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Pomelo peel has abundance of dietary fiber and various biological activities but is often discarded as waste. This
study evaluated the biological activities of pomelo peel dietary fiber (PPDF) in preventing obesity and regulating
intestinal microbiota in obese mouse model induced using a high-fat diet (HFD). As for the composition, the
prepared PPDF contained 89.64% of total dietary fiber, 53.27% of insoluble dietary fiber, and 36.37% of soluble
dietary fiber. PPDF treatment significantly reduced weight gain and fat accumulation in the liver and epididymal
tissues of obese mice; significantly alleviated HFD-induced dyslipidemia; and restored the levels of triglycerides,
low-density lipoprotein—cholesterol, and high-density lipoprotein—cholesterol to control levels, and the PPDF 5%
dose restored total cholesterol to the control level. Furthermore, PPDF ameliorated HFD-induced gut microbiota
dysbiosis by increasing intestinal microbial diversity, decreasing the Firmicutes/Bacteroidetes ratio, increasing
beneficial bacteria (Bifidobacterium, Alloprevotella, and Lactobacillus), and decreasing harmful bacteria (Staphy-
lococcus and Corynebacterium_1). This study provided a new idea to use PPDF as functional food to prevent
obesity, alleviate dyslipidemia, or a potential probiotic to ameliorate gut microbiota dysbiosis.

1. Introduction

Obesity prevalence has increased dramatically owing to unhealthy
eating habits and lifestyle modification. Currently, one-third of the
global population is either overweight or obese, which has made obesity
a public health concern worldwide (Popkin, Adair, & Ng, 2012).
Obesity-related metabolic diseases such as hypertension, diabetes, and
hyperlipidemia have become common, thereby imposing a notable
medical and social burden (Navar-Boggan et al., 2015). Orlistat, a lipase
inhibitor that reduces fat absorption, and sibutramine, a drug that
suppresses hunger. Both of them are used to treat obesity but cause
adverse effects on the stomach and liver (Balaji, Ganjayi, Kumar, Parim,
Mopuri, & Dasari, 2016; Yun, 2010). Therefore, a greater emphasis is

placed on obesity prevention and intervention through alternative di-
etary solutions (Liu, He, Ma, & Chen, 2019).

Dietary fiber (DF) is a macromolecule that cannot be digested by
intestinal digestive enzymes in humans. DF can reduce fat absorption
from the diet, body fat percentage, and levels of blood lipid profile and
can keep the balance and stability of gut microbiota. It also plays a
remarkable role in weight control and is regarded as an important di-
etary supplement for obesity prevention (Makki, Deehan, Walter, &
Backhed, 2018; Mateos-Aparicio, De la Pena Armada, Pérez-Cozar,
Rupérez, Redondo-Cuenca, & Villanueva-Suarez, 2020). DF can be
divided into soluble DF (SDF) and insoluble DF (IDF) based on water
solubility. SDF includes pectin and hemicellulose, which are beneficial
for gut microbiota (Huang, Ye, Chen, & Xu, 2013). Examples of IDF are
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cellulose, hemicellulose, and lignin, all of which can stimulate intestinal
peristalsis and promote defecation (Yang et al., 2020). Although SDF
and IDF have different structural characteristics, both are crucial for
lowering obesity risk (Papathanasopoulos & Camilleri, 2010).

