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Simple Summary: Saccharin sodium (SS) is one of the commonly used artificial sweeteners (AS)
in the food industry, but the mechanisms mediating the physiological effects of sweeteners in the
gut-brain axis is still unclear. The aim of this study was to explore the regulatory effect of SS on
the microbiota-gut-hypothalamus axis on guinea pigs. We found that SS treatment may alter the
growth and glucose metabolism of guinea pigs by activating sweet receptor signaling in the gut
and growth hormone-releasing peptide (GHRP) hormone secretion. Besides, SS treatment increased
the abundance of Firmicutes and Lactobacillasceae-Lactobacillus in the ileum, and subsequently
increased levels of lactic acid and short-chain fatty acids (SCFAs). Adding 1.5 mM SS to drinking
water alters the growth of guinea pigs by regulating the microbiota-hypothalamus-gut axis. This
conclusion has theoretical implications for the comprehensive assessment of the biological effects of
appropriate SS in the food industry.

Abstract: The effects of saccharin, as a type of sweetener additive, on the metabolism and devel-
opment of mammals are still controversial. Our previous research revealed that saccharin sodium
(SS) promoted the feed intake and growth of guinea pigs. In this experiment, we used the guinea
pig model to study the physiological effect of SS in the microbiota-gut-hypothalamus axis. Adding
1.5 mM SS to drinking water increased the serum level of glucose, followed by the improvement
in the morphology and barrier function of the ileal villus, such as SS supplementation which in-
creased the villus height and villus height/crypt depth ratio. Saccharin sodium (SS) treatment
activated the sweet receptor signaling in the ileum and altered GHRP hormone secretion. In the
hypothalamus of SS and control (CN) group, RNA-seq identified 1370 differently expressed genes
(796 upregulated, 574 downregulated), enriching into the taste signaling transduction, and neuroac-
tive ligand–receptor interaction. LEfSe analysis suggested that Lactobacillaceae-Lactobacillus was the
microbe with significantly increased abundance of ileum microorganisms in the SS-treated group,
while Brevinema-Andersonii and Erysipelotrichaceae-Ilebacterium were the microbes with significantly
increased abundance of the control. Furthermore, SS treatment significantly enhanced the functions
of chemoheterotrophy and fermentation of ileal microflora compared to the CN group. Accordingly,
SS treatment increased levels of lactic acid and short-chain fatty acids (acetic acid, propionic acid
and N-valeric acid) in the ileal digesta. In summary, drinking water with 1.5 mM SS activated sweet
receptor signaling in the gut and altered GHRP hormone secretion, followed by the taste signaling
transduction in the hypothalamus.
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1. Instruction

Artificial sweeteners (AS) are widely used in food products and soft drinks. Saccharin
has good hydrolysis and PH stability, which can be completely absorbed and quickly
metabolized [1]. Early intervention studies revealed that the chronic replacement of dietary
sugar with AS can reduce energy intake and body weight via reducing calorie intake [2]. It is
suggested that AS induces taste receptor activation in the intestine and adaptively regulates
the expression of glucose transporters (SGLT-1/GLUT2), which are closely related to the
glucose homeostasis [3]. Therefore, many researchers insist that AS ingestion stimulates
hunger and consequently increases food intake via activating sweet taste receptors in the
small intestine [4,5]. The paradoxical association between the consumption of AS and
weight gain mainly focuses on the feed intake, glucose absorption, and gut flora. The
importance of nutrient-induced brain-gut signaling in the regulation of animal metabolism
and food intake has become increasingly obvious. However, the mechanisms mediating
the physiological effects of sweeteners in the gut-brain axis are still unclear.

Gut microflora not only influences intestinal function, but also plays an important
role in regulating brain-gut axis signals [6]. An earlier study found that saccharin intake
reduced the ratio of anaerobic/aerobic microorganisms in the gut of rats using the first-
generation DNA sequencing technology [7]. However, which specific microorganisms are
involved is still unclear. Short-chain fatty acids (SCFAs), deriving from bacteria-dependent
hydrolysis of fibers, are essential to intestinal epithelial cells, which can modulate their
proliferation and differentiation, to influence gut motility and to strengthen the gut barrier
functions as well as host metabolism [8]. Furthermore, SCFAs are predicted to have an
essential role in microbiota-gut-brain crosstalk [9]. Therefore, exploring the regulatory
effects of AS on mammalian growth and metabolism requires comprehensive consideration
from the perspective of the microbiota-gut-brain axis.

Diversity in sweet taste sensation among mammal species occurs also at the level
of the gut [10]. Since guinea pig is sensitive to external stimuli, it is a suitable animal
model for AS research. What is more, the diet of guinea pig is mainly composed of plant-
derived fiber, which makes the content of SCFAs in the intestine extremely vulnerable [11].
Mallett et al. suggested that adding saccharin in the diet could alter the ratio of SCFAs in
the cecum of mice and inhibit the hydrolysis of amylase [12]. Therefore, we hypothesized
that saccharin sodium might regulate gut development and energy intake through SCFAs.
In this experiment, we aim to explore the regulatory effect of saccharin sodium (SS) on the
microbiota-gut-hypothalamus axis, which can provide a theoretical basis for studying the
effect of AS on adolescent development.

