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ABSTRACT
Background/Aims: This study aimed to investigate the effect of diarrhea induced by a high-fat and high-protein diet on lactase-pro-
ducing bacteria in the intestinal contents of mice from the perspective of diarrhea-related genes.
Materials and Methods: Ten specific pathogen-free Kunming male mice were chosen and randomly divided into the normal group and 
model group. The mice in the normal group were fed with high-fat and high-protein diet plus gavage of vegetable oil, while those in the 
model group were fed with general diet plus gavage of distilled water. After successful modeling, the distribution and diversity of lactase-
producing bacteria in the intestinal contents were characterized by metagenomic sequencing technology.
Results: After high-fat and high-protein diet intervention, Chao1, observed species index, and operational taxonomic units number 
decreased in the model group (P > .05), while the Shannon, Simpson, Pielou’s evenness, and Goods coverage indices increased (P > 
.05). The principal coordinate analysis showed that the composition of lactase-producing bacteria differed between the normal group 
and model group (P < .05). The lactase-producing bacterial source in the intestinal contents of mice was Actinobacteria, Firmicutes, 
and Proteobacteria, of which Actinobacteria was the most abundant phylum. At the genus level, both groups had their unique gen-
era, respectively. Compared to the normal group, the abundance of Bifidobacterium, Rhizobium, and Sphingobium increased, while 
Lachnoclostridium, Lactobacillus, Saccharopolyspora, and Sinorhizobium decreased in the model group.
Conclusion: High-fat and high-protein diet altered the structure of lactase-producing bacteria in the intestinal contents, elevating the 
abundance of dominant lactase-producing bacteria, while decreasing the richness of lactase-producing bacteria, which may further 
induce the occurrence of diarrhea.
Keywords: High-fat and high-protein diet, diarrhea, lactase gene, lactase-producing bacteria, intestinal contents

INTRODUCTION
The intestinal microbiota is a dynamic and complex eco-
system composed of diverse microbial communities, 
which play an irreplaceable role in maintaining human 
health homeostasis.1 Through its rich content of carbo-
hydrate-active enzyme genes, the intestinal microbiota 
can form complementarity with the host, and hence 
participate in the food metabolic cycle of the organism.2 
Meanwhile, some components that are difficult to be 
used by the organism (e.g., dietary fiber) can be utilized 
by the intestinal microbiota, and partially converted into 
substances beneficial to the host.3

With the accelerated pace of modern life and the rise 
of living standards, highly processed foods are increas-
ingly becoming the choice of most people. These foods 
are often rich in fat and protein but little in dietary fiber.3 
However, excessive fat and protein are not conducive 
to the balance of absorption of substances in the body, 
which can easily lead to eating disorders that cause 

disorders in the intestinal microbiota, thus inducing diar-
rhea.4-6 And this may also be related to the lack or low 
activity of digestive enzymes. In the pig breeding industry, 
insufficient secretion of digestive enzymes or high pro-
tein and fat content in feeds can easily lead to nutritional 
diarrhea in weaned piglets, and enzyme supplementation 
or the use of enzyme preparations can reduce the occur-
rence of diarrhea in piglets.7-9 Furthermore, our previous 
study found that the activity of several enzymes, includ-
ing lactase, was significantly decreased in the diarrhea 
mouse model made by high-fat and high-protein diet 
(HFHPD) intervention.9

