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The dietary fiber in highland barley (HB) may be a key nutrient in exerting its physiological functions. How
about the effects of other nutrients? In this study, a high-fat diet (HFD)-induced obese mice was constructed to
investigate the effects of HB in different nutrients on weight loss. The results showed that peeling treatment had
varying effects on HB nutrients. Consumption of HB significantly mitigated weight gain, postprandial blood
glucose levels, organ weight, adipose tissue weight, and fat accumulation in obese mice. Consumption of HB also

ameliorated hepatic steatosis, hyperlipemia, abnormal liver function, and dysregulation of inflammatory factor
expression in mice. Unpeeled and once peeled HB presented the best effect. Furthermore, HB consumption
improved the imbalance of gut microbiota in HFD-induced mice, with protein and dietary fiber being the key
factors in exerting the improvement effect. This study highlights the potential of protein and dietary fiber in HB

for treating obesity.

1. Introduction

Obesity is a global health concern characterized by the excessive
accumulation of fat, which can have adverse health effects. Many factors
contribute to the prevalence of obesity, including diet and physical ac-
tivity, with diet playing a primary role. Consumption of high-energy
foods, especially in large quantities, is a major contributor to obesity.
In recent years, the health benefits of whole grain foods for weight loss
and management are reported (Li et al., 2022). Numerous studies have
found that whole grains can reduce the incidence of specific diseases.
The United States Food and Drug Administration (FDA) recognized the
health benefits of whole grains in 1999 and permitted food packaging to
state that “consuming whole grain foods can reduce the risk of cardio-
vascular disease” (Marquart, Wiemer, Jones, & Jacob, 2007; Pauline &
Rimm, 2007; Slavin, 2007).

Highland barley (Hordeum vulgare L. var. nudum Hook. f), a member
of the Poaceae family and Hordeum genus, exhibits strong cold resistance
and can thrive in barren lands. With its short growing period and high
yield, highland barley is one of the most suitable crops for cultivation in
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the Qinghai-Tibet Plateau. It is a major staple food in the region, with
extensive cultivation and high production (Lyu, Ma, Liu, & Wang, 2022).
Highland barley is utilized for various purposes, including food, feed,
brewing, and vinegar production. The grains are rich in protein, dietary
fiber, and vitamins, while low in fat and sugars, making it a superior
cereal. Compared to China’s other four major staples-rice, corn, wheat,
and potato, highland barley contains higher levels of dietary fiber and
trace elements such as calcium, phosphorus, potassium, and sodium.
Additionally, it contains numerous bioactive compounds beneficial to
health. Studies have shown that highland barley grains are abundant in
B-glucans, polyphenol, and essential amino acids. As a whole grain,
highland barley retains all its nutrients and has shown great potential in
improving conditions such as obesity and regulating cholesterol levels
(Li, Qin, et al., 2022; Xia et al., 2017).

Gut bacteria primarily rely on dietary nutrients that cannot be
digested by enzymes in the upper digestive tract, such as resistant starch,
non-starch polysaccharides, and oligosaccharides, collectively known as
dietary fiber, for energy and growth (Teixeira, Prykhodko, Alminger,
Fak Hallenius, & Nyman, 2018). The consumption of barley or f-glucans
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extracted from barley grains in mouse/rat models can lower blood
glucose and lipid levels, enhance antioxidant capacity, and mitigate
obesity (Garcia-Mazcorro, Mills, Murphy, & Noratto, 2018). These
physiological effects are accompanied by the composition changes of gut
microbiota. However, what about the effects of other nutrients in
highland barley? In this paper, obese mice induced by high-fat diet were
used to analyze the effects of highland barley in different nutrients on
obesity improvement. Additionally, 16S rRNA sequencing was
employed to analyze changes in the gut microbiota. Also, the effect of
different nutrients in highland barley on gut microbiota was analyzed by
a correlation analysis. By systematically analyzing the impact of high-
land barley on microbiota alterations, we aim to provide comprehensive
insights into its key nutrient against obesity.

2. Materials and methods
2.1. Materials

The highland barley variety used in this study is Kunlun No. 15,
purchased from Qinghai Shangkang Biotechnology Co., Ltd. Total
cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C), alanine trans-
aminase (ALT), and aspartate transaminase (AST) assay kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). TNF-a, IL-1p, and IL-6 ELISA kits were purchased from Shanghai
Tongwei Biotechnology Co., Ltd. (Shanghai, China). All chemicals used
were of chromatographic or analytical quality and were purchased from
Sinopharm Chemical Reagent Co., Ltd. in Shanghai, China, unless
otherwise stated.