Honey pomelo (Citrus grandis (L.) Osbeck), which belongs to the
family Rutaceae, is one of the world’s most consumed but under-
exploited fruits (FAO, 2008). Consumption of a large amount of
pomelo leads to the accumulation of perishable pomelo peel, and causes
environmental pollution. Pomelo peel, which accounts for approxi-
mately 30 %-50 % (w/w) of the total weight of the pomelo fruit, has
abundance of essential oil, pectin, DF, polyphenols, and many other
functional components (Liew, Ngoh, Yusoff, & Teoh, 2018; Yang, Xu,
Tuo, Li, Liu, & Shi, 2019). These components have shown various
health-promoting effects such as anti-inflammatory, antitumor, antico-
agulant, antibacterial, and antioxidant activities (Lan-Phi & Vy, 2015;
Wang et al., 2017). Pomelo peels are directly used to prepare sugar-
pickled pomelo peels, tea, jams, etc. The DF content in pomelo peels
accounts for up to 85 % (Yan, Liao, Mao, & He, 2017), and the white
capsule present in the inner layer of the pomelo peel is considered a
main source of DF. Currently, the research on pomelo peel dietary fiber
(PPDF) is limited on the evaluation of in vitro antioxidant activity
(Czech, Malik, Sosnowska, & Domaradzki, 2021), and the effect of di-
etary supplementation of PPDF in preventing obesity, and the effect of
PPDF on gut microbiota have not been reported before. This study
investigated the effects of PPDF supplementation on changes in body
weight and blood lipid profile in a high-fat diet (HFD)-induced obese
mouse model and analyzed the biological activities of PPDF in pre-
venting obesity and regulation intestinal microbiota.

2. Materials and methods
2.1. Extraction and determination of pomelo peel dietary fiber

Fresh Guanximiyu (Citrus grandis) was collected from Pinghe country
of Fujian, China, in October 2022. After removing the yellow skin, the
white capsule was obtained, which was dried at 60°C for 12 h and then
crushed. The dry powder of the pomelo peel was mixed with 85 %
ethanol at a ratio of 1:20 (power: ethanol), and the mixture was
extracted in a water bath at 25°C for 4 h. The extract was then filtered to
obtain the residue. The residue was subjected to extraction once again,
after which the residue was dried, crushed, and passed through an 80-
mesh (178 pm) sieve to obtain PPDF powder.

The components present in PPDF were determined according to the
Chinese national standards testing, including water content (GB
5009.3-2016), ash content (GB 5009.4-2016), protein content (GB
5009.5-2016), and DF content (GB 5009.88-2014), in food. All assays
were repeated three times. Particle size of the PPDF powder (0.1 g) was
measured using a laser diffraction particle size analyzer (MS-2000,
Malvern, United Kingdom), and the surface structure of the particles was
observed under a scanning electron microscope (SEM; S-4800; Hitachi,
Tokyo, Japan).

2.2. Animal experiment

Fifty male Kunming mice (4-week-old, specific pathogen-free) were
purchased from Beijing Huafukang Company (Certificate Number: SCXK
2019-0008) and reared in a specific pathogen-free (SPF) laboratory. The
experimental conditions included a temperature of 22-26°C, relative
humidity of 50 %-60 %, and interrupted day and night for 12 h:12 h.
After 1 week of adaptation, all mice with a similar average body weight
(26-28 g) were divided into five groups of 10 mice. Each group was
housed in two cages of 5 mice. Mice in the normal diet (ND) group were
allowed to feed on a basic diet (energy 3.42 kcal/g), whereas mice in the
HFD group were fed on a high energy diet (energy 5.24 kcal/g). Ac-
cording to the standards of the European Food Science Commission and
the Chinese Nutrition Society (European Commission, 2012; Chinese
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Nutrition Society, 2016), three different dosages of PPDF supplemen-
tation were designed: low-dose PPDF (LPPDF + HFD group): 2.5 %
PPDF + 97.5 % HFD; medium-dose PPDF (MPPDF + HFD group): 5 %+
95 % HFD; and high-dose PPDF (HPPDF + HFD group): 10 %+90 %
HFD. The basic diet and the feed ingredients were purchased from
Beijing Huafukang Company (Beijing, China, Certificate Number:
2019-06076). The composition of all the experimental diets are shown
in Table S2 and S3. Each group of mice is given the same amount of food
every day and the daily food intake is recorded. During the 6-week
experiment, all mice had free access to water. The body weight of
mice was recorded once a week, and the average daily food intake per
mouse was calculated. All animal protocols in this study were approved
by the Institutional Animal Care and Use Committee of Jimei University
(Xiamen, China; No. SCXK 2016-0006), and were performed in accor-
dance with the institutional ethical guidelines for experimental animals.

