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1. Introduction

	 Diabetes, a chronic metabolic disease, leads to 

several life-threatening complications and deteriorates 

the quality of life of patients worldwide1. Prolonged 

hyperglycemia is a classic characteristic of type 2 

diabetes (T2D)2-4; therefore, effective regulation of 

glucose metabolism has become the key breakthrough 

point in treating T2D5,6. In 1985, researchers discovered 

1 Graduate School of Comprehensive Human Sciences, 
University of Tsukuba, 1-1-1 Tennodai, Tsukuba, 
Ibaraki 305-8577, Japan.
2 Division of Clinical Medicine, Faculty of Medicine, 
University of Tsukuba, 1-1-1Tennodai, Tsukuba, Ibaraki 
305-8577, Japan.
3 Research Fellow of the Japan Society for the Promotion 
of Science, 5-3-1 Kojimachi, Chiyoda-ku, Tokyo, 
102-0083, Japan.
4 Department of Health Promotion Sciences, Graduate 
School of Human Health Sciences, Tokyo Metropolitan 
University,1-1 Minami-Osawa, Hachioji-shi, Tokyo, 
192-0397, Japan.

5Department of Clinical Laboratory Science, Faculty of 
Health Sciences, Tsukuba International University, 6-20-1 
Manabe, Tsuchiura, Ibaraki 300-00051, Japan.

*Corresponding author: Kazuhiro Takekoshi, Division 
of Clinical Medicine, Faculty of Medicine, University of 
Tsukuba, 1-1-1Tennodai, Tsukuba, Ibaraki 305-8577, 
Japan.
E-mail: k-takemd@md.tsukuba.ac.jp

Received for Publication: October 4, 2022
Accepted for Publication: November 18, 2022

〈Research Article〉�

Fecal supernatant from renalase gene knockout mice weakens
the AKT/JNK pathway to decrease the expression of Pc1/3 and 
Boc-Arg-Val-Arg-Arg-MCA cleaving activity in STC-1 cell line

Hui Fang1, Kai Aoki2,3, Katsuyuki Tokinoya3,4, Yasuko Yoshida 5, Masato Yonamine1,2, 
Yasushi Kawakami2 and Kazuhiro Takekoshi2,*

Summary  Prohormone converting enzyme 1/3 (Pc1/3) is known to lower glucose levels by 
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an incretin called glucagon-like peptide 1 (GLP-1)7. It 

is produced by the specific cleavage of proglucagon 

under the action of prohormone converting enzyme 1/3 

(Pc1/3) in enteroendocrine large granule cell8. GLP-1 

interacts with the GLP-1 receptor on pancreatic islet β 

cells to activate intracellular cyclic adenosine mono-

phosphate, initiating the transcription of the insulin 

gene to induce insulin secretion and lower glucose 

levels in the circulatory system8-10. Therefore, enteroen-

docrine L cells and the expression and activity of Pc1/3 

play important roles in the regulation, development, 

and treatment of T2D.

	 The gut is the habitat of the microbiota colonizing 

the gastrointestinal tract and endocrine L cells11-13. 

Previous studies have revealed that colonized micro-

biota and their metabolites increase the number of 

enteroendocrine L cells to improve glucose homeo-

stasis14. In addition, probiotics, such as Lactobacillus 

and Bifidobacterium strains, enhance insulin secretion 

and exert glucose regulatory effects by upregulating the 

activities of Pc1/315. The gut microbiota-derived 

metabolites are also involved in glucose regulation in 

different ways. For example, short-chain fatty acids 

(SCFAs) increase enteroendocrine L cell density and 

promote GLP-1 production via the G protein-coupling 

receptor16,17 wherein secondary bile acids promote L 

cell differentiation via 5-hydroxytryptamine (5-HT) 

signaling18. Furthermore, an adaptive relationship 

between the host and gut microbiota has also been 

reported19. In other words, the host gene can affect the 

gut microbiota composition and their metabolites, and 

the gut microbiota and their metabolites participate in 

maintaining the fitness of the host. 

	 Renalase was first discovered in 2005 as a flavo-

protein oxidase, synthesized in the kidney20. With 

research advancements, single nucleotide polymor-

phisms of Rnls were found that a closely correlation 

with an increasing risk of diabetes and complica-

tions21-23. It has also been reported to exert anti-

inflammatory and antioxidative effects and is involved 

in gene transcription24-26. Our previous study reported 

that Rnls is highly expressed in the intestinal crypt for 

anti-oxidation26. Recently, we have demonstrated that 

Rnls knockout (Rnls-/-) resulted in the remodeling of the 

gut microbiota27. However, the relationship between 

Rnls, gut microbiota, and enteroendocrine L cell func-

tion is still unclear. Therefore, in this study, we aimed 

to determine the effect of dysbiosis of gut microbiota 

and metabolites on the biological activity of endocrine 

L cells in Rnls-/- mice.

2. Materials and Methods

Mice 

	 Fifteen male B6,129S1-Rnlstm1Gvd/J mice 

(Rnls-/- mice, four-week-old) and 15 healthy male 

C57BL/6J mice (wild-type mice (Rnls+/+); four-

week-old) were obtained from Jackson Laboratory 

(CA, USA). All mice were housed in microisolator 

cages at 23-26°C and humidity of 60% with a 12-h 

light/dark cycle and free access to a normal diet 

(ND; Cat#MF; Oriental Yeast, Itabashi, Tokyo, 

Japan) and sterile water, five mice in one cage. After 

1 week of acclimatization to the environment, the 

mice were divided into Rnls-/--ND (n = 15) and 

Rnls+/+-ND (n = 15) groups and mice in each group 

were numbered from one to fifteen, fed with ND 

throughout the experimental period (8 weeks). The 

guidelines of the Animal Care Committee of the 

University of Tsukuba (approval number: 21-027) 

were followed during the whole animal experimental 

procedures.