2.2. Sample preparation

Preparation of barley grains with different degrees of dehulling was
achieved by processing 10 kg of whole barley grains through a dehulling
machine (TMO05C, Buhler Machinery Co., Ltd., Changzhou, China). The
grains were dehulled once, twice, and three times, respectively. The
samples were then ground into powder and stored at —20 °C for later
use. The samples were designated as follows: unpeeled barley (PTHB-0),
barley peeled once (PTHB-1), barley peeled twice (PTHB-2), and barley
peeled three times (PTHB-3).

2.3. Composition analysis of highland barley samples

The nutrients, including moisture, protein, fat, ash, dietary fiber,
starch, and total phenolic content, were measured for the four types of
highland barley samples. Total starch content was determined using the
total starch assay kit from Megazyme (K-TSTA, Germany). Dietary fiber
content was determined using dietary fiber assay kit from Megazyme (K-
TDFR, Germany). Total phenolic content was measured using the Folin-
Ciocalteu method.

2.4. Animal feeding

Six-week-old male C57BL/6 mice, weighing 21-22 g, were obtained
from Shanghai Bikai Keyi Biotechnology Co., Ltd. The mice were housed
under standard conditions (temperature: 25 + 2 °C, humidity: 50 & 5 %,
12-h light/dark cycle). After one week of acclimation, the mice were fed
high-fat and high-sugar diet for 12 weeks. Mice were considered suc-
cessfully modeled when their body weight exceeded the average weight
of mice on a normal diet by 20 %. The mice were then randomly divided
into six groups (6 per group): control group (NC), unpeeled highland
barley group (PTHB-0), once-peeled highland barley group (PTHB-1),
twice-peeled highland barley group (PTHB-2), thrice-peeled highland
barley group (PTHB-3), and high-fat diet group (HFD). The control
group was fed a normal diet, while the high-fat group continued on the
high-fat diet for an additional 8 weeks. Blood glucose levels were
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measured daily, and body weight and food intake were recorded weekly.
After 8 weeks, the mice were sacrificed by cervical dislocation, and
subcutaneous and visceral fat were collected, weighed, and the fat index
(fat weight/body weight) was calculated. All animal protocols adhered
to the Guidelines for Care and Use of Laboratory Animals of Shidong
Hospital and received approval from the Animal Ethics Committee of
Shidong Hospital (Fig. 1A). Also, this study complied with relevant laws
and regulations at a national or international level. The diet composi-
tions of all the samples, including NC, HFD, and highland barley diets
were shown in detail in Table 1.

2.5. Serum biochemical analysis

At the end of the feeding period (8 weeks), mice were fasted over-
night, and blood was collected from the orbital sinus into 1.5 mL EP
tubes. Serum was obtained by centrifugation at 3000 rpm for 10 min.
Serum biochemical parameters, including TC, TG, LDL-C, HDL-C, ALT,
and AST, were measured according to the kit instructions. Inflammatory
factors in the liver of the mice, including TNF-a, IL-1f, and IL-6, were
measured using ELISA kits following the manufacturer’s protocols.

2.6. Histopathological analysis

Liver and epididymal fat were collected for histopathological ex-
amination. The fat and liver tissues were fixed in 4 % paraformaldehyde
for 4-6 h and then embedded in paraffin. Paraffin sections (approxi-
mately 4 pm thick) were stained with hematoxylin and eosin (HE),
mounted with neutral resin, and examined under a microscope. Further,
the liver tissue was fixed, dehydrated, and embedded to prepare frozen
sections. Then, the sections were washed with 60% isopropanol, stained
with Oil Red O working solution for a certain period (such as 2-5 mi-
nutes or 10-15 minutes), followed by color adjustment with 60% iso-
propanol. Finally, the nuclei were counterstained with hematoxylin and
the sections were mounted for observation. Images were captured and
analyzed using KF-Viewer and Image J softwares to measure the long
and short diameters of each adipocyte and calculate their area.

2.7. Analysis of gut microbial diversity

At the end of the feeding period (8 weeks), fresh fecal samples (2-3
pellets per mouse) were collected from individually housed mice into
sterile 2 mL centrifuge tubes, rapidly frozen in liquid nitrogen, and
stored at —80 °C. The total DNA was eluted in 50 pL of elution buffer and
stored at —80 °C. PCR amplification of the V3-V4 region of the 16S rRNA
gene was performed using the primers 338F (ACTCCTACGGGAGG-
CAGCAG) and 806R (GGACTACHVGGGTWTCTAAT). The PCR reactions
were carried out in a total volume of 25 pL, containing 25 ng of template
DNA, 12.5 pL of PCR Premix, 2.5 pL of each primer, and PCR-grade H,0.
The PCR conditions were as follows: initial denaturation at 98 °C for 30
s, followed by 32 cycles of denaturation at 98 °C for 10 s, annealing at
54 °C for 30 s, and extension at 72 °C for 45 s, with a final extension at
72 °C for 10 min. Library construction was performed using a Nova-
Seq6000 platform and QIIME2 software package.