Lactase, also known as β-galactosidase, can degrade lac-
tose into galactose and glucose. If lactase deficiency or 
activity is reduced, it can lead to the symptoms of diar-
rhea, gastrointestinal distention, and abdominal pain.10 
Studies have shown that various diarrheal diseases 
are closely related to lactase activity, including diar-
rhea-predominant irritable bowel syndrome, persistent 
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diarrhea, and antibiotics-associated diarrhea (AAD).11-14 
Meanwhile, lactase has been linked to digestive disor-
ders. For example, Chumpitazi et al15 found that half of 
129 pediatric patients with functional dyspepsia had 
disaccharidase deficiency, with lactase as the main defi-
ciency. The intestinal microbiota is one of the important 
sources of the body’s lactase. And compared to animal 
and plant sources, microbial sources tend to have higher 
lactase yields.16 This is also evidenced by the fact that 
diarrhea caused by lactase deficiency can be relieved by 
supplementation with lactase-producing bacteria, such 
as Bifidobacterium sp.17,18 Moreover, due to differences in 
gene coding, there is variability in the activity of lactase 
from different strain sources, and even some lactase does 
not express activity.19 Previous studies have shown that 
the alleviating effect of the probiotic Debaryomyces han-
senii on AAD is related to the modulation of key lactase-
producing bacteria.20,21 Therefore, we speculated that on 
the basis of reducing the lactase activity, HFHPD might 
also affect specific lactase-producing bacteria, caus-
ing damage to the microbial enzyme metabolic path-
way. Simultaneously, the genetic diversity of enzymes 
can well represent the differences between microbial 
ecological groups, which has good prospects for appli-
cation in environmental pollution, antibiotic resistance, 
and atmospheric circulation.13,22,23 However, the relation-
ship between an unhealthy diet (especially HPHPD) and 
related functional enzyme genes of microbiota is not 
clear.

From the perspective of diarrhea-related microbial 
enzyme genes, we investigated the diversity and distri-
bution characteristics of the lactase-producing bacterial 
in the intestinal contents of mice with diarrhea caused 
by HFHPD, aiming to reveal the mechanism of diarrhea 
caused by HFHPD, and provide an experimental basis 
for the development of new strategies and new poten-
tial targets of drugs for diarrhea treatment caused by 
improper diet.

MATERIALS AND METHODS
Animals
Ten specific pathogen-free Kunming male mice weigh-
ing 18-22 g were purchased from Hunan Sleika Jingda 
Experimental Animal Co. Ltd [SCXK (Xiang) 2019-0004] 
and housed in the Animal Experiment Center of Hunan 
University of Chinese Medicine (room temperature 
23°C-25°C, relative humidity 50-70%). The process of 
animal experiments was conducted under animal proto-
cols approved by Animal Ethics and Welfare Committee 
of the Hunan University of Chinese Medicine.

Diets
The general feed was purchased from Hunan Sleika Jingda 
Experimental Animal Co (protein: 20%, fat: 4%, and lac-
tose: 0%). High-fat and high-protein feed was made by 
mixing milk powder (Nestle, protein: 30%, lactose: 0%, 
and fat: 20%; Harbin, Heilongjiang Province, China), soy-
bean milk flour (Huiyi, protein: 33%, lactose: 0%, and 
fat: 18%; Shantou, Guangdong Province, China), flour 
(Huiyi, protein: 13%, lactose: 0%, and fat: 2%) and meat 
pine (AnhuiLizheng, 30% protein, lactose: 0%, and 25% 
fat, Hefei, Anhui Province, China) in the ratio of 1:2:2:1. 
Vegetable oil (Arawan, lactose: 0%, Shanghai, China).

Reagents
Proteinase K, lysozyme, Tris-saturated phenol: chloro-
form: isoamyl alcohol (25:24:1), TE buffer, and acetone 
were purchased from Beijing Dingguo Biotechnology Co. 
Ltd. About 0.1 mol/L phosphate-buffered solution (PBS) 
buffer, TE buffer, 10% sodium dodecyl sulfate (SDS), 5 
mol/L NaCl, hexadecyl trimethyl ammonium bromide 
(CTAB)/NaCl, chloroform: isoamyl alcohol (24:1), 3 mol/L 
sodium acetate and 70% anhydrous ethanol, were pre-
pared in the laboratory.

Methods
Ten mice were fed adaptively for 2 days and then randomly 
divided into normal (LCC) and model groups (LMC) with 5 
mice in each group.9 Mice in the LMC were fed with HFHPD 
and gavage with vegetable oil (0.4 mL/time, twice a day for 
3 days) on day 4. Mice in the LMC were fed with general 
feed and gavage with equal amounts of sterile water. The 
modeling phase lasted 6 days, and the mice were consid-
ered to be successfully modeled when diarrhea occurred. 
The experimental design is shown in Figure 1.