2.3. Sample collection

After 6 weeks of the experiment, 4 mice were sampled from each
group for gut microbiota analysis. Fresh fecal pellets of each mouse were
collected in sterile Eppendorf (EP) tubes and stored at — 80°C for sub-
sequent DNA extraction. The other 6 mice in each group were used for
biochemical and histological analysis. Mice were fasted overnight (12
h), and blood samples were collected from the eyeball, using disposable
vacuum sodium heparin collection tubes. Serum was separated from
blood samples by centrifuge at 4°C, 606 x g for 10 min, and stored at —
80°C for subsequent biochemical analysis. Next, the mice were sacri-
ficed by cervical dislocation. Epididymal adipose tissue and liver were
dissected, weighed, and then fixed with 4 % neutral paraformaldehyde
for subsequent histological analysis.

2.4. Detection of serum biochemical indexes

Serum biochemical indicators, including total cholesterol (TC), tri-
glyceride (TG), low-density lipoprotein-cholesterol (LDL-C), and high-
density lipoprotein-cholesterol (HDL-C), were determined using an
Automatic Biochemical Analyzer (BS-240VET; Mindray, China), ac-
cording to the manufacturer’s instructions of the assay kits (Nanjing
Jiancheng Bioengineering Institute).

2.5. Histological analysis

The fixed liver and epididymal adipose tissues were subjected to
paraffin-embedding, sectioning, and dehydration using gradient
alcohol. The liver sections were stained with hematoxylin and eosin
(H&E), and the epididymal adipose tissue section was stained with Oil
Red O. Histological observation was performed using an inverted mi-
croscope (Nikon, Japan).

2.6. Gut microbiota analysis

The FastDNA™ Fecal Genomic DNA Extraction Kit (MP Biomedicals,
CA, USA) was used to extract total DNA from mouse fecal samples (n = 4
mice per group). The quality and concentration of the extracted DNA
were assessed using NanoDrop. The V3-V4 hypervariable regions of the
16S rRNA gene were amplified using a polymerase chain reaction sys-
tem. Subsequently, sequencing and bioinformatics analyses were per-
formed by Beijing Ovison Gene Technology Co., Ltd. (Beijing, China),
using the Illumina MiSeq platform. Paired-end reads were double-ended
spliced using FLASH software (version 1.2.7), and quality control and
sequence filtering were performed using USEARCH software (version
7.0). Optimized sequences with a 97 % sequence similarity were clus-
tered into operational taxonomic units (OTUs) using the Ribosomal
Database Project (RDP) classifier Bayesian algorithm in UPARSE soft-
ware (version 7.0), and the representative sequences of each OTU were
annotated according to the SILVA database (Release 132; https://www.
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arb-silva.de) to count the species composition of each sample. Mothur
software (version 1.30) was used to determine alpha diversity, and R
software was used to perform principal coordinate analysis (PCoA)
based on Bray-Curtis distances. Sobs box plots were constructed to
compare the bacterial communities between samples and groups.

2.7. Statistical analysis

All data were expressed as mean =+ standard deviation, and statistical
analysis was conducted using one-way analysis of variance and, subse-
quently, using Duncan test. Statistical analysis was performed using
SPSS 18.0 software (IBM Corporation, NY, USA). The difference was
considered statistically significant at P < 0.05.

3. Results
3.1. Conventional composition and structure analysis of PPDF

The total DF content in PPDF was about 90 %, wherein IDF and SDF
accounted for 53 % and 36 %, respectively. The contents of water, ash,
and protein in PPDF were about 13 %, 3 %, and 4 %, respectively
(Supplementary Table S1). Particle size distribution of PPDF ranged
from 1.5 to 632.456 um, with an average size of 154.64 um (Fig. 1A).
SEM observations showed that the surface of PPDF particles appeared
fragmented, with the particles being large and having an irregular shape
(Fig. 1B).