2. Materials and Methods
2.1. Animal, Diets, and Management

Two feeding trials were conducted for 28 days: a control group which received normal
water and a SS group which received water with 5 mM SS solution. The dose of SS
was designed the same as in the previous experiments [13]. A total of 12 (4-week-old)
female Harley-white guinea pigs (Cavia porcellus) with a body weight of 240.7 ± 7.7 g were
housed in the Laboratory Animal Research Center of Zhejiang Chinese Medical University
(Hangzhou, China) and in accordance with guidelines approved by the National Laboratory
Animal Management Regulations (SYXK(ZHE)-2018-0012) and the Institutional Animal
Care and Use Committee of Zhejiang Chinese Medical University (IACUC- 20181224–14).
Only female guinea pigs were chosen in this study to observe specific effects on female
animals. The environmental conditions were set the same as in the previous study [14].
The room temperature was kept at 21 to 23 ◦C, relative humidity of 30–40%. The treatments
were randomly assigned to six replicates each. All guinea pigs were fed the same meal
every day in the morning and body weight data were collected every 7 days.
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2.2. Sample Collection

At the end of the experimental periods, all guinea pigs were euthanized by CO2
anesthesia. All guinea pigs were in the luteal phase on the day of sampling to ensure
consistent physiological conditions. Blood was collected immediately from the heart
and serum was then separated by centrifugation at 1118 g for 10 min at 4 ◦C. Serum
biochemical indices, including TG (triglyceride), ALT (glutamic-pyruvic transaminase),
AST (glutamic-oxalacetic transaminase), TC (total cholesterol), CRE (creatinine), ALP
(alkaline phosphatase), UA (uric acid), GLU (glucose), CHO (cholesterol), and TP (toll
protein) were measured using assay kits (Unicel DXC 800, Breaa, CA, USA). After the
hypothalamus and ileum mucosa were collected, the samples were repeatedly washed
with DEPC sterilized water and stored in liquid nitrogen and then stored at −80 ◦C for
RNA-Seq and RT-qPCR. The hypothalamic tissue samples were homogenized with a low-
temperature high-throughput grinder to extract RNA. The sample collection of ileum
followed methods used in previous study [15].

2.3. Analysis and Observation of Intestinal Morphological

The ileum segments were fixed in 4% paraformaldehyde for hematoxylin-eosin (HE).
The averaged villus height and crypt depth were measured by using ImagePro Plus soft-
ware version 6.0 (Media Cybernetics, Rockville, MD, USA). For each slide, morphological
analyses and observation were performed at magnifications of 50 times.

2.4. Lactic Acid and SCFA Detection in the Ileal Digesta

The samples were added into 2 mL of water (1:3 phosphoric acid aqueous solution)
and vortex and homogenate samples for 2 min. Then, 1 mL of ether was added in the
samples to extract for 10 min, 4000 rpm/min and centrifuge for 20 min under 4 ◦C, followed
by adding 1 mL of ether into solutions to extract and centrifuge for 10 min at 4000 rpm.
The two extracts were combined and volatilized to within 1 mL and analyzed for further
detection. The concentration of lactic acid (9–5000 U/L) was measured using commercial
assay kits (A020-2-2) purchased from Nanjing Jiancheng Bioengineering Institute, Nanjing,
China. SCFAs were quantified using a gas chromatography/mass spectrometry analysis
(GC/MS, Thermo Fisher ISQTM LT, Thermo Fisher Scientific, Waltham, United State). The
SCFAs were separated on a TG WAX capillary column (30 m × 0.25 mm × 0.25 µm) using
helium (He) as a carrier gas at a flow rate of 1 mL/min. Column temperature: 100 ◦C
(5 min) −5 ◦C/min −150 ◦C (0 min) −30 ◦C/min −240 ◦C (30 min). Fatty acid profiles
were measured and are expressed in milligrams per gram of total SCFA in the ileal digesta.

2.5. RNA Isolation

Hypothalamus and ileal mucosa samples were randomly selected for RNA isolation
following methods in previous studies [15]. Total RNA was extracted using Trizol reagent
(15596018; Invitrogen LifeTechnologies, Carlsbad, CA, USA) according to the manufac-
turer’s protocol with the nucleic acid/protein quantitative measuring instrument (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). For each individual hypothalamus sample, 3 µg of
RNA were used for samples preparation and a NEBNext1 UltraTM RNA Library Prep Kit
for Illumina1 (New England Biolabs, Inc., Ipswich, MA, USA) as sequencing libraries was
used according to the manufacturer’s protocols. The cDNA was selected at 250–300 bp in
length and PCR products were purified by performing AMPure XP system (Beckman Coul-
ter, Beverly, MA, USA). The quality of the library was evaluated on the Agilent Bioanalyzer
2100 system (Agilent Technology Co., Ltd., Santa Clara, CA, China).

2.6. RNA-Seq Analysis

The raw data in FASTQ format are processed through internal Perl scripts, and clean
data are obtained by removing low-quality data or adapter sequences from the raw data
(FASTX-Toolkit). The filtering criteria are adapters, low-quality reads (Qphred <= 20,
phred = −log10(e), e(base-calling error rate) = 0.01) at the 3′end, reads with fuzzy N bases,
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rRNA sequences shorter than 20bps. In order to allow for less than two base mismatches,
all double-end data from the two groups were compared with the guinea pig reference
genome (Cavia porcellus 3.0, Scaffolds). The reads per kilobase per million (RPKM) were
used to calculate gene expression intensity. For this study, if RPKM in one group is >0.3,
but is <0.3 in the other group, the gene is only expressed in one of the two groups. The
DESeq2 R package (1.16.1) were used to analyze the differential expression of the two
groups and the resulting P values needed to be adjusted to control the false discovery
rate by using the Benjamini-Hochberg method [16]. The genes were defined as differently
expressed genes (DEGs) when the gene expression levels had a p value <0.05, fold change
>1.5 (increased 1.5 times compared with the control) or 0< fold change <0.67 (decreased
1.5 times compared with the control).

2.7. Genes Identification

Gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
were used for performing enrichment analysis of the significant overrepresentation of GO
items and KEGG pathway categories.