Sampling of Intestinal Contents from Mice
At the end of the modeling, the mice were sacrificed by 
cervical dislocation, and the intestinal tract of the mice 

Main Points
•	 We investigated the distribution and diversity of lactase-

producing bacteria in intestinal contents of mice with diar-
rhea induced by high-fat and high-protein diet.

•	 High-fat and high-protein diet mainly alters the composi-
tion structure of the lactase-producing bacteria.

•	 High-fat and high-protein diet further increased the abun-
dance of dominant lactase-producing bacteria in the 
intestine.
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was cut open under sterile conditions. The contents from 
the jejunum to ileum were taken with sterile forceps, 
placed in a centrifuge tube, marked and weighed, and 
stored at −20°C for subsequent use.24

DNA Extraction
2.0 g of the collected intestinal contents were placed 
in a 50 mL sterile centrifuge tube, homogenized in 30 
mL of 0.1 mol/L PBS, and centrifuged at 200 × g for 2 
min. The supernatant was transferred to a new sterile 
tube after being washed twice with PBS, centrifuged at 
10 000 × g for 8 min, and the precipitate was collected 
after being washed twice with PBS and once with ace-
tone. Phosphate-buffered solution was washed 3 times 
before being resuspended in 4 mL TE buffer. According to 
our earlier report,25 following sample pretreatment, high-
quality DNA was obtained by lysozyme wall breaking, pro-
teinase K lysis, SDS lysis, CTAB treatment, and phenol/
chloroform extraction.

Polymerase Chain Reaction Amplification and 
Sequencing
Lactase gene amplification was performed using the 
universal primers reported by the group previously,13,26,27 
upstream primer: 5’-TR​RGCAA​CGAAT​ACGGS​TG-3’ and 
downstream primer: 5’-AC​CATGA​ARTTS​GTGGT​SARCG​
G-3’.​ Polymerase chain reaction (PCR) amplification sys-
tem: Q5 high-fidelity DNA polymerase 0.25 μL, 5 × reaction 
buffer 5 μL, 5 × high GC buffer 5 μL, deoxy-ribonucleo-
side triphosphate (dNTP) (10 mM) 0.5 μL, template DNA 1 
μL, upstream primer (10 μM) 1 μL, downstream primer (10 
μM) 1 μL and ultrapure water 11.25 μL. Polymerase chain 
reaction amplification conditions: 98°C for 30 s, then per-
form 98°C for 15 s, 46°C for 30 s, 72°C for 30 s, for a total 
of 32 cycles, extend for 5 min after 72°C, and store at 
4°C. After the PCR products were quantified and quality-
checked, the samples were sequenced according to the 
standard procedure of the Illumina Miseq platform. The 
sequencing work was performed by Shanghai Personalbio 
Technology Co.

Bioinformatics Analysis
The obtained sequences were divided into operational 
taxonomic units (OTUs)28 using Qiime2 (2019.4, http://
qiime.org/)29 with a 97% similarity threshold, and matched 
with the NCBI database for species annotation analy-
sis. Alpha diversity was expressed by Chao.30 Observed 
species, Shannon,31 Simpson,32 Pielou’s evenness,33 
and Goods coverage34 indices. Unweighted pair-group 
method with arithmetic means (UPGMA) clustering tree, 
principal coordinate analysis (PCoA), and Adonis differ-
ence analysis were used to represent beta diversity analy-
sis of lactase-producing bacteria, and marker difference 
species were searched for by linear discriminant analysis 
effect size (LEfSe).

Statistical Analysis
The data were analyzed using The Statistical Package 
for Social Sciences version 25.0 software (IBM Corp.; 
Armonk, NY, USA) and the data were expressed as mean 
± SD (x ± s). Data were analyzed by independent sample 
t-test or Wilcoxon rank-sum test according to whether 
the data were normally distributed and the variance was 
uniform, and P < .05 in the analysis of variance was con-
sidered significant.