2.8. Statistical analysis

All the data were analyzed using SPSS software (SPSS for Windows,
16.0, 2007, SPSS Inc., USA) and the results are presented as mean +
standard error (SE, n > 3).
3. Results

3.1. Composition analysis

The chemical compositions of highland barley at different peeling
times are listed in Table 2. There were no significant differences in the
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Fig. 1. Effect of highland barley on body weight, food and energy intake, and blood glucose in mice obese induced by HFD. (A) Animal experimental design; (B) Body

weight changes over 8 weeks; (C) Body weight gain; (D) Daily average consumption; (E) Energy intake; (F) Blood glucose. The data are expressed as the means + SE.
Different symbols indicated significant difference among the compared groups (*# P < 0.05, **/## p < 0.01, ***/#*## p < 0.001).
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Fig. 1. (continued).

Table 1
Composition of the experimental diets (g/100 g).
Ingredient (%) NC HFD PTHB- PTHB- PTHB- PTHB-
0 1 2 3

Highland barley - - 100.00 100.00 100.00 100.00
Casein, 80 Mesh - 25.84 - - - -
L-Cystine - 0.39 - - - -
Starch 59.00 - - - - -
Maltodextrin 1.00 16.15 - - - -
Sucrose - 8.89 - - - -
Cellulose - 6.45 - - - -
Soybean Meal 25.00 - - - - -
Fish Meal 5.00 - - - - -
Soybean Oil 2.00 3.23 - - - -
Lard* - 31.66 - - - -
Vitamin and

Mineral Mix 8.00 7:36 B B - B
Carbohydrate 60.00 31.49 52.69 56.31 53.99 58.77
Protein 5.00 25.84 10.66 13.06 10.28 9.27
Fat 2.00 34.89 3.70 3.28 2.93 2.71
Caloric density 278.00 54333 286.66 306.94 283.45  296.51

(kcal/100 g)

moisture and ash content of highland barley with different peeling
times. PTHB-3 exhibited the lowest protein content (9.27 %. w/w),
while PTHB-0 (10.66 %. w/w) and PTHB-2 (10.28 %. w/w) had higher
protein content than PTHB-3 (P < 0.05). Interestingly, PTHB-1 had the
highest protein content (13.06 %, w/w) (P < 0.05). The increase in
peeling times resulted in a decrease in fat and dietary fiber content in
highland barley (P < 0.05). In particular, after the second peeling, the
dietary fiber content showed the most significant reduction, decreasing
by 47.3 %, and then stabilizing after the third peeling, indicating that
two peeling sessions resulted in a higher loss of dietary fiber in highland

Table 2
Nutritional composition of highland barley in different peeling times(%, w/w).

barley. Notably, the increase in peeling times led to an increase in starch
content in highland barley (P < 0.05). After the third peeling, starch
content exhibited the highest increase (11.5 %). Furthermore, the free,
bound, and total phenolic of the highland barley samples were also
analyzed and listed in Table 2. Compared to the unpeeled highland
barley, the phenolic contents decreased substantially with the increasing
peeling times, particularly for total and free phenolic contents (total
phenolic content decreased by 36.4 % for PTHB-1 and 50.8 % for PTHB-
3). This result indicated an imbalanced distribution of phenolics in
highland barley between the outer and inner layers. Consequently, it
was evident that the peeling treatment of highland barley increased
starch content but also resulted in the loss of other nutrients, with the
extent of loss varying with the peeling time. The nutrient quality of
highland barley tended to stabilize after three peeling sessions.

3.2. The effect of highland barley on body weight, food and energy intake,
and blood glucose in mice

The body weights of the six groups of mice during the feeding period
were shown in Fig. 1. At the end of the modeling, mice in the HFD group
presented significantly higher body weight than the NC group (P < 0.05)
and remained so until the end of the 8-week feeding period, indicating
successful modeling of the high-fat diet. From the first week onwards,
the PTHB groups had significantly lower body weights than the HFD
group (P < 0.05), and this difference persisted until the end of the
feeding period (8 weeks). For the PTHB groups, the body weights
decreased dramatically in the 3-week feeding period. There was no
significant difference until the end of the feeding period (8 weeks). Also,
there was no significant difference of the body weight variation values in
the PTHB groups (P > 0.05), but the values were significantly lower in
the NC or HFD group (P < 0.05) (Fig. 1BC). These results suggested that
highland barley could effectively mitigate weight gain induced by a

Different peeling ~ Moisture Ash Protein Fat Starch Dietary Total phenolic Free phenolic Conjugated phenolic
times fiber (mg/100 g) (mg/100 g) (mg/100 g)
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high-fat diet.