2.8. qRT-PCR

Although RNA-Seq is the core technology of gene expression profiling, qRT-PCR is
still the preferred technology for verification. qRT-PCR were performed because qRT-PCR
validation of microarray involves hybridization to a glass slide and the dynamic range of
microarrays has long been known to be constrained compared to qRT-PCR. When RNA-
Seq data are based on a small number of biological replicates, performing qRT-PCR on
more samples and focusing on some interesting goals is a good way to verify RNA-Seq
results and construct studies. Ten DEGs were randomly selected for performing qRT-
PCR. Total mRNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and was reverse-transcribed using the cDNA reverse transcription kit (TaKaRa, Dalian,
China) with gDNA Eraser. The one-step real-time RT-PCR (ABI7500; Applied Biosystem,
Carlsbad, CA, USA) was performed using SYBR Premix Ex TaqTM and was used to quantify
the mRNA expression levels. Supplementary Data 1 show the primer sequence (Primer
Express 3.0.1 software). The relative quantitation of a given gene expression was adjusted
as the housekeeping gene, β-Actin, using the 2−∆∆CT−method [17], and normalized to
the control.

2.9. 16 S Ribosomal DNA Gene Sequencing

Five samples of ileal digesta were chosen for 16S rDNA gene sequencing analysis
and a QIAampDNA Stool Mini Kit (Qiagen Inc., Valencia, CA, USA) was used for DNA
extraction, following methods used in previous studies [15]. Barcode-specific primers
(16S V4, 515F, GTGCCAGCMGCCGCGGTAA; 806R, GGACTACHVGGGTW TCTAAT)
were used to amplify different regions of the 16S rRNA gene. Quantitative Insights Into
Microbial Ecology software (v1.7.0, http://qiime.org/ (accessed on 21 December 2020))
was performed to analyze the sequences. The quality control removes the linker sequence
contained in the reads, and removed the low-quality reads with a base error rate less than
0.01 (Qphred <= 20). Clean reads refer to the sequence that is finally used for subsequent
analysis after filtering the chimera. UPARSE software (v7.0.1001) was used to analyze
sequences and they were clustered into operational taxonomic units (OTUs) at a similarity
level of 97%. Each operational taxonomy unit (OTU) will have a representative sequence
and use the ribosome database item classifier to perform classification. UCHIME was used
to identify and remove chimeric sequences. The most abundant sequence in each OTU is
designated as representative sequences and ribosomal Database Project (RDP) classifier
was used to classify. Ace, Chao, Shannon, and Simpson diversity indices were used to
calculate the Alpha calculation index of community richness. Beta diversity was assessed
by principal component analysis (PCA) and the significance of separation was analyzed by

http://qiime.org/
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ANOSIM (R, v2.15.3). The functional potential of bacteria communities was predicted by
using Tax4Fun analysis.

2.10. Statistical Analyses

Data were presented as the mean ± SD or mean ± SEM (for gene expression). The
significant differences were evaluated using test in SPSS 11.0 for Windows. Comparisons of
the relative abundances of microbia between the two groups were performed by unpaired
Student’s t-test. Significant difference was declared when p < 0.05. The significance level
for difference was p < 0.05. The Tax4Fun analysis package was used to compare the
sequencing data with the bacterial metagenomics database (SILVA Reference data) for
microbial function prediction. The analysis process refers to previous experiment [18].
LEfSe (LDA Effect Size) is used to analyze high-dimensional biomarkers (genes, pathways,
and taxa), which can figure out the biological correlation and biomarker with statistical
difference between groups.

3. Results
3.1. Serum Biochemical Indexes

We first assessed the effect of SS on the serum metabolic indices of guinea pigs
(Table 1). The SS group resulted in poorer (p < 0.05) UA and GLU than the CN group.
However, SS supplementation had no significant effects on serum levels of TG, ALT, AST,
CRE, ALP, CHO, and TP. The gastrointestinal tract participates in brain–gut interactions
through brain–gut peptides, mainly including growth hormone-releasing peptide (GHRP),
glucagonlike peptide 1 (GLP-1), cholecystokinin (CCK), peptide-YY (PYY). In the current
study, adding SS to drinking water increased the serum level of GHRP (p < 0.05) with no
significant effects on PPY, GLP1, and CCK.

Table 1. The effects of saccharin sodium on the serum biochemical indexes and brain–gut peptide.

Indexes CN SS p-Value

TG (mmol/L) 0.75 ± 0.09 0.83 ± 0.07 0.488
ALT (U/L) 71.3 ± 7.0 86.9 ± 8.2 0.168
AST (U/L) 105 ± 11 114 ± 14 0.614

CRE (µmol/L) 17.1 ± 3.9 11.6 ± 3.2 0.282
ALP (U/L) 262 ± 26 295 ± 27 0.392

UA (µmol/L) * 86.4 ± 14.1 121.3 ± 8.7 0.05
GLU (mmol/L) * 10.2 ± 0.3 12.4 ± 0.4 0.001
CHO (mmol/L) 0.83 ± 0.04 0.80 ± 0.04 0.646

TP (mmol/L) 48.1 ± 2.2 49.5 ± 3.4 0.73
CCK (pg/mL) 38.8 ± 5.2 43.2 ± 5.3 0.136
PPY(pg/mL) 35.8 ± 2.9 34.0 ± 5.6 0.456

GHRP(pg/mL) * 54.8 ± 3.5 60.8 ± 4.3 0.014
GLP1(pg/mL) 4.50 ± 0.72 4.15 ± 0.75 0.347

The results are expressed as the mean ± SD, the significance level for difference is p < 0.05 (t-test, n = 6). TG,
triglyceride; ALT, glutamic-pyruvic transaminase; AST, glutamic-oxalacetic transaminase; TC, total cholesterol;
CRE, creatinine; ALP, alkaline phosphatase; UA, uric acid; GLU, glucose; CHO, cholesterol; TP, toll protein.
* indicates significance difference.

