Faecalibacterium abundance
(Kang et al., 2016).

4.3.3. Other spices

Rosemary is an aromatic shrub belonging to the Lamiaceae family.
Rosemary extract is rich in carnosic acid, which reduces body weight
gain through increasing the abundance of Blautia coccoides and
Prevotella, and decreasing the populations of Lactobacillus/Leuconostoc/
Pediococccus (Romo-Vaquero et al., 2014). Cinnamon is a spice har-
vested from the inner bark of trees belonging to the genus Cinna-
momum. Cinnamon bark extracts could reduce fat mass gain, adipose
tissue inflammation, and the Peptococcus, accompanied with the upre-
gulation of antimicrobial peptides and tight junction proteins in the gut
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of C57BL/6J mice fed with HFD for 8 weeks (Van et al., 2018).

Collectively, turmeric, chili, rosemary, and cinnamon showed anti-
obesity effects, at least partly via regulation of gut microbiota. The
metabolites from gut microbiota could reduce the gut mucosa perme-
ability with elevated levels of tight junction proteins, and mitigate the
gut inflammation with reduced levels of inflammatory factors, like NF-
kB. Many spices could inhibit the growth of bacteria, and are worthy of
further investigation to find more spices and their active components
with anti-obesity activity through modulating gut microbiota.

4.4. Legumes

Legumes, such as pea, soy, and mung bean, have been reported to
inhibit weight gain and alter gut microbiota composition (Eslinger,
Eller, & Reimer, 2014; Nakatani et al., 2018; Panasevich et al., 2017).
The pea flour exhibited strong anti-obesity effect and increased the
ratio of Bacteroidetes to Firmicutes in diet-induced obese rats (Eslinger
et al., 2014). Soy proteins could reduce rat fat mass and percent fat to
around 10%, ameliorate hepatic steatosis and secondary bile acids,
increase the abundance of Lactobacillus as well as decrease the abun-
dance of Blautia and Lachnospiraceae (Panasevich et al., 2017). Besides,
mung bean proteins, rich in 8-globulin, could greatly inhibit adipose
tissue accumulation and weight gain induced by HFD, and attenuate
hepatic steatosis (Nakatani et al., 2018). Meanwhile, the anti-obesity
effects of mung bean proteins were associated with the increase in
Bacteroidetes and the decrease in Firmicutes, along with an enhancement
in intestinal glucagon-like peptide-1 level and a raised secondary/pri-
mary bile acid ratio.

Generally, several legumes have been found to inhibit weight gain
through decreasing Firmicutes and increasing Bacteroidetes and
Lactobacillus. Until now, researches on the anti-obesity effect of legumes
through regulating gut microbiota have been scarce, and most re-
searches mainly emphasize the anti-obesity effect of legume proteins. In
the future, more attention should be paid to other components of le-
gumes, such as polyphenols rich in bean coats, which should possess
anti-obesity activity via regulating gut microbiota.

4.5. Grains

Buckwheat, sorghum, barley, maize, and wheat are commonly cul-
tivated grain crops, which have shown anti-obesity activity because of
their rich fibre and other bioactive compounds (Neyrinck et al., 2018;
Ou et al., 2016; Ramos-Romero et al., 2014; Shen, Zhang, Dong, Ren, &
Chen, 2015; Zhong, Marungruang, Fak, & Nyman, 2015). Fagomine, an
iminosugar first found in buckwheat, inhibits rat obesity development
by selectively agglutinating Enterobacteriales in the gut and reducing its
excretion (Ramos-Romero et al., 2014). Sorghum resistant starch could
mitigate overweight and obesity by modulating adipokine levels and
increasing Lactobacillus and Bifidobacterium counts in Sprague-Dawley
rats (Shen et al., 2015). In male Wistar rats, two whole-grain barley
varieties differing in dietary fibre and -glucan contents, were found
effective in reducing inflammation, with an increase in SCFA levels and
a decrease in plasma LPS-binding protein and MCP-1, and altering the
gut microbiota composition, presenting as increased Lactobacillus and
Bifidobacterium, and decreased Bacteroides fragilis (Zhong,
Marungruang, Fak, & Nyman, 2015). Furthermore, wheat-derived ara-
binoxylan oligosaccharides could reduce fat-mass expansion and in-
crease Bifidobacterium animalis and Bifidobacterium pseudolongum in the
gut of obese mice fed with a Western diet (Neyrinck et al., 2018).
Feruloylated oligosaccharides from maize bran, a byproduct generated
from maize milling, could greatly increase the ratio of Bacteroidetes to
Firmicutes, which was tightly associated with weight loss (Ou et al.,
2016). Besides, dextrins from maize starch could increase the abun-
dance of Bacteroidetes and Actinobacteria, which represented a majority
of gut microbiota in lean individuals, and decrease the obesity-related
Firmicutes in feces of children (Barczynska, Kapusniak, Litwin,
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Slizewska, & Szalecki, 2016).