3.2. Effects of PPDF on changes in body weight, organ weight, and blood
lipid profile in HFD-fed mice

During the experiment, the mice showed normal diet and activity,
their fur color remained unchanged and no obvious abnormalities were
observed among all groups. The experiment procedure and the effects of
PPDF on the HFD-fed mice are shown in Fig. 2. There was no difference
in the food intake among the groups ND, HFD, LPPDF + HFD and
MPPDF + HFD, however in the HPPDF + HFD group, the food intake
was lower than those of others (P < 0.05) (Fig. 2B). From weeks 2-6, the
body weight of mice in the HFD-fed group was higher when compared
with that of the ND group (P < 0.05). The body weight gain, liver
weight, and epididymal adipose tissue weight in the HFD group were
also higher than those in the ND group (P < 0.05) (Fig. 2C-2F). PPDF
supplementation reversed the modifications caused by HFD. The body
weight of mice showed less increase, and the weight gain slowed down
with increasing dosages of PPDF (Fig. 2C-2D). At week 6 of the experi-
ment, PPDF supplementation also reduced the increase in liver and
epididymal fat weight (P < 0.05). Notably in the HPPDF group, the
weight levels were comparable to those of the ND group (Fig. 2E-2F).
The serum levels of TC, TG, and LDL-C were higher and the HDL-C levels
were lower in the HFD group vs the ND group (P < 0.05). On the con-
trary, the levels of TC, TG and LDL-C were lower, and HDL-C were higher
in all three PPDF + HFD groups vs HFD group (P < 0.05), and the levels
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of TG, LDL-C and HDL-C in PPDF supplemented groups were comparable
to those of the ND group. Furthermore, the TC concentration in the
MPPDF + HFD group was not significantly different from that of the ND
group (P > 0.05; Fig. 2G-2J).

3.3. Histological analysis

Images of H&E staining of the liver tissue section and Oil Red O
staining of the epididymal adipose tissue section of mice are shown in
Fig. 3. There are many round vacuoles of varying sizes in the cytoplasm,
hepatic steatosis (shown by black arrows), and disorganized liver lob-
ules in HFD group. PPDF supplementation reduced the degree of
vacuolization of the envelope, especially in the medium- and high-dose
groups, which showed intact cytoplasm and clear nuclei (Fig. 3A). As
shown in Fig. 3B, the Oil Red-stained area in the HFD group was
significantly larger than that in the ND group, indicating higher lipid
accumulation. On the contrary, in the PPDF supplementation groups,
the Oil Red-stained areas were reduced to varying degrees. The higher
the amount of PPDF supplemented, the more obvious the reduction ef-
fect was.

3.4. Effects of PPDF on alpha diversity of gut microbiota in HFD-fed mice

The results of PCoA revealed that samples from the HFD groups were
clearly separated from those of the other groups, indicating that the
intestinal flora of mice in the HFD group was significantly different from
those in the other groups. However, samples from the LPPDF + HFD,
MPPDF + HFD, and ND groups overlapped, indicating that low and
medium dosages of PPDF restored the intestinal microflora of mice to
levels comparable to those in the ND group. Nevertheless, samples from
the high-dosage PPDF (HPPDF + HFD) group were clearly distinctive of
the other groups, indicating a significantly different gut microbiota in
mice of the HPPDF + HFD group (Fig. 4A). Alpha diversity refers to
community richness (Chao index and observed species) and species di-
versity (Shannon index, Simpson index, and phylogenetic diversity). As
shown in Fig. 4B-4F, the alpha diversity indexes in the HFD group were
considerably lower (P < 0.05) than those of the ND group, whereas all
the indexes increased after PPDF supplementation when compared with
those of the HFD group (P < 0.05), wherein the Simpson index in all
three PPDF supplementation groups was restored to the levels of the ND
group, and the Shannon and Sob indexes in the high-dose PPDF (HPPDF
-+ HFD) group were restored to the level comparable to those in the ND
group, and the Chaol index in the HPPDF + HFD group was higher than
that in the ND group (P < 0.05) (Fig. 4B-4F).