RESULTS
Behavioral Observation and Fecal Water Content in 
Mice
After 6 days of HFHPD, the LCC had black feces with a 
slightly hard texture and shiny fur. In the LMC, the feces 
were brownish-yellow in texture and thin and wet; more 
than half of them became paste-like, sticky, and scat-
tered at the tail and anus. Meanwhile, we examined the 
fecal water content (Figure 2A) and found that the fecal 
water content of LMC mice was significantly higher than 
that of LCC mice (71.43% vs. 65.83%, P < .05).

Effect of High-Fat and High-Protein Diet on Lactase-
Producing Bacterial Operational Taxonomic Unit in 
Intestinal Contents
Venn diagram depicts the numbers of OTUs exclusive to 
or shared between distinct groups. As seen in Figure 2B, 
the number of OTUs unique to LCC is 13, or 38.24%; the 
number of OTUs unique to LMC is 7, or 20.59%; the num-
ber of OTUs common to both groups was 14, or 41.18%. 
And the overall trend of the number of OTUs in the LCC 
was higher than that in the LMC at each classification 
level (Figure 3). It is suggested that HFHPD reduced the 
number of lactase-producing bacteria taxonomic units in 
the intestinal contents of mice.

Figure 1.  Experimental design.

http://qiime.org/
http://qiime.org/
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Alpha Diversity Analysis
Rarefaction curves can evaluate the diversity of each 
sample with increasing sequencing depth. As seen in 
Figure 4A, the increase in diversity has flattened out, indi-
cating that the current sequencing depth is sufficient 
for further analysis. Rank abundance curves can reflect 
the distribution pattern of species in the samples. In 
Figure 4B, we can see that the broken lines of the LMC 

and the LCC are mixed and both are steeper, indicating 
that the OTU abundance in both the LMC and the LCC 
are more different and less evenness, suggesting that 
both groups have some kind of dominant bacteria.

Alpha diversity values are represented by richness (Chao30 
and observed species index), diversity (Shannon31 and 
Simpson32 index), evenness (Pielou’s33 evenness index), 

Figure 2.  (A) Fecal water content. (B) Venn diagram of OTU distribution of lactase-producing bacteria in intestinal contents. LCC, normal 
group; LMC, model group; OTU, operational taxonomic unit.

Figure 3.  Number and differences of lactase-producing bacterial OTUs in mouse intestinal contents at different taxonomic levels. Data 
were expressed as (mean ± SD). LCC, normal group; LMC, model group; OTUs, operational taxonomic units.
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and species coverage (Good’s34 coverage index). As seen 
in Figure 5, the Good’s34 coverage index of both groups 
is close to 1, indicating that the current sample has 
very few undetected species. Compared with the LCC, 
Shannon31, Simpson32, Pielou’s33 evenness and Good’s34 
coverage indices increased, while Chao30 and observed 
species indices decreased in the LMC, but none of them 
were significantly different (P > .05). It is suggested that 
HFHPD decreased the richness of lactase-producing 
bacteria in the intestinal contents while increasing their 
diversity.

Beta Diversity Analysis
The similarity of community structure across samples 
can be examined using beta diversity analysis. In UPGMA 
(Figure 6A), except for LCC3 and LMC2, the LCC and 
LMC were well separated at 0.024 and clustered in 2 
separate groups. The main distribution characteristics of 
the samples can be obtained by dimensionality reduc-
tion of the microbiota data by PCoA, thus quantifying 
the differences and similarities of the lactase-producing 
bacteria in different intestinal contents samples.35 In 
PCoA (Figure 6B), the first and second principal com-
ponents of 23.2% and 19.2%, respectively, and the LCC 
and LMC can be well separated, while the sample dis-
tribution of both groups was relatively scattered. The 
LCC samples were mainly clustered in the second quad-
rant, while the LMC was mainly distributed in the fourth 
quadrant, and the Adonis test showed significant struc-
tural differences between the 2 groups (P < .05). Overall, 

the UPGMA and PCoA suggested that HFHPD altered 
the structure of lactase-producing bacteria in the intes-
tinal contents.