In summary, grains have shown an anti-obesity effect via regulating
gut microbiota, and related researches mainly studied grain starch and
fibers. Future studies should pay more attention to the byproducts from
grain processing, which contain abundant dietary fibers and other
bioactive compounds and could possess an anti-obesity effect via gut
microbiota modulation.

4.6. Tea

Tea has a long history of consumption as a popular beverage.
Recently, tea has been reported to possess anti-obesity efficacy through
multiple mechanisms, like decreasing lipid accumulation in cells and
modulating gut microbiota (Pan, Tung, Yang, Li, & Ho, 2016). Infusions
of green tea, oolong tea, and black tea were used through gavage to
HFD-induced obese C57BL/6J mice, respectively, and the results
showed that all three teas could prevent weight gain and alter the
composition of gut microbiota including Alistipes, Rikenella, Lachnos-
piraceae, Akkermansia, Bacteroides, Allobaculum, and Parabacteroides,
which were closely associated with host obesity development (Liu et al.,
2016). Another study found that polyphenols from these teas could
stimulate the proliferation of beneficial bacteria, decrease the abun-
dance of Bacteroides, Prevotella, and Clostridium histolyticum, and in-
crease the levels of SCFAs (Sun et al., 2018a, b). Besides, treatment of
the water extracts of green tea, oolong tea, and black tea in C57BL/6J
mice showed that these tea extracts could improve glucose tolerance
and decrease weight gain through modulating gut microbiota. These tea
extracts down-regulated the relative proportion of family Rikenellaceae
and Desulfovibrionaceae, causing elevated SCFA levels, decreased en-
dotoxin LPS, and improved glucose tolerance (Liu et al., 2019). Fer-
mented green tea effectively decreased weight gain and fat mass of
obese mice with no influence on food intake through improving the
ratios of Firmicutes to Bacteroidetes and Bacteroides to Prevotella, as well
as down-regulating the expression of lipogenic and inflammatory genes
in white adipose tissue (Seo et al., 2015). Additionally, fermented green
tea also prevented obesity development by increasing the energy ex-
penditure, modulating mRNA expressions of lipid metabolism genes,
and lowering the abundance of Firmicutes in hamsters (Seo et al.,
2017b). Besides, green tea polyphenols could attenuate HFD-induced
obesity via modulating gut microbiota composition in human flora-as-
sociated (HFA) C57BL/6J mice models (Guo et al., 2017; Wang et al.,
2018b). Furthermore, oolong tea polyphenols could improve obesity-
related metabolic disorders by restoring the alteration of gut microbiota
composition induced by HFD in HFA mice (Zhang et al., 2017b).
Moreover, (—)-epigallocatechin-3-gallate (EGCG), the main catechin in
tea, could protect the integrity of DNA, alter the expression and DNA
methylation of gene MutL homologue 1, and prevent the changes of gut
microbiota in obese mice induced by high-fat diet with reduced ratio of
Firmicutes to Bacteroidetes (Remely et al., 2017). The effects of tea on
obesity through regulating gut microbiota have also been investigated
in human. In a RCT studying the effects of tea polyphenols on gut mi-
crobiota on 37 overweight and obese men and women from Nether-
lands, the co-use of EGCG and resveratrol (282 and 80 mg/day, re-
spectively) for 12 weeks reduced the Bacteroidetes and Faecalibacterium
prausnitzii in men, but showed no effects in women (Most, Penders,
Lucchesi, Goossens, & Blaak, 2017). However, another RCT conducted
on 58 healthy Caucasian men and women aged 18-50 years old found
that 12-week consumption of green tea extracts, containing more than
0.56 g/d EGCG and 0.28-0.45 g/d caffeine, didn't change the gut mi-
crobiota composition (Janssens et al., 2016). The different results of the
anti-obesity and gut microbiota-modulating effects of tea on humans
might be due to the gender difference or the diversity of gut microbiota
in individuals from different geographical areas. In the future, more
clinical trials should be carried out to confirm the anti-obesity effect of
tea through regulating gut microbiota.