The NC group had a higher average food intake than the HFD groups
(P < 0.001). Furthermore, the NC and PTHB groups had a lower energy
intake than the HFD group (P < 0.01). Moreover, the blood glucose of
NC group mice was within the normal range (4-6 mmol/L at the zero
and eight week), while the blood glucose of HFD-fed mice reached 9.1
mmol/L at the end of the feeding period, indicating a severe impact of
the high-fat diet on blood glucose levels. The blood glucose levels in the
highland barley feeding groups were significantly decreased during 1 to
4 weeks of feeding (from 7.8 mmol/L (PTHB-0) to the normal range),
and increased slightly during 5-8 weeks feeding (still in the normal
range), indicating the potential of highland barley to lower blood
glucose levels in high-fat diet mice (Fig. 1DEF).

3.3. The effect of highland barley on organ weight and fat distribution in
mice

The high-fat diet feeding may induce fat accumulation in some or-
gans. Hence, the weights of the liver of mice in the six groups were
recorded and listed in Fig. 2. Compared to the HFD group, the weights of
the liver were lower in the NC and PTHB groups (P < 0.001). The liver
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weight to body weight (liver index) in the PTHB-2 and PTHB-3 groups
were slightly higher, while the weights in the PTHB-0 and PTHB-1
groups were similar to the NC group (Fig. 2AB). These results demon-
strated that highland barley with zero and one time of peeling might be
more beneficial for reducing organ weight to the normal level in the
obese mice caused by a high-fat diet.

Furthermore, there was no significant fat accumulation in the sub-
cutaneous and abdominal fat of mice in the NC group and PTHB groups,
while a large amount of fat accumulation could be seen in the subcu-
taneous and abdominal fat of mice in the HFD group (Fig. 2C). The
abdominal fat weight to body weight in HFD mice was significantly
higher than that in the NC and PTHB groups (P < 0.001). Moreover,
epididymal fat weight to body weight in HFD mice was also significantly
higher than that in the NC and PTHB groups (P < 0.001) (Fig. 2DE). This
result further indicated that long-term consumption of highland barley
could reduce the accumulation of fat in obese mice and could restore it
to the level of mice with a normal diet.

3.4. Histological staining

To further investigate the histological characteristics and lipid
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Fig. 2. Effect of highland barley on organ weight and fat distribution in mice. (A) Liver weight; (B) Liver index; (C) Representative image of subcutaneous and
abdominal fat; (D) Abdominal fat weight to body weight; (E) Epididymal fat weight to body weight. The data are expressed as the means + SE. Different symbols
indicated significant difference among the compared groups (*/# P < 0.05, **/## p < 0.01, ***/#*## p < 0.001).
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accumulation in the liver cells of the mice in each group, H&E and Oil
Red O staining were performed on liver tissues (Fig. 3). The control
group showed orderly hepatocyte arrangement, clear cell structure, and
centrally located nuclei without steatosis, while the HFD group exhibi-
ted severe steatosis with numerous fat vacuoles, particularly around the
central veins. However, the PTHB groups showed a marked improve-
ment in this condition (Fig. 3A). The Oil Red O staining was same as
those of the H&E staining, with the HFD group showing disrupted he-
patocyte structures and notable fat accumulation, along with a marked
aggregation of macrophages, and PTHB helped mitigate the disruption
of liver cells and structures, reduce macrophage infiltration, and
decrease fat accumulation in the liver (Fig. 3B). Furthermore, the NC
and PTHB groups had a lower relative content of fat droplets than the
HFD group (P < 0.001) (Fig. 3D). Thus, the lipid deposition symptoms in
the vascular endothelium were alleviated in the highland barley con-
sumption groups, demonstrating the effective relief of lipid accumula-
tion in the mice.

In epididymal fat staining, the HFD group had a lower number of fat
cells than the NC group, and the fat cells were significantly enlarged,
while the NC group had smaller and more uniform fat cells (Fig. 3C).
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Although the PTHB groups had larger fat cells than the NC group, they
were smaller than the HFD group (Fig. 3E, P < 0.001). Moreover, the
HFD group had larger fat cell area than the NC and PTHB groups. These
results indicated that a long-term high-fat diet might increase both body
fat deposition and fat cell size in mice, and long-term intake of highland
barley could improve the enlargement of epididymal fat cells caused by
high-fat diets, especially for unpeeled highland barley.