Distribution Composition of Lactase-Producing 
Bacteria in Intestinal Contents
The distribution of lactase-producing bacteria in 
intestinal contents was obtained according to the 
taxonomic identification of OTU, and the results are 
shown in Table 1 and Figure 7A. From Table 1, the lac-
tase-producing bacteria sources were Actinobacteria, 
Firmicutes, and Proteobacteria, with Actinobacteria 
being the dominant phylum, with more than 99% abun-
dance in both groups, and Firmicutes being exclusive to 
the LCC. The lactase-producing bacteria sources at the 
genus level were Bifidobacterium, Lachnoclostridium, 
Lactobacillus, Rhizobium, Saccharopolyspora, 
Sinorhizobium, Sphingobium, and unclassified, where 
Bifidobacterium was the dominant genus with more than 
99% abundance in both groups, Saccharopolyspora, 
Lachnoclostridium, and Lactobacillus were exclusive to 
the LCC, and Rhizobium and Sphingobium were exclu-
sive to the LMC. As seen from Figure 7A, compared to 
the LCC, the abundance of Actinobacteria increased, 
while the abundance of  Firmicutes and Proteobacteria 
decreased in the LMC. At the genus level, the abun-
dance of Bifidobacterium, Rhizobium, and Sphingobium 
increased, while the abundance of Lachnoclostridium, 
Lactobacillus, Saccharopolyspora, and Sinorhizobium 
decreased in the LMC.

Figure 4.  (A) Rarefaction curve. The curve’s flatness reflects the effect of sequencing depth on the diversity of the observed samples; the 
flatter the curve, the more the sequencing results are sufficient to reflect the diversity contained in the current samples. (B) Rank 

abundance curve. The length of the folded line on the horizontal axis reflects the number of OTUs in that sample at that abundance. The 
fold line’s flatness reflects the community composition’s evenness; the flatter the fold line, the smaller the difference in abundance among 

OTUs in the community. LCC, normal group; LMC, model group; OTUs, operational taxonomic units.
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Linear Discriminant Analysis Effect Size of Lactase-
Producing Bacteria From Intestinal Contents
To reveal the characteristic lactase-producing bacterial 
taxa with significant differences between the LCC and 
LMC, we performed the LEfSe. As seen in Figure 7B, the 
marker difference species for the LMC was Actinobacteria 
and for the LCC was Proteobacteria.

DISCUSSION
Diet is the primary factor influencing intestinal microbi-
ota, and studies have shown that over 50% of microbiota 
structural variation in mice and over 20% in humans are 
related to diet.36,37 Among them, high-fat diet can trig-
ger systemic inflammation and imbalance of intestinal 
homeostasis by modulating infla​mmati​on-as​socia​ted 
bacterial strains, increasing intestinal mucosal permeabil-
ity, and promoting the secretion of inflammatory factors 
and translocation of bacterial lipopolysaccharides.38,39 
While moderate protein improves health, excessive high-
protein diets can still hurt intestinal homeostasis. Unlike 
fats and carbohydrates, intestinal microbial fermentation 
is the main metabolic pathway for proteins. And toxic 

products (amines, H2S, and ammonia) from excess protein 
fermentation can decrease short-chain fatty acid yields, 
increase paracellular permeability and alter epithelial cell 
morphology, thereby compromise intestinal health.40,41

Diet quality is usually positively correlated with intestinal 
microbiota diversity.42 Interestingly, the HFHPD interven-
tion increased the diversity of lactase-producing bacteria 
in this study, but the richness was decreased. This may 
be related to specific dietary differences or environ-
ments. For example, studies have shown that a high-fat 
diet can reduce microbiota diversity,43 but Wang et  al44 
found that other components mixed in the high-fat diet 
can increase microbiota diversity. Snelson et al45 reported 
that long-term high-protein diet mainly changed the 
microbiota structure, but had little correlation with micro-
biota diversity. Meanwhile, in the taxonomic composition 
(Table 1), there is a clear dominant lactase-producing 
bacteria (Bifidobacterium) in the intestinal content of 
mice. Compared to LCC, LMC was missing the lactase-
producing bacteria Lactobacillus, Lachnoclostridium, and 
Saccharopolyspora. Among them, Lactobacillus is one 