3.2. Morphological Analysis of the Ileum Villus

As is shown in Figure 1, the villus height and villus height/crypt depth ratio were
raised by supplementing with SS (p < 0.05, Figure 1a,c), along with the decreased crypt
depth compared with the CN group (p > 0.05, Figure 1b). SS supplementation improved
the ileal villus density compared with the CN group based on the photomicrographs of the
ileum cross section (Figure 1d).
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Figure 1. The effects of saccharin sodium on the ileal villus morphology. (a) Comparison of ileum villus length between the
two groups. (b) Comparison of ileum crypt depth between the two groups. (c) Comparison of ileum villus height/crypt
depth between the two groups. (d) Representative photomicrographs of the ileum cross section in guinea pigs. Original
magnification is 50×. Values are means, with their standard errors represented by vertical bars, n = 6. ** p < 0.01. CN, the
control group; SS, the saccharin sodium-treated group.

3.3. Gene Expressions of Taste Receptors, Glucose Transporter and Tight Junction in the
Ileal Mucosa

Taste receptor type 1 member 2/3 (T1R2/3) is the sweet receptor expressing in the
ileum. In the present experiment, SS treatment upregulated the mRNA expressions of T1R2,
T1R3, and downstream genes (PLCβ2, phospholipase Cβ2; TRPM5, transient receptor
potential cation channel subfamily M member 5; Figure 2, p < 0.05). Furthermore, SS
treatment exerted significant main effects on upregulating mRNA expressions of solute
carrier family 5 member 1 (SGLT1, p < 0.05), but with no effects on GLUT2. The tight
junction protein is the major indicator to evaluate the intestinal barrier function. The
mRNA expressions of tight junction protein 1 (ZO1) and claudin 1 (CLDN1, p < 0.05) in the
ileal mucosa of SS groups were much higher than those in the CN group. However, there
were no significant effects of SS on claudin 2 and occludin.

Figure 2. mRNA expressions of genes in the ileal mucosa. Data are presented as mean ± SEM
(n = 6) (SPSS 11.0). Abbreviations: T1R2, taste receptor type 1 member 2; T1R3, taste receptor type 1
member 3; PLCβ2, phospholipase Cβ2; TRPM5, transient receptor potential cation channel subfamily
M member 5; SGLT1, solute carrier family 5 member 1; GLUT2, solute carrier family 2 member 2;
ZO1, tight junction protein 1; CLDN1, claudin 1; CLDN2, claudin 2; OCLN, occludin. CN, the control
group; SS, the saccharin sodium-treated group. * p < 0.05, ** p < 0.01.
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3.4. The Levels of Lactic Acid and SCFAs in the Ileal Digesta

As we can see in Figure 3, adding SS to drinking water significantly increased the level
of lactic acid in the ileal digesta (p < 0.05). Furthermore, a significant increase of acetic acid,
propionic acid, and N-valeric acid was similarly observed in the ileal digesta of SS-treated
guinea pigs compared with the CN group (Table 2, p < 0.05). Meanwhile, the levels of
isobutyric acid (p = 0.069) and isovaleric acid (p = 0.092) in the ileal digesta of the SS group
were higher than that of the CN group. There are no significant effects of SS on the levels
of N-butyric acid and N-hexanoic acid in the digesta.

Figure 3. The effects of SS on the lactic acid content in the ileal digesta. Values are means, with their
standard deviation represented by vertical bars, n = 5. ** p < 0.01. CN, the control group; SS, the
saccharin sodium-treated group.

Table 2. The effects of saccharin sodium on short-chain fatty acids in the ileal digesta.

Groups Acetic Acid *
(mg/kg)

Propionic
Acid *

(mg/kg)

Isobutyric
Acid

(mg/kg)

N-Butyric
Acid

(mg/kg)

Isovaleric
Acid

(mg/kg)

N-Valeric
Acid *

(mg/kg)

N-Hexanoic
Acid

(mg/kg)

CN 800 ± 31 484 ± 23 26.2 ± 0.7 587 ± 148 18.2 ± 1.5 47.8 ± 1.3 2.60 ± 0.28
SS 1021 ± 71 625 ± 28 33.9 ± 7.0 695 ± 77 24.3 ± 6.9 60.8 ± 4.3 2.77 ± 0.59

p-value <0.001 <0.001 0.069 0.183 0.092 <0.001 0.589

Unit: mg/kg. Values were expressed as the mean ± SD, and differences were considered significant when p < 0.05 as analyzed by t-test
(n = 5). CN, the control group; SS, the saccharin sodium-treated group. * indicates significance difference.

3.5. Effects of the Saccharin Sodium Intervention

Sequence data showed that SS supplementation had an impact on the microbial
composition of ileal digesta. Each group tested 6 samples, sequence data with >25,000
were considered to be included, which resulted in 5 samples for each group for final
analysis. Furthermore, the number of average raw sequence reads detected in each group
exceeded 85,411 (Supplementary Data 2). In order to study the species composition of each
sample, OTUs (operational taxonomic units) clustering was conducted with 97% identity
for the effective tags of all samples, which yielded a total of 6231 OTUs for the entire
dataset (Supplementary Data 2). There is no major difference between the diversity indices
(Shannon and Simpson) and richness estimators (Ace and Chao) of ileal digesta microbiota
in the CN and SS groups (Figure 4a). The PCA analysis indicated that the ileal microbiota
composition exhibited significant changes after SS treatment, with a significant separation
between the CN and SS groups (t-test, p < 0.05) (Figure 4b).
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Figure 4. Principle coordinate and diversity analysis of ileal digesta samples, n = 5. (a) Effects of
saccharin sodium on the diversity of ileal microbiota in guinea pigs. (b) Principle coordinate analysis
of ileum samples. CN, the control group; SS, the saccharin sodium-treated group.