3.5. The effect of highland barley on blood lipids and liver function

Obesity-related biochemical indicators such as TC, TG, HDL-C, and
LDL-C were measured after 8 weeks. The results indicated that the levels
of biochemical indicators in the HFD groups were significantly higher (P
< 0.001). Furthermore, no significant difference was found in TC, HDL-
C, and LDL-C levels between the NC and PTHB groups, but the TG value
in the PTHB-3 group was significantly higher (P < 0.05). These results
suggested that highland barley consumption led to a significant reduc-
tion in TC, TG, HDL-C, and LDL-C levels compared to the HFD group (P
< 0.05), and the unpeeled, one, and two times peeled highland barley
presented a better effect (Fig. 4ABCD).
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Fig. 3. Histological staining. (A) Representative image of H&E-stained liver tissues; (B) Representative image of Oil Red O-stained liver tissues; (C) Representative
image of H&E-stained epididymal fat; (D) the relative content of fat droplets in livers; (E) Average area of epididymal fat. The data are expressed as the means + SE.
Different symbols indicated significant difference among the compared groups (*'# P < 0.05, **/## p < 0.01, ***/### p < 0.001). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Alanine aminotransferase (ALT) is primarily found in liver cells, and
its release into the bloodstream indicates liver cell necrosis or damage.
Aspartate aminotransferase (AST) levels are distributed in the myocar-
dium, liver, skeletal muscle, and kidneys, with elevated levels in the
blood indicating liver cell damage (Shin, Kim, & Nam, 2016). ALT ac-
tivity was higher in the HFD group than in the NC group and PTHB
groups (P < 0.001), and there was no significant difference between the
NC and PTHB groups (Fig. 4EF). AST activity was higher in the HFD
group compared to the NC group, with a slight reduction in the PTHB
groups, but without significant differences from the HFD group (P >
0.05). These results suggested that highland barley consumption
partially alleviated liver damage induced by a high-fat diet.

Obesity and its associated metabolic syndromes are often accompa-
nied by abnormal inflammatory responses. These responses are char-
acterized by a decrease in the expression of anti-inflammatory factors
and an increase in the expression of pro-inflammatory factors. On the

other hand, IL-1p is a prototypical pro-inflammatory cytokine that can
induce the expression of intercellular adhesion molecule 1 (ICAM-1),
leading to increased adhesion of leukocytes and endothelial cells and
exacerbating inflammatory damage (Valenti et al., 2008). Moreover, the
serum levels of TNF-a are often significantly elevated in obese patients.
No significant difference was found in the levels of IL-1p and TNF-a
among the six groups. Furthermore, the IL-6 level in the HFD group was
significantly higher, and the level in the groups consuming highland
barley without peeling and with one peeling was lower than that in the
groups with two peeling and three peeling (Fig. 4GHI). These results
indicated that consumption of highland barley effectively alleviated the
dysregulation of inflammatory factor expression induced by the HFD,
thus mitigating systemic inflammatory responses. This effect was
particularly prominent in highland barley with zero and one peeling.
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Fig. 4. (continued).

3.6. The effects of highland barley on gut microbiota in mice

3.6.1. Gut microbiota diversity

Alpha diversity reflects species richness, evenness, and sequencing
depth. This diversity can be measured using indices such as Chao and
Shannon. The Chao index primarily reflects species richness, while
Shannon comprehensively reflects both richness and evenness. A higher
Shannon index indicates greater uncertainty and higher diversity
(Lozupone & Knight, 2008). Beta diversity, on the other hand, refers to
the differences in species composition between different environmental
communities. It represents the overall diversity or biological heteroge-
neity of a specific environmental community, along with alpha diversity.
The diversity indices of gut microbiota in the three groups of mice are
presented in Fig. SABC. The analysis of alpha diversity indicated that the
Shannon, ACE, and Chao indices of the HFD group were significantly
reduced. This suggested that the alpha diversity of gut microbiota would
be severely affected by high-fat diet. In contrast, the groups consuming
highland barley showed increased alpha diversity compared to the HFD
group. There were significant increases in the ACE and Shannon indices
for the PTHB-0 (P < 0.05) and PTHB-1 group (P < 0.01), as well as in the
Chao index for the PTHB-0 (P < 0.05), PTHB-1 (P < 0.01), and PTHB-2
group (P < 0.05).

In the principal coordinates analysis (PCoA) (beta diversity) plots,
the samples primarily clustered around the central region, with PC1
accounting for 38.29 % and PC2 for 18.35 % of the variation (Fig. 5D).
The NC or HFD group was distinctly separated from the PTHB groups.
The PTHB groups clustered together, with some overlap and slight dif-
ferences in distribution. Alpha and beta diversity analyses of the gut
microbiota indicated that a high-fat diet affected the structure of the gut
microbiota in mice, with a significant reduction in diversity compared to

normal diet mice. The PTHB groups exhibited smaller differences in
microbiota diversity and distribution compared to the HFD and NC
groups, indicating that gut microbiota structure in HFD mice could be
altered by long-term highland barley consumption.