3.5. Effects of PPDF on gut microbial composition in HFD-fed mice

At the phylum level, the most prevalent phyla included Firmicutes,
Bacteroidetes and Actinobacteria. Compared with the ND group, the
HFD group showed a increase in the abundance of Firmicutes bacteria
and a decrease in the abundance of Bacteroidetes bacteria, resulting in a

$4800 5.0kV 9.4mm x500 SE(M)

Fig. 1. Particle size distribution (A) and scanning electron microscopy images (500 x magnification) of pomelo peel dietary fiber (B).
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Fig. 2. PPDF supplementation alleviated the features of adiposity in HFD-fed mice. (A) Schematic diagram of experimental procedure. (B) Mean daily food intake.
(C) Body weight. (D) Weight gain. (E) Liver weight. (F) Epididymal fat weight. (G) TC. (H) TG. (I) LDL-C. (J) HDL-C. Data are expressed as mean =+ s. d. (n = 6).
Different letters represent the significant difference between different groups (P < 0.05). PPDF: pomelo peel dietary fiber; TC: total cholesterol; TG: triglyceride; LDL-
C: low-density lipoprotein—cholesterol; HDL-C: high-density lipoprotein—cholesterol; ND: normal diet; HFD: high-fat diet; LPPDF: low-dose pomelo peel dietary fiber;
MPPDF: medium-dose pomelo peel dietary fiber; HPPDF: high-dose pomelo peel dietary fiber.

LPPDF+HFD

MPPDF+HFD  HPPDF+HFD

Fig. 3. Histological analysis of hematoxylin-eosin—stained liver tissue (A) and Oil Red O-stained epididymal fat tissue (B). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

increase in the Firmicutes/Bacteroidetes (F/B) ratio (P < 0.05; Fig. 5A-
5B). PPDF supplementation decreased the abundance of Firmicutes
bacteria by 37 %-49 % and increased the relative abundance of Bac-
teroidetes by 36 %-51 % in all three dose groups (P < 0.05; Fig. 5E).
Therefore, the F/B ratio in PPDF supplemented groups decreased to the
level of the ND group (Fig. 5B).

Fig. 5C shows the top 20 genera in the abundance of each group.
Compared with ND HFD not only decreased the abundance of the

beneficial bacteria Lactobacillus, Bifidobacterium, Alloprevotella, and
Helicobacter (P < 0.05) but also increased the abundance of the patho-
genic bacteria Staphylococcus and Corynebacterium_1 (P < 0.05; Fig. 5E).
By contrast, after PPDF supplementation, the abundances of Coryne-
bacterium 1 in all three PPDF dosage groups and Staphylococcus in the
LPPDF and HPPDF groups decreased to the level that was not signifi-
cantly different from those of the ND group (P > 0.05). Furthermore, the
abundances of Lactobacillus, Bifidobacterium, Alloprevotella, and
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Fig. 4. Effects of pomelo peel dietary fiber on gut microbial diversity of HFD-fed mice. (A) Principal coordinates analysis (PCoA); (B) Chao index; (C) observed
species; (D) phylogenetic diversity whole tree; (C) Shannon index; and (F) Simpson index. Data are expressed as mean + s. d. (n = 4). Bars with different letters
indicate significant differences (P < 0.05). ND: normal diet; HFD: high-fat diet; LPPDF: low-dose pomelo peel dietary fiber; MPPDF: medium-dose pomelo peel dietary

fiber; HPPDF: high-dose pomelo peel dietary fiber.