The bacterial composition was evaluated at different taxonomic levels. The dominant
bacterial groups were Firmicutes, Bacteroidetes, Actinobacteria, Spirochaetes, Euryarchaeota,
and Proteobacteria at the phylum level. The abundance of Firmicutes tended to decrease in
the SS group in comparison with the CN group (Figure 5a,b, p = 0.078). In contrast, the
abundance of Bacteroidetes in the CN group is lower than that in the SS group (Figure 5a,b,
p = 0.129). The relative abundance of Muribaculaceae (p < 0.05) and Lactobacillaceae (p < 0.01)
dramatically increased in the SS group when compared to the CN group (Figure 5c,d) at
the family level. In contrast, SS treatment significantly decreased the relative abundance of
Erysipelotrichaceae and Eubacteriaceae (Figure 5c,d, p < 0.05). At the genus level, the relative
abundance of Lactobacillus was significantly increased after SS treatment, along with a
decrease in the relative abundance of Ileibacterium (Figure 5e,f, p < 0.01).

As is shown in Figure 5g,h, Bacilli, Lactobacillales, Lactobacillaceae, and Lactobacillus
were the biomarkers in the SS group distinguishing them from the CN group. Mean-
while, Brevinema-andersonii, Brevinemataceae, Brevinema, Brevinematales, Eubacteri-
acae, ilebacterium, Clostridia, Clostridiales, Erysipelotrichaceae, Erysipelotrichia, and
Erysipelotrochales more widely exist in the digesta of the CN group compared with the
SS group.

Tax4Fun analysis was used to evaluate the changes in the presumptive functions of the
ileal microbiota of guinea pigs. Figure 6a shows that the top 25 predicted microbial func-
tions at the second level of the GO enrichment. Chemoheterotrophy, fermentation, methano-
genesis, hydrogenotrophic_methanogenesis, methanogenesis_by_CO2_reduction_with_H2,
dark_hydrogen_oxidation, nitrate_reduction, animal_parasites_or_symbionts, mammal_gut,
ureolysis have top predicted functions with rich Taxa. SS treatment significantly enhanced
the functions of chemoheterotrophy and fermentation of ileal microflora compared to the
CN group (Figure 6b, p < 0.05). The abundance of GO terms related to ureolysis was
significantly reduced (Figure 6b, p < 0.05). The top abundant microbial pathways enriched
into second-level functional categories were about cellular process, environmental informa-
tion processing, genetic information processing, human diseases, metabolism, organismal
system (Figure 6c). Among them, cell growth and death, signaling molecules, carbohy-
drate and lipid metabolism, nervous system, immune system, and endocrine system were
significantly enriched after SS supplementation.
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Figure 5. Effects of saccharin sodium on the abundance of ileal microbiota in guinea pigs, n = 5. (a,b) phylum-level
composition; (c,d) Genus-level composition; (e,f) Species-level composition. The values are expressed as mean ± SD, n = 5.
* p < 0.05, ** p < 0.01. CN, the control group; SS, the saccharin sodium-treated group. (g,h) High-dimensional biomarkers
(LDA value distribution histogram revealed by LEfSe software. (b) Evolutionary branch graph. LDA value distribution
histogram indicates species with LDA Score higher than the default setting value (4), which is the biomarker of statistical
differences between groups. The length of the histogram (LDA Score) represents the influence on the different species. In
the evolution branch diagram, the circles radiating from the inside to the outside represent the classification level from
the phylum to genus (or species). Each small circle represents a classification at a different level, the diameter of which
is proportional to the relative abundance size. Coloring principle: species with no significant differences are uniformly
colored yellow; the color of the species biomarker is the same as the corresponding group. CN, the control group; SS, the
saccharin sodium-treated group.
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Figure 6. Functional clustering analysis of different OTUs between the SS and CN groups. (a) Tax4Fun analysis of the
enriched GO functions at the second level. (b) The enriched GO functions with significant difference. (c) The most important
microbial pathways enriched into second-level functional categories using Tax4Fun. CN, the control group; SS, the saccharin
sodium-treated group.

3.6. Hypothalamic RNA Sequencing Data and Identification of DEGs in the Hypothalamus
between Groups

To study the gene expression profiles in the hypothalamus, we performed RNA-seq
analysis of SS-treated guinea pigs and the controls. Note that 52−64 million (M) clean reads
from eight RNA-Seq libraries were received to obtain more references to get concise reads
with a high proportion of mapped reads ranging from 89.54% to 91.31% after removing
the low-quality and adaptor sequences. Most mapped reads were located within an exon
(67.01−71.05%), and fewer mapped reads were located within the introns (4.62−6.43%) and
intergenic (22.52−26.87%) regions (Supplementary Data 3). These results demonstrated
that, compared with the hypothalamus transcriptomes between the SS and CN groups,
these 8 libraries had high quality and high coverage of the guinea pig genome.