Finally, the alteration of obesogenic and anti-obesity gut bacteria
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Fig. 1. The gut microbiota modulated by dietary natural plants. Up arrows mean up-regulation, and down arrows mean down-regulation.
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Fig. 2. The main mechanisms of anti-obesity
effects of dietary plants through modulating
gut microbiota. Intake of anti-obesity dietary
natural plants could up-regulate anti-obesity gut
bacteria and down-regulate obesogenic gut
bacteria. The metabolites produced by modu-
lated gut microbiota would promote weight loss
through reducing appetite with lowered ghrelin,
decreasing fat accumulation with down-regula-
tion of triglyceride and up-regulation of adipose
browning, improving gut mucosal function, and
alleviating gut inflammation with lowered TNF,
MCP, NF«B, IL, and LPS.
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caused by dietary plants are shown in Fig. 1, and the main mechanisms
of anti-obesity effects of dietary plants through modulating gut micro-
biota are shown in Fig. 2.

5. Targeting gut microbiota for the development of anti-obesity
functional foods

Nowadays, there has been increasing interest to develop anti-obe-
sity functional foods with gut microbiota-regulating activity. In the
literature, many animal studies have been carried out, and found that
some gut microbiota regulated by functional foods could decrease
weight, while other gut microbiota regulated by functional foods could
increase weight. However, the reproducibility of different studies was
usually poor, and the findings in one study might be contradictory or
not observed in another study. This could be associated with the dif-
ferences in gut microbiota, animal species, dosage, and duration.
Furthermore, it is very difficult to translate the results of animal studies
into human beings because of the differences of gut microbiota in an-
imals and human, the interindividual differences, as well as over-high
dosages used in animal studies, which are sometimes unrealistic in
human. Therefore, a large number of studies are required for human in
order to find differences or consistent effects before anti-obesity func-
tional foods targeting gut microbiota can be developed. Moreover, the
racial and interindividual differences of gut microbiota in human
beings should be considered for designing potential anti-obesity ther-
apeutics. Generally speaking, functional foods should increase the di-
versity of gut microbiota, increase the proportion of anti-obesity gut
bacteria, but decrease the proportion of obesogenic gut microbiota.

Dietary polyphenols such as resveratrol and quercetin, dietary fibers
such as pectin, B-glucan, xylan, arabinoxylan, inulin, resistant starch,
and guar gum, and dietary proteins such as soy proteins, have been
found to modulate certain gut microbiota and promote weight loss in
human beings, and have been developed as capsule supplementary or
food additives (Baboota et al., 2013). In the European Union, fructoo-
ligosaccharides, galactooligosaccharides, and lactulose have been ap-
proved as prebiotics to modulate obesity (Kolida & Gibson, 2011).

The anti-obesity functional foods could play beneficial roles in
weight loss by different actions, such as inhibiting appetite, reducing
the absorption of fat and carbohydrates, accelerating energy ex-
penditure, and modulating gut microbiota, which has been increasingly
paid attention to. In the future, more anti-obesity functional foods
targeting gut microbiota should be developed.

6. Conclusion and perspective

Gut microbiota is essential in modulating human energy metabolism
and is tightly associated with obesity. The effects of gut microbiota on
obesity development are species/strain-dependent, since some gut
bacteria belonging to Lactobacillus, Firmicutes, and Bacteroidetes are
positively related to obesity development, while Bifidobacterium, most
of Lactobacillus, and some Bacteroidetes show anti-obesity activities.
Recently, a number of experimental and epidemiological studies have
demonstrated that several dietary plants, such as fruits (grapes, apples,
and berries), vegetables (green leafy vegetables and bitter melon),
spices (turmeric, chili, rosemary, and cinnamon), legumes (pea, soy,
and mung beans), grains (buckwheat, sorghum, barley, maize, and
wheat) and tea (green, oolong, and black teas), could modulate the
composition and abundance of gut microbiota, which play an essential
role in their anti-obesity efficacy. The alteration of gut microbiota can
have feedback effects on the development of obesity in hosts.
Metabolites from gut microbiota can promote weight loss through
multiple pathways, including regulating the metabolism of fatty acids,
reducing appetite, alleviating the gut inflammation, regulating the
genes involved in lipogenesis, decreasing serum levels of triglyceride,
cholesterol, and glucose, and promoting the browning of white adipose
tissue.
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In the future, it is necessary to identify more obesogenic and anti-
obesity gut microbiota. In addition, other anti-obese dietary plants
should also be evaluated for their effects on gut microbiota. Meanwhile,
the main anti-obesity compounds should be isolated and identified in
dietary plants. Besides, the mechanisms on gut microbiota regulation by
dietary plants should be further clarified. Furthermore, anti-obesity
action of the dietary plants or their phytochemicals should be further
studied by clinical trials to confirm their effects on human beings.
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