3.6.2. Gut microbiota composition

The major bacterial phyla present in the gut microbiota of mice were
Bacteroidetes, Firmicutes, Verrucomicrobiota, and Actinobacteria.
Compared to the NC group, the HFD group exhibited a significant in-
crease in Firmicutes and a decrease in Bacteroidetes, resulting in an
increased Firmicutes/Bacteroidetes ratio, which is characteristic of obese
model mice (Fig. 6ABC). Highland barley consumption significantly
reduced the Firmicutes/Bacteroidetes ratio, and no significant difference
was found between the PTHB and NC group, suggesting that highland
barley consumption alleviated the obesity symptoms induced by a high-
fat diet. The HFD group exhibited a significant decrease in the relative
abundance of norank_f Muribaculaceae, while the relative abundance of
Faecalibaculum, Dubosiella, Akkermansia, Bacillus, and Lactobacillus
significantly increased. Following highland barley consumption, the
relative abundance of Dubosiella, Bacillus, and Faecalibaculum visibly
decreased, indicating the effective consumption of highland barley in
combating obesity.

In Fig. 6D, the average relative abundance of norank f Mur-
ibaculaceae and norank f Clostridia UCG-014 was higher in the NC or
PTHB groups. Moreover, compared with the NC group, the differences in
the relative abundance of different genera in the HFD group were more
pronounced, while the differences in the distribution of different genera
in the highland barley group were relatively small.
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3.6.3. Gut microbiota difference

As shown in Fig. 6E, the ralative abundance of gut microbiota in
fifteen genera were highly significant (P < 0.01), including 9 species
with high significance (P < 0.001). By analyzing representative genera,
it can be seen that the relative abundance of norank f Muribaculaceae in
the HFD group was the lowest, while the relative abundance of nor-
ank_f Muribaculaceae in the barley group was higher than 50 %. The
relative abundance of Lactobacillus in the HFD group was the highest. In
addition, the relative abundance of Faecalibaculum, Dubosiella, and Ba-
cillus in the HFD group was significantly higher than that in the normal
group and highland barley group. The relative abundance of Bacteroides,
Muribaculum, and Coriobacteriaceae_ UCG-002 in the barley group was
significantly higher than that in the NC and HFD group.

3.7. Correlation analysis between highland barley nutrients and gut
microbiota in mice

To analyze the relationship between the nutrients and gut micro-
biota, the redundancy analysis (RDA) and Spearman correlation heat-
map analysis were conducted. As shown in Fig. 6FG, protein (P), fat (F),
and dietary fiber (D) contents in highland barley were the major envi-
ronmental factors impacting the gut microbiota in mice. Additionally,
protein in highland barley was positively correlated with Muribaculum
(P < 0.001), norank_f norank_o_Costridia UCG-014 (P < 0.05), Cor-
iobacteriaceae_UCG-002 (P < 0.05), Prevotellaceae_UCG-001 (P < 0.001),
Ruminococcus (P < 0.05), Enterorhabdus (P < 0.01), Lachnospiraceae_CG-
001 (P < 0.05), and unclassified c_Clostridia (P < 0.01), and negatively
correlated with Faecalbaculum (P < 0.05), Eubacterium siraeum group (P
< 0.01), and Lachnospiraceae UCG-006 (P < 0.01). Fat, dietary fiber, and

total phenolic (TP) contents were positively correlated with Pre-
votellaceae_UCG-001 (P < 0.001), Roseburia (P < 0.05), Ruminococcus (P
< 0.05), Enterorhabdus (P < 0.001), Lachnospiraceae_ UCG-001 (P <
0.05), and unclassified_c_Clostridia (P < 0.05), and negatively correlated
with Eubacterium siraeum group (P < 0.001). Starch (S) content was
positively correlated with Eubacterium siraeum group (P < 0.01), and
negatively correlated with Rikenellaceae RC9_gut group (P < 0.01), Pre-
votellaceae . UCG-001 (P < 0.05), Roseburia (P < 0.01), nor-
ank_f Oscillospiraceae (P < 0.05), Odoribacter (P < 0.05),
Lachnospiraceae_CG-001 (P < 0.01), and Lachnoclostridium (P < 0.05).

4. Discussion

In this study, obese mice induced by a high-fat diet were used to
explore the health effects of highland barley in different nutrients on
abnormal glucose and lipid metabolism and preliminarily clarified the
underlying mechanism based on gut microbiota. The results demon-
strated that peeling treatment had varying effects on the nutrients of
highland barley. This could be attributed to the fact that protein was
mainly distributed in the endosperm of highland barley, and only a small
amount of endosperm was peeled off during the first peeling process
(Zheng, Wang, Xiong, Song, & Zhang, 2023; Zong, Tian, Zhang, Liu, &
Chen, 2022). These findings are consistent with those reported by Zong
et al. (2022). Approximately 75 % of p-glucan was distributed in the
endosperm, while about 26 % was found in the cell walls of the aleurone
layer. Additionally, fat was mainly distributed in the cortex and embryo
of highland barley. The removal of the peel and seed coat resulted in the
enrichment of starch in HBF. Furthermore, free phenolic compounds
were concentrated in the bran and aleurone layers (Xia et al., 2022;
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Fig. 6. (continued).