In the hypothalamus of the SS and CN groups, we identified 1370 DEGs, among
which 796 genes were upregulated and 574 genes were downregulated (Figure 7c, |Fold
change| >1.5, p value < 0.05). All the information of annotated gene and DEGs are shown
in Supplementary Data 4. There were 610 upregulated DEGs and 394 downregulated
DEGs identified in the KEGG and GO databases using Omicbean analysis software. PCA
and hierarchical clustering analysis revealed that 3 SS samples were clustered together
and were distinctly different from the clustering of 3 controls (Figure 7a,b). These data
demonstrated that SS exhibited unique gene expression profiles in comparison with that
of controls.
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Figure 7. Identification and validation of DEGs in the hypothalamus using RNA-seq and qRT-PCR. (a) Principal component
analysis (PCA) using gene expressions (FPKM) of all samples. (b) The hot map of hierarchical clustering analysis using
genes expression values. Red color indicates high gene expression; blue color indicates low gene expression. (c) Scatter plot
of DEGs (SS vs. CN). Red dots stand for upregulated genes with p value < 0.05 and fold change >1.5. Green dots stand for
downregulated genes with p value < 0.05 and fold change <0.67. (d) Omicbean analysis software was used to determine the
number of DEGs in the KEGG and GO databases (up-/downregulated) (e) qRT-PCR was used to determine relative RNA
expressions of random selected genes in the chick hypothalamus. Data are shown as mean ± SEM (n = 6) calculated by
ANOVA (SPSS 11.0). (f) Cufdiff software (n = 3) was used to determine Log2 (fold change) of gene expression abundance
(GE vs. CN) from RNA-seq data. Abbreviations: AGRP, agouti-related neuropeptide; BDNF, brain-derived neurotrophic
factor; Cacna1c, calcium voltage-gated channel subunit alpha1 C; CREB1, cAMP responsive element binding protein 1;
GABRA5, gamma-aminobutyric acid type A receptor subunit alpha5; HCN4, hyperpolarization activated cyclic nucleotide
gated potassium channel 4; HTR1B, 5-hydroxytryptamine receptor 1B; KCNB1, potassium voltage-gated channel subfamily
B member 1; SCN2A, sodium voltage-gated channel alpha subunit 2; SLC18A2, solute carrier family 18 member A2; CN,
control group; SS, saccharin sodium-treated group.
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3.7. Function Enrichment Using DEGs of Hypothalamus RNA-Seq

To further characterize the enriched functions, we performed Gene Ontology (GO)
analysis using the upregulated DEGs (Supplementary Data 5). Figure 8a indicates the top
10 enriched terms of biological process, cell component and molecular function at all the
GO annotated levels. Importantly, many of these enriched GO terms are closely related to
nervous system development (GO:0007399), cell–cell signaling (GO:0007267), neuron part
(GO:0097458), synapse (GO:0045202), protein binding (GO:0005515) and cation binding
(GO:0043169). At the 6th level (Figure 8b), we can see in detail that DEGs were mostly
enriched into trans-synaptic signaling (GO:0099537), generation of neurons (GO:0048699),
brain development (GO:0007420), plasma membrane bounded cell projection morphogene-
sis (GO:0120039), synaptic vesicle exocytosis (GO:0016079), synaptic vesicle localization
(GO:0097479), cell morphogenesis involved in neuron differentiation (GO:0048667), cel-
lular protein modification process (GO:0006464), organic hydroxy compound transport
(GO:0015850), ion transmembrane transport (GO:0034220), secretion by cell (GO:0032940)
monoamine transport (GO:0015844), regulation of plasma membrane bounded cell projec-
tion organization (GO:0120035), cation transport (GO:0006812), regulation of catecholamine
secretion (GO:0050433), and positive regulation of cell development (GO:0010720). KEGG
annotation was used to identify the function of enriched DEGs in the signaling pathways.
Figure 8c indicates that DEGs were annotated to 13 KEGG pathways in the hypothala-
mus (p value_adjusted < 0.05). Among them, cAMP signaling pathway, MAPK signaling
pathway, Ras signaling pathway, phosphatidylinositol signaling system, and neuroac-
tive ligand–receptor interaction were closely related to signal transduction and signaling
molecule interaction. Furthermore, insulin secretion, axon guidance, cocaine addiction,
taste transduction, nicotine addiction, phosphatidylinositol signaling system, and am-
phetamine addiction have the most number of DEGs, indicating that these pathways play
important roles in the endocrine system, nervous system, sensory system, and development.
In addition, SS treatment enhanced renin secretion, which was related to the hypothalamic
thirst by angiotensin stimulation. We validated the expression of 9 genes in these related
pathways using real-time qRT-PCR and demonstrated that Cacna1c, Gabra5, Hcn4, Htr1b,
Kcnb1, Scn2a, Bdnf, Creb, and Slc18a2 were increased in SS compared with the control.

Protein–protein Interaction Analysis for all upregulated DEGs using Cytoscape bioin-
formatics was performed (Figure 8d, Supplementary Data 5). The major biologic functions r
were significantly related to the categories’ neuroactive ligand–receptor interaction, MAPK
signaling pathway, Ras signaling pathway, insulin secretion, axon guidance, cocaine addic-
tion, taste transduction, nicotine addiction, cAMP signaling pathway, and Amphetamine
addiction. Among them, Cacnalc, Creb1, Bdnf, GSK3b, Scn2a, Grin2a, Slit1, Abl1, Oxtr,
Agtr1, Gnrhr, Chrm5, Tacr3, and Grp are related to the most abundant genes, which can
help explain why SS treatment can activate taste-signaling transduction.
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Figure 8. Bioinformatics analysis of RNA-Seq data from the hypothalamus. (a) The top 10 enriched
items in each main category (biologic process, cell component, and molecular function) of the
GO database at all levels using upregulated DEGs between the SS vs. CN groups. (b) Level 6 of
enriched biological processes with most significant difference. (c) Signaling pathway analysis using
upregulated DEGs between the SS vs. CN groups. (d) Using DEGs of the SS vs. CN groups to analyze
protein–protein interaction. Circular nodes stand for genes/proteins; rectangles stand for KEGG
pathways or GO biological process terms. The pathways are colored with a gradient from yellow
to blue, where yellow demonstrates a smaller p-value and blue demonstrates a larger p value. GO
biological processes are shown in red. Genes/proteins are colored red for upregulation in the fold
change analysis.
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4. Discussion