Figure 5.  Alpha diversity index of lactase-producing bacteria in the intestinal contents of high-fat and high-protein diet mice. The numbers 
under the diversity index label are the P values of the Wilcoxon rank-sum test or independent sample t-test. LCC, normal group; LMC, 

model group.
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of the most widely used lactase-producing bacteria with 
functions such as inhibition of intestinal pathogenic bac-
teria, promotion of helper T-cell development, induction 

of cytokine production, and enhancement of cellular 
immune function.46 Moreover, the structure of the lac-
tase-producing bacterial composition was significantly 
altered by HFHPD intervention, and both LMC and LCC 
had their exclusive genera. The secretion of differentially 
active enzymes to regulate host interaction with ingested 
substances is an important means by which the intestinal 
microbiota affects host health.47 For example, Li et  al48 
reported that Streptococcus thermophilus downregu-
lates Hippo pathway kinases by secreting lactase, which 
inhibits tumorigenesis. Thus, changes in the structure of 
lactase-producing bacteria may mean a decrease in the 
intestinal microbiota’s ability to regulate the host’s physi-
ological state.

The LEfSe results suggest that the increase in the abun-
dance of Actinobacteria, especially the representative 
Bifidobacterium, is a key change in lactase-producing 
bacteria caused by HFHPD. Notably, Bifidobacterium is 
recognized as a probiotic that can affect the metabolism 
of lipids with anti-inflammatory properties by altering 
the associated microbiota.49 And both Bifidobacterium 
longum and Bifidobacterium animals can be used to allevi-
ate lactose intolerance.50 But Brandao et al51 found a posi-
tive correlation between the abundance of Bifidobacteria 
and both dairy intake and diarrhea in lactose intolerant 
patients. Lactose is artificially converted to lactulose and 
used as a laxative. A review study also mentioned that low 
doses of lactulose significantly increased the number of 
Bifidobacterium and Lactobacillus spp.52 This indicated 
that diarrhea induced by HFHPD had a certain correlation 

Figure 6.  (A) Unweighted pair-group method with arithmetic means clustering tree based on Jaccard distances. (B) Principal coordinate 
analysis based on Jaccard distances. The closer the distance between the 2 points, the more similar the microbial community structure in 

the 2 samples. LCC, normal group; LMC, model group.

Table 1.  Composition of Lactase-Producing Bacteria of Intestinal 
Contents at the Phylum and Genus Levels

LCC LMC

Actinobacteria 0.999169 ± 
0.000871

0.999972 ± 
0.000033

Firmicutes 0.000268 ± 
0.000522

0.000000 ± 
0.000000

Proteobacteria 0.000563 ± 
0.000698

0.000028 ± 
0.000033

Bifidobacterium 0.998964 ± 
0.001104

0.999908 ± 
0.000049

Saccharopolyspora 0.000091 ± 
0.000182

0.000000 ± 
0.000000

Lactobacillus 0.000262 ± 
0.000525

0.000000 ± 
0.000000

Lachnoclostridium 0.000006 ± 
0.000012

0.000000 ± 
0.000000

Rhizobium 0.000000 ± 
0.000000

0.000003 ± 
0.000004

Sinorhizobium 0.000389 ± 
0.000745

0.000004 ± 
0.000006

Sphingobium 0.000000 ± 
0.000000

0.000018 ± 
0.000035

Unclassified 0.000288 ± 
0.000288

0.000067 ± 
0.000052

Data are expressed as mean ± SD.
LCC, normal group; LMC, model group.
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with Bifidobacterium. Nevertheless, an increase in the 
dominant lactase-producing bacteria does not imply 
an elevation in lactase activity. Protein activity is closely 
related to its structure and modifications.53 Therefore, the 
normal expression of lactase genes may also be hindered 
by the HFHPD-altered intestinal environment, such as 
pH,54 which affects lactase activity in the intestine.

Finally, there are still some limitations in this study, that is, 
the activity of microbial lactase gene expression was not 
verified. Simultaneously, due to the variability of micro-
bial ecological regions, different regions of the intestinal 
microbiota reflect different responses to dietary fac-
tors. In this study, we only preliminarily investigated the 
characteristics of the bacterial lactase gene in intestinal 
contents under the intervention of HFHPD, and other 
intestinal regions still need to be further explored.
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