Helicobacter were recovered to varying degrees in the PPDF supple-
mentation groups. Among them, the abundances of Lactobacillus and
Helicobacter in the LPPDF + HFD and MPPDF + HFD groups were
restored to levels of the ND group. In addition, the abundances of Par-
asutterella in the MPPDF + HFD and HPPDF + HFD groups were higher
than those in the HFD group (P < 0.05; Fig. 5E).

At the species level, a total of 16 identified species were detected in
all the five experimental groups (Fig. 5D). Among the identified species
with abundance higher than 0.01 %, the abundance of Lactobacillus
gasseri decreased and that of Corynebacterium glutamicum increased in
the HFD group (P < 0.05). After PPDF supplementation, the abundance
of Corynebacterium glutamicum decreased to the ND level, whereas that
of Lactobacillus gasseri in the LPPDF and MPPDF groups increased to the
ND levels (P > 0.05; Fig. 5E).

3.6. Correlation between gut microbiota and obesity-related indicators

The correlations between the significantly changed bacterial taxa
(indicated in Fig. 5) and six obesity-related indicators (body weight,
liver weight, epididymal fat weight, TC, TG, and LDL-C) and HDL-C
levels (the beneficial cholesterol) are shown in Fig. 6. Firmicutes bac-
teria and Staphylococcus showed strong positive correlations with the six
obesity-related indices and a strong negative correlation with HDL-C
levels (P < 0.01). By contrast, Bacteroidetes, Bifidobacterium, and Allo-
prevotella were negatively correlated with the obesity-related indexes
(except TG), wherein Bacteroidetes showed a highly positive correlation
with HDL-C levels (P < 0.01). Corynebacterium 1 and Corynebacterium
glutamicum were positively correlated with body weight, liver weight,
epididymal fat weight, and TG level (P < 0.05), and Corynebacterium
glutamicum was positively correlated with LDL-C levels (P < 0.05). In
addition, Parasutterella was negatively correlated with liver weight, and

Lactobacillus and Lactobacillus gasseri were negatively correlated with TC
levels (P < 0.05). As shown in Fig. 6, Firmicutes, Bacteroidetes, and
Staphylococcus had the greatest number of correlated obesity indicators
(largest circles), and Firmicutes, Bacteroidetes, Staphylococcus, and
Alloprevotella had stronger correlations with obesity-related indicators
(thicker lines) than other bacterial taxa.

4. Discussion

DF has various beneficial physiological characteristics, such as good
water-holding, oil-holding, and adsorption power abilities. DF promotes
satiety and satiation while decreasing meal intake by causing bulking
and intragastric gelation (Chew & Brownlee, 2018; Kikuchi et al., 2018).
In the present study, HFD successfully induced obesity in mice, and
different doses of PPDF supplementation alleviated HFD-induced body
weight gain and dyslipidemia and reduced visceral fat accumulation in
mice. However, only in the HPPDF + HFD group, the food intake of mice
decreased significantly, no significant decrease was present in the low or
medium dose of PPDF group. This indicated that, in addition to reducing
food intake, there are other weight loss mechanisms of PPDF, PPDF’s
adsorption and viscosity hindered the absorption of fatty acids and
cholesterol from the diet, resulting in reduced fat absorption (Giacco
et al., 2014; Ozyurt & Otles, 2016). Moreover, PPDF has a higher IDF
content (53.27 %), with a large particle size (154.64 um) and a rough,
porous surface. IDF can enhance stool weight and volume by binding to
water molecules, thus speeding intestinal motility and facilitating
defecation (Kaczmarczyk, Miller, & Freund, 2012; Li et al., 2020).