Saccharin sodium (SS), as a type of AS, is widely used in human food. Under normal
dietary conditions, AS can regulate energy balance through the neuroendocrine system [19].
However, it is unclear whether SS has direct or indirect effects on animal metabolism
and growth. The relevant data published by our team revealed that adding 1.5 mM SS
to drinking water increased the feed intake and body weight gain of guinea pigs [14].
In the present study, SS treatment significantly increased the serum level of glucose in
comparison with the CN group, this increase may affect the energy intake and body weight
of guinea pigs. Previous research suggested that the diet with 5% AS caused a significant
increase in blood glucose and metabolic disorders in rats [20–22]. In the current experiment,
SS treatment had no significant effect on the serum levels of TG, CHO, AST, and ALT,
indicating that the increase in blood glucose was still within the tolerance range of guinea
pigs, and induced no obviously metabolic disorders and abnormal organ function. This
difference might be related to the different dose of SS and the tolerance of guinea pigs from
other animals.

Sternini et al., have proved that the taste receptor exists in the intestinal endothelial
cells and endocrine cells, which can regulate the intestinal cavity and food intake [23]. In
the present experiment, SS treatment significantly increased the transcriptional expressions
of T1R2, T1R3, and downstream genes (PLC-β2, TRPM5). It is demonstrated that sweet
receptor T1R2/T1R3 can increase the glucose absorptive capacity in response to AS through
regulating SGLT1 expression [24]. Consistently, drinking water with SS significantly
upregulated transcriptional levels of SGLT1 in the ileum, which could explain why blood
glucose in the serum increased. The presence of AS can initiate gut-brain signaling via the
release of gut hormone and concomitant activation of vagal afferents [25]. Importantly,
SS treatment increased the serum level of GHRP. GHRP, as the only type of appetite-
stimulating brain gut peptide, is known to promote gastric acid production, gastric motility
and emptying. Furthermore, as an endogenous ligand of growth hormone secretagogue
type I receptor (GHSR), GHRP can stimulate the pituitary gland to release growth hormone
and promote appetite [26]. Therefore, SS treatment might increase the feed intake and body
weight through activating sweet receptor signaling and brain–gut hormone secretion.

The hypothalamus is at the core of homeostatic control, which integrates signal input
involved in eating behavior [27]. Ventromedial hypothalamic area (VMH) is known as the
“satiety center”, expressing orexigenic factors [28]. In the current study, adding SS into
the drinking water promoted hypothalamus nervous system development, trans-synaptic
signaling, generation of neurons, synaptic vesicle exocytosis, synaptic vesicle localization
and sensory system development. Furthermore, SS treatment enhanced expression of
genes involved in this processes which was closely associated with signal transduction
and signaling molecule interaction. ARC neurons, expressing the neurotransmitter NPY
and agouti-related peptide (AGRP), signal to stimulate feeding [29]. Importantly, SS
treatment upregulated the expression of AGRP in the hypothalamus in comparison with
the control. Furthermore, SS treatment upregulated the transcriptional levels of CREB1,
GSK3B, SLC18A2, and Cacna1c, which were enriched into dopaminergic synapse process.
Therefore, SS treatment can activate taste signaling transduction, and enhanced neuroactive
ligand–receptor interaction through altering the RNA profile in the hypothalamus.

As mentioned above, the optimal adding level of SS had not resulted in obviously
metabolic disorders in guinea pigs. Energy intake is not the only one impact factor impacted
by SS treatment, there must be other regulatory effectors. The gut microflora is an important
participant in the brain–gut axis system, known as the “second brain”, mediating neural
signaling exchange and growth development [30]. In the present study, the addition of
SS increased the abundance of Firmicutes in the ileum, while reducing the abundance
of Bacteroidetes. Bacteroidetes and Firmicutes are the dominant bacteria in the mammal
gut. Several studies have suggested that the abundance of Firmicutes in the gut is directly
proportional to body weight gain, while Bacteroides is the opposite, which is consistent
with the growth phenotype in this experiment [31,32]. Therefore, we concluded that SS
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might promote the growth of guinea pigs by regulating the gut microflora. What we
stress here is that SS treatment increased the family abundance of Muribaculaceae and
Lactobacillus in the ileum, followed by the increased level of lactic acid. Sufficient evidence
revealed that Lactobacillus can maintain the micro-ecological balance, inhibit pathogen
proliferation in the intestine, and improve immune function [33–35]. Bacteria in the family
S24-7 (phylum Bacteroidetes) are dominant in the gut microbiota of mouse and have been
detected in the intestine of other animals [36]. The latest research indicated that S24-7 plays
an important role in complex dietary carbohydrate degradation, which is consistent with
the elevated blood glucose after SS treatment in this experiment. In contrast, adding SS
to drinking water reduced the abundance of Erysipelotrichaceae and Eubacteriaceae, among
which Ileibacterium decreased significantly. In particular, the family Erysipelotrichaceae is
emerging as a group of bacteria that may affect host metabolism and inflammatory diseases,
and closely related species have been associated with obesity or protection from weight
gain on a high-fat diet [37–39]. LEfSe analysis suggested that Lactobacillasceae-Lactobacillus
was the biomarker of ileum microorganisms in the SS-treated guinea pigs, while Brevinema-
Andersonii and Erysipelotrichaceae-Ilebacterium were the biomarkers of the CN group. This is
consistent with the abundance analysis of microflora above. It is further suggested that
SS treatment could promote the proliferation of Lactobacillus, and reduce the abundance
of Ilebacterium in the ileum, which plays an important role in regulating the balance of
gut microflora. Gut microbiota will influence liver, brain, and even the metabolism of
muscle tissue, finally affecting the whole energy metabolic network in the host (Schroeder
and Bäckhed 2016). In the present research, KEGG pathway analysis suggested that SS
treatment influenced cell growth and death, signaling molecules, carbohydrate and lipid
metabolism, the nervous system, immune system, and endocrine system. In addition, the
SS group exhibited significantly less abundance of GO terms related to ureolysis. This
was consistent with the decrease of serum urea in SS-treated guinea pigs. Therefore,
gut microflora plays an essential role in the regulation of growth and metabolism after
SS treatment.