Zheng et al., 2023; Zong et al., 2022).

Obesity is an inflammatory disease accompanied by numerous
metabolic complications. Previous studies have shown that highland
barley could alleviate obesity induced by HFD and related metabolic
diseases in animal models (Sun et al., 2020; Zheng et al., 2021). In this
study, the consumption of highland barley significantly reduced HFD-
induced weight gain, postprandial blood glucose levels, organ weight,
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adipose tissue weight, and fat accumulation. It also ameliorated hepatic
steatosis, hyperlipemia, abnormal liver function, and dysregulation of
inflammatory factor expression in mice. Long-term high-fat diets could
exacerbate lipid deposition and steatosis in the liver, potentially
resulting in or worsening liver damage. The probiotic effects of highland
barley were often associated with reduced fat accumulation in organs
such as the liver, subcutaneous tissues, muscles, and epididymal fat, as



well as alleviated inflammation (Li et al., 2021; Zhou & Wu, 2022).
This effect could be attributed to the high content of dietary fiber,
polyphenols, and protein content of highland barley. Similar findings
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were reported by Deng et al. (2020) and Ren et al. (2024). Accordingly,
dietary fiber, p-glucan, polyphenols, and protein in highland barley
might have potential hypolipidemic effects (Deng et al., 2020; Li et al.,
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2022). Dietary fiber, which contains p-glucan and resistant starch, could
promote the secretion of bile acids and the concentration of short-chain
fatty acids (SCFAs) to exert hypolipidemic effects, slow down the ab-
sorption of dietary cholesterol and fats, and reduce appetite and calorie
intake (Gan et al., 2023; Ren et al., 2024). Moreover, protein in whole
grains contained various bioactive peptides, which played a crucial role
in improving lipolytic enzyme activity, inhibiting fatty acid synthase
activity, and increasing adiponectin levels. Further, protein could in-
crease thermogenesis and energy expenditure (Gong, Wang, Sun, Wang,
& Sun, 2019; Ren et al., 2024). Also, procyanidins and catechins from
highland barley were active phenolic compounds that alleviate hyper-
lipidemia by activating the expression of peroxisome proliferator-
activated receptors, resulting in an increase in serum HDL-C levels and
a decrease in TC, TG, and LDL-C levels. Phenolic compounds in highland
barley could reduce inflammation associated with metabolic disorders
(Liu, Liu, Tang, Zhang, & Tian, 2024; Omagari et al., 2024). However,
further investigation and verification were needed to determine which
nutrient in highland barley played a major role in alleviating the
symptoms of HFD-induced obese mice.

Excessive HFD intake could lead to various body metabolism disor-
ders, including liver inflammation, lipid metabolism issues, and gut
microbiota disorders (Li et al., 2019; Navar-Boggan et al., 2015). The gut
microbiota played a crucial role in maintaining health status and was
influenced by daily diet. Analysis of gut microbiota had shown that
PTHB consumption partially restored the disruption of gut microbiota
caused by the HFD. In particularly, PTHB consumption significantly
reduced the Firmicutes/Bacteroidetes ratio (no significant difference with
NC group), which was often associated with improved metabolic out-
comes and decreased calorie extraction (Liu et al., 2024). Similar find-
ings have been reported by Li, Wang, et al. (2022). Moreover, numerous
studies have demonstrated significant differences in gut microbiota
composition and structure between obese individuals and normal in-
dividuals, with obese individuals showing an increased Firmicutes/Bac-
teroidetes ratio (Navar-Boggan et al., 2015).

Additionally, the PTHB groups exhibited a significantly higher
relative abundance of Akkermansia compared to the HFD group.
Akkermansia is a bacterium that degrades mucin, and its abundance is
often lower in pathological conditions such as alcoholic liver disease,
hypertension, and obesity compared to normal controls (Navar-Boggan
et al., 2015). Highland barley consumption significantly restored the
relative abundance of Akkermansia, suggesting that barley consumption
might reduce the risk of obesity and related metabolic diseases. This
finding was consistent with previous studies demonstrating that barley
effectively mitigates weight gain in HFD-induced obese mice (Meng
et al.,, 2023). Additionally, several studies have shown a significant
positive correlation between the relative abundance of Romboutsia and
obesity symptoms, and highland barley consumption alleviated these
changes in bacterial abundance (Wang et al., 2019).