The HFD-induced increase in serum TC and TG levels is the main
cause for hyperlipidemia in mice. Excessive concentrations of LDL-C can
lead to the accumulation and oxidation of blood vessels, possibly leading
to atherosclerosis (Liu, Wang, Xu, & Wang, 2022). The active groups on
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the DF surface have good ability to bind to cholesterol and bile acids,
which helps prevent hyperlipidemia by reducing cholesterol absorption
from the diet and increasing the excretion of fecal bile acids and
cholesterol (Nie & Luo, 2021; van Bennekum, Nguyen, Schulthess,
Hauser, & Phillips, 2005). IDF may have a stronger ability to absorb
cholesterol (Rodriguez-Gutierrez, Rubio-Senent, Lama-Munoz, Garcia,
& Fernandez-Bolanos, 2014). In this experiment, PPDF supplementation
significantly decreased the levels of TC, TG, and LDL-C in HFD-fed mice
and reduced the risk of hyperlipidemia. A low level of HDL-C is an
important risk factor for cardiovascular disease (Fang et al., 2021; Liu,
Wang, Xu, & Wang, 2022). PPDF supplementation also restored HDL-C
levels in the HFD group consistent with the level of the ND group.
HFD-induced gut microbiota dysbiosis is one of the important causes
for host obesity and related metabolic diseases, and an important indi-
cator of a gut microbiota disorder is a significant decrease in the
abundance and diversity of the gut microbiota (Liu, He, Ma, & Chen,
2019). In the present study, HFD significantly reduced the diversity of
the gut microbiota in mice, whereas PPDF supplementation reversed

these changes, consistent with the result of a previous study.

HFD also caused changes in the abundance of key bacteria in the gut.
At the phylum level, HFD led to a significant increase in the F/B ratio,
and a high F/B ratio in the gut is considered a biomarker of obesity in
both humans and animals (Dao & Clément, 2018). In the present study,
the abundance of Firmicutes was positively correlated to the obesity
indicators body weight, liver weight, and epididymal fat weight,
whereas the abundance of Bacteroides bacteria was negatively corre-
lated with these indicators. PPDF supplementation restored the F/B ratio
to normal levels and significantly inhibited obesity. PPDF supplemen-
tation also restored the decline in the abundance of important beneficial
bacteria caused by HFD, such as Bifidobacterium, Alloprevotella, Para-
sutterella, Lactobacillus, and Lactobacillus gasseri. These bacteria can
produce short-chain fatty acids (SCFAs) (Hossain, Ranadheera, Fang,
Masum, & Ajlouni, 2022; Sa’ad, Peppelenbosch, Roelofsen, Vonk, &
Venema, 2010), which enhance satiety and maintenance of glucose
homeostasis through the production of enterokinin YY and glucagon-
like peptide 1 (Fukumoto et al., 2003; Neuman, Debelius, Knight, &
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Koren, 2015). SCFAs can also enhance adipose tissue thermogenesis and
reduce fat accumulation (Blaak, et al., 2020). Lactobacillus gasseri is
thought to have a certain immunoregulatory effect, and it can act
against Helicobacter pylori by producing bpi-lactic acid and, conse-
quently, reducing the risk of enteritis (Kadooka et al., 2010). Spearman
correlation analysis indicated that the abundance of these bacterial taxa
decreased significantly in the HFD group, whereas it was recovered in
the PPDF + HFD group, which was significantly negatively correlated
with the obesity indicators.

PPDF supplementation significantly reduced the increase in the
abundance of Staphylococcus, Corynebacterium-1, and Corynebacterium
glutamicum caused by HFD. Staphylococcus causes chronic inflammation
and insulin resistance (Santacruz et al., 2010). Corynebacterium-1 causes
lower respiratory tract infections, lung abscesses, and lymphadenitis
(Wu et al., 2021). Corynebacterium glutamicum, a functional amino
acid-producing bacterium, can increase glucose uptake (Ruan, Yu, &
Xu, 2020). These bacteria significantly increased in the HFD group but
significantly decreased in the PPDF + HFD group and were significantly
positively correlated with obesity indicators (Kalliomaki, Carmen Col-
lado, Salminen, & Isolauri, 2008), indicating that PPDF supplementation
can prevent obesity by regulating the intestinal flora to prevent
inflammation, reduce insulin resistance, and decrease glucose uptake.