Gut microbiota is an essential barrier for the host and plays vital roles in the di-
gestion and fermentation of carbohydrates, intestinal villi development, and immune
response [40]. The metabolites produced by the bacterial fermentation of diets, namely
SCFAs, play an essential role in linking host nutrients to intestinal homoeostasis main-
tenance. Furthermore, due to their neuroactive properties and their influence on other
gut-brain signaling pathways, including the immune and endocrine systems, SCFAs may
directly or indirectly participate in communication along the microbiota-gut-brain axis [9].
Mallett et al. suggested that the diet with 5% or 7.5% saccharin increased digesta con-
tent in rats, followed by the increased level of lactic acid [11]. In the current experiment,
adding SS to drinking water significantly increased the lactic acid level in the digesta,
which is consistent with the increase of Lactobacillus in the ileum and fermentation process
enriched by GO analysis. As we all know, Lactobacillus produces organic acids, enzymes
and acidophilins by fermentation process to improve nutrient potency and growth per-
formance [41,42]. Further detection revealed that SS treatment increased the content of
acetic acid, propionic acid, N-valeric acid, N-butyric acid, and N-hexanoic acid in the
ileal digesta. Acetate is a fermentation product for most gut bacteria, while butyrate and
propionate are produced by more specific bacterial species. Propionate is mainly involved
in the process of gluconeogenesis [43], while acetate and butyrate are mainly involved in
lipid biosynthesis [44]. It is reported that the amounts of acetate and propionate correlate
positively with Bacteroidetes within Firmicutes [45,46]. This is consistent with the change of
ileal microflora in our experiment. Through glycoside hydrolases, polysaccharide lyases,
and carbohydrate esterases, gut-associated bacterial communities associated with the in-
testine can decompose and ferment complex carbohydrates into SCFAs [46]. Butyrate is
produced from acetate, lactate, amino acids, and various carbohydrates via glycolysis. In
the present study, the change of butyrate in the digesta is consistent with that of lactic acid
and acetic acid, which are associated with the enriched process of complex carbohydrate
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degradation. Therefore, SS treatment could promote the production of lactic acid and
SCFAs by regulating gut microflora. Besides, SCFAs act as specific G protein-coupled
receptor (GPR) signaling molecules to regulate glucose metabolism [47]. This also explains
the consistency of changes in ileal SCFA content and serum biochemical indexes after SS
treatment. Furthermore, previous study indicated that SCFAs can decrease pH of the gut
and restrain the colonization and proliferation of some pathogens [48]. In this current study,
adding SS to drinking water significantly inhibited the abundance of pathogenic bacteria
in the ileum. Therefore, adding 1.5 mM SS to drinking water is beneficial to improve the
intestinal health of guinea pigs.

Previous studies demonstrated that SCFAs play an essential role in improving the
morphology and function of epithelial cells [8]. For example, butyrate, as the main energy
source of intestinal cells, is metabolized by hindgut cells. Accordingly, we found that
SS supplementation increased the villus height and villus height/crypt depth ratio. The
increase in the intestinal villi height can reflect the increased number of mature villi cells
and absorptive capacity. The high value of villus height/crypt depth ratio indicates that the
intestine has strong digestive and absorption capacity. Previous studies suggested that SS
treatment could produce more SCFAs by regulating gut microflora and improve intestinal
villi morphology. Similarly, the dietary fiber is fermented, resulting in SCFAs, which
promote proliferation of the mucosal epithelium and villus height [49]. Previous studies
indicated that SCFAs (acetate, propionate, and butyrate) produced by the microbiota as
final metabolites can improve gut barrier function [50]. Supplementing butyrate to diet
can inhibit the disruption of the intestinal epithelial barrier induced by high-fat diet by
upregulating CLDN1 gene expression [51]. Similarly, SS treatment significantly increased
the mRNA expressions of zonula occludes protein, including ZO1 and CLDN1, which can
enhance the barrier function of intestinal epithelial cells. Therefore, SS supplementation
might enhance intestinal barrier function via regulating SCFAs.

5. Conclusions

In conclusion, the microbiota-gut-hypothalamus axis plays an important role in the
regulatory effect of SS on the growth and glucose metabolism of guinea pigs. SS treatment
activated sweet receptor signaling in the gut and altered GHRP hormone secretion, fol-
lowed by the taste signaling transduction in the hypothalamus. Importantly, SS treatment
increased the abundance of Firmicutes and Lactobacillasceae-Lactobacillus in the ileum,
followed by the increased levels of lactic acid and SCFAs. Therefore, adding 1.5 mM SS
to drinking water is beneficial to promote the growth of guinea pigs through regulating
the microbiota–hypothalamus–gut axis. This finding is of theoretical significance for com-
prehensively evaluating the biological effects of appropriate levels of saccharin in food
and drinks.
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Data 3: Reads statistics of RNA-Seq data. Supplementary Data 4: Gene expression abundance and
difference analysis of hypothalamus samples. Supplementary Data 5: Function enrichment using
DEGs between the SS and CN groups.
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