Further, Actinobacteriota was significantly upregulated in the HFD
group, and their abundance decreased following highland barley con-
sumption, indicating the beneficial effects of highland barley con-
sumption on health (Barczynska et al., 2015). Additionally, in line with
the findings of Zeng et al. (2019), Muribaculaceae play vital roles in
energy metabolism, blood glucose, and lipid levels in the gut and are
regarded as beneficial bacteria. The higher abundance of nor-
ank_f Muribaculaceae in the PTHB groups indicated that highland barley
could impact obesity-related bacterial abundance and thereby influence
obesity and related diseases in mice. Moreover, norank_f Muribaculaceae
not only acted as an intestinal probiotic, increasing levels of acetic acid
and propionic acid, but also upregulated the expression of intestinal TJs,
including occludin, claudins, and ZO-1 (Chen et al., 2023; Fang et al.,
2024). Also, the relative abundance of Faecalibaculum and Dubosiella was
higher in the HFD mice. Dubosiella strains have been recently identified
as novel members of the family Erysipelotrichaceae, which thrives
particularly in the gut of HFD-fed obese mice (Qiu et al., 2021). Faeca-
libaculum strains are also significant genera leading to obesity (Sun et al.,
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2020). Furthermore, Ruminococcus abundance is higher in obese pa-
tients and is positively correlated with type II diabetes and non-alcoholic
fatty liver disease, identified as one of the causes of Crohn’s disease
symptoms, which was found in the HFD group and did not appear in the
PTHB groups (Alam et al., 2014; Liu et al., 2024). The results indicated
that PTHB consumption could inhibit the growth of Faecalibaculum,
Dubosiella, and Ruminococcus strains, which were positively correlated
with obesity, type II diabetes, liver disease, or Crohn’s disease, thus
alleviating the obese symptoms in HFD-induced mice (Alam et al., 2014;
Liu et al., 2024).

The Spearman correlation heatmap analysis also suggested that
protein, dietary fiber, and polyphenolics were positively related to the
abundance of the strains that were beneficial to energy metabolism,
blood glucose, and lipid levels in the gut, including Muribaculum, nor-
ank_f norank_o_Costridia UCG-014, and Prevotellaceae_ UCG-001. Ac-
cording to the RDA and Spearman correlation heatmap analysis results,
protein and dietary fiber might be the two major factors in highland
barley that alleviate obesity. Lachnospiraceae is positively correlated
with the following functions related to amino acid metabolism, such as
alanine degradation, methionine degradation, and aspartic acid degra-
dation (Teixeira et al., 2018). Also, Costridia genes have the ability to
metabolize aromatic amino acids (Madsen, Myrmel, Fjere, Liaset, &
Kristiansen, 2017). The increase in the abundance of these bacteria
helped alleviate certain intestinal diseases. The results suggested that
protein in highland barley was a key factor in alleviating the obese
symptoms in HFD-induced mice.

Furthermore, dietary fiber was positively correlated with Pre-
votellaceae_UCG-001, Roseburia, Ruminococcus, Enterorhabdus, Lachno-
spiraceae_UCG-001, and unclassified_c_Clostridia. Reportedly,
Prevotellaceae_UCG-001, Roseburia, Enterorhabdus, and Ruminococcus are
the genera with saccharolytic activity, capable of hydrolyzing -glucan
in highland barley to produce SCFAs (Chen, Huang, Wang, Geng, & Nie,
2022; Okouchi et al., 2019). Lachnospiraceae. UCG-001 can also utilize
polysaccharides. These bacteria play a key role in maintaining gut ho-
meostasis and regulating various metabolic processes. This result was
consistent with that reported by Gan et al. (2023) and Zheng et al.
(2024). Additionally, polyphenolics showed a similar relationship with
dietary fiber and gut microbiota. This could be attributed to the regu-
lation of metabolic syndrome in HFD-fed mice by polyphenolics in
highland barley, promoting the abundance of bacteria that produce
SCFAs (Omagari et al., 2024). Also, starch content was found to be
positively correlated with Eubacterium siraeum_group, which has been
identified as a pivotal genus in the HFD fecal microecosystem (Li, Qin,
et al., 2022).

In conclusion, peeling treatment increased the total starch content of
highland barley but also led to a loss of other nutrients, the extent of
which varies with the peeling time. Moreover, consumption of highland
barley alleviated weight gain, postprandial blood glucose levels, organ
weight, adipose tissue weight, and fat accumulation in HFD-induced
mice. It also ameliorated hepatic steatosis, hyperlipemia, abnormal
liver function, and dysregulation of inflammatory factor expression.
Furthermore, highland barley consumption improved the imbalance of
gut microbiota in HFD-induced mice, with protein and dietary fiber
being key factors in exerting this beneficial effect. Future research using
gnotobiotic mice is needed to provide causal evidence and mechanistic
insights.
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