Due to the high cost of in vivo experiments in animals and humans,
ethical constraints and difficulty in sampling from the gut, the TNO in
vitro model of the colon (TIM-2) is a good alternative for investigating
the effects of potential prebiotics on gut microbiota (Venema & Van den
Abbeele, 2013). Several studies have reported the effects of fruit by-
products (peels, seeds and bagasses) on gut microbiota in the TIM-2
model. The results showed that the fermented Mango peel could pro-
mote the growth of Bifidobacterium and Lactobacillus (Sayago-Ayerdi,
Zamora-Gasga, & Venema, 2019), and the fermented Orange bagasses
could produce more SCFAs (acetate, propionate and butyrate), and
stimulated the growth of Ruminococcus, Lachnospira, Roseburia, Dialister
and Bacteroides. The passion fruit peels were tested in the TIM-2 model
to produce succinate and lactate, and could promote the growth of
Bacteroides, Lachnospira and Ruminococcus (De Souza, Jonathan, Saad,
Schols, & Venema, 2019). In the mouse obesity model of this study,
PPDF also restored the abundance of Bacteroidetes, Bifidobacterium, and
Lactobacillus, and other bacteria (Alloprevotella, Helicobacter and Para-
sutterella) which could produce SCFAs and prevent obesity (Hossain,
Ranadheera, Fang, Masum, & Ajlouni, 2022).

Previous studies have shown a well-established inverse association

between fiber intake and Metabolic syndrome (MetS) (Chen, Chen,
Wang, Qin, & Bai, 2017), and the positive effect of fiber intake in pre-
venting dyslipidemia has been demonstrated in several interventional
human studies (Zhou, Wu, Tang, Wang, Lu, & Wang, 2015). This effect
was primarily characterized by a rise in HDL levels and a decrease in TC,
which is also consistent with the effect of PPDF in the present study.
PPDF was derived from pomelo peels, which have been consumed by
humans for many years. The probiotic effects of PPDF on humans can be
verified by using TIM-2 model or by directly eating PPDF functional
foods. In view of the positive activities in alleviating weight gain,
visceral fat accumulation and dyslipidemia, and in regulating gut
microbiota in obese mice, PPDF has the potential to be developed into
functional foods and pharmacological alternatives for preventing
obesity.

PPDF is present in abundance in natural products, and the processing
method is simple and easy. The present study demonstrated the poten-
tial of PPDF to be developed into functional foods and pharmacological
alternatives for treating obesity and regulating dyslipidemia and gut
microflora dysbiosis. The development of PPDF will not only realize
high-value utilization of pomelo peels but also reduce environmental
pollution. This study may also help explain the mechanism of the
beneficial effects of PPDF on obesity and hyperlipidemia. However,
studies on intestinal metabolomics should be conducted in the future to
unravel the underlying mechanism, which was not covered in the pre-
sent study.

5. Conclusion

In this study, PPDF with fiber content of about 90 % was extracted
from pomelo peel wastes. Dietary supplementation with PPDF for 6
weeks significantly reduced the weight gain of body, liver and epidid-
ymal fat accumulation of obese mice, and restored lipid indices TG, LDL-
C, HDL-C, and TC to normal levels in a dose-dependent pattern. PPDF
supplementation restored the decrease in gut microbiota diversity and
the increase in F/B ratio caused by HFD, restored the abundance of key
anti-obesity bacteria (such as Bacteroidetes, Bifidobacterium, and Lacto-
bacillus, etc), and inhibited the growth of bacteria significantly associ-
ated with obesity and inflammation (Firmicutes, Staphylococcus, and
Corynebacterium-1, etc). Therefore, PPDF alleviated HFD-induced body
weight gain and dyslipidemia and alleviated visceral fat accumulation in
mice. These positive benefits were associated with the regulation of gut
microbiota. PPDF has the potential to be developed into functional foods
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and prebiotics for preventing obesity, regulating lipid and intestinal
flora.
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