Fecal supernatant preparation

	 Thirty clean and sterile microisolator cages 

were taken without bedding substrate and numbered 

the cage according to the grouping of mice. 

Afterwards, mice in each group were placed in 

correspondingly numbered cages (one mouse per 

cage) and allowed to defecate naturally. After 5-10 

minutes, 3-5 droppings were visible in each cage. 

The feces were then picked up with sterile forceps 

and placed in two pre-labelled 10 ml centrifuge 

tubes (marked as Rnls+/+-ND and Rnls-/--ND group). 

By this way, samples of fresh feces from Rnls+/+-ND 

and Rnls-/--ND groups (1 g from each group) were 

enough collected, and each mouse contributed. After 

that, dissolved in 5 mL phosphate buffer (PBS: 2.7 

mmol/L KCl, 1.76 mmol/L KH2PO4, 137 mmol/L 

NaCl, and 10 mmol/L Na2HPO4) and homogenized 
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on ice. Subsequently, the homogenized solution was 

centrifuged (10000 ×g, 10 min, 4°C) as described in 

previous studies28,29. Supernatants were collected, 

and coarse particles and bacteria were removed by 

filtration using a 0.22-μm filter (Millex-GV, Merck 

Millipore Limited, Tullagreen, Ireland.)28,29.

Cell culture

	 STC-1 cell line was purchased from American 

Type Culture Collection (CRL-3254™, ATCC, VA, 

USA). Dulbecco’s modified Eagle’s medium (DMEM; 

high glucose with L-glutamine; Cat#11965092, 

Thermo Fisher Scientific, MA, USA) with 10% fetal 

bovine serum (FBS; Cat#CCP-FBS-BR-500, Cosmo 

Bio, Tokyo, Japan), 100 U/mL penicillin, and 100 mg/

mL streptomycin were used for cell culture. Cells were 

grown at 37°C and 5% CO2. 

Cell viability assay

	 1.5 × 105 cells/well were seeded and those 

12-well plates were stimulated with 50 μL fecal super-

natant (from Rnls+/+ and Rnls-/- mice) or 50 μL PBS 

plus 2% FBS DMEM (1.15 mL) after overnight 

culture in DMEM. Cell viability was measured using 

the resazurin assay, as described previously30. Briefly, 

Medium (1 mL) containing 0.004% resazurin 

(Cat#R0203, Tokyo Chemical Industry, Tokyo, Japan) 

was added to each well after 48 h of stimulation, and 

incubated for 3 h at 37°C. Subsequently, a 96-well 

black plate was used for holding medium (100 µL) 

from each well. The fluorescence intensity of the 

medium was measured at 590 nm emission and 569 

nm excitation wavelengths using Varioskan LUX 

(Thermo Fisher Scientific, MA, USA). All treatments 

were performed in triplicates.

Western blotting

	 5 × 105 cells/well were seeded in 6-well plates, 

and at 85–90% confluence, the culture medium was 

changed to 2% FBS DMEM. STC-1 cells were stim-

ulated with 100 μL fecal supernatant or 100 μL PBS 

plus 2% FBS DMEM (2.3 mL). The cells were 

harvested for protein and RNA analyses after 48 h 

of stimulation. All treatments were performed in 

triplicates.

	 Cells were scraped from plates into ice-cold NP40 

lysis buffer (1% NP40, 150 mmol/L NaCl, 50 mmol/L 

Tris-HCl (pH 7.5)) that included a protease inhibitor 

cocktail (Cat#25955-24, Nacalai Tesque, Kyoto, 

Japan) and phosphate inhibitor (Cat#4906845001, 

Roche, Basel, Switzerland) tablets in a microtube. The 

supernatants of the protein lysates were moved to new 

microtubes after centrifuged at 12,000 × g for 15 min 

at 4°C. Subsequently, using a BCA assay kit 

(Cat#T9300A, Takara Bio, Tokyo, Japan) to detect the 

protein concentrations following the manufacturer’s 

instructions. The protein lysate (2 mg/mL) were 

adjusted and mixed with 2× loading buffer including 

2-mercaptoethanol and denatured at 95°C for 5 min. 

Afterward, sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (10%) was performed at 120 V for 90 

min for separation the prepared sample. Subsequently, 

a polyvinylidene fluoride membrane was used for 

protein transmembrane by an overnight wet transfer 

method at 25 V, 4°C. TBS-T buffer (50 mmol/L 

Tris-HCl, 150 mmol/L NaCl, 0.05% Tween 20, pH 

7.6) containing 5% skim milk was used for blocking 

the membrane for 60 min, and then washing with a 

TBS-T buffer for three times (5 min/time). The 

membrane was incubated with the primary antibody 

listed in Table 1 with overnight gentle shaking at 4°C. 

Antibody name Company and code Dilution

P44/42 Cell signaling technology, #4695 1:1000

p-P44/42 Cell signaling technology, #4377 1:1000

SAPK/JNK Cell signaling technology, #9252 1:1000

p-SAPK/JNK Cell signaling technology, #4668 1:1000

AKT Cell signaling technology, #9272 1:1000

p-AKT Cell signaling technology, #9271 1:1000

GAPDH Santacruz Biotechnology, sc-365062 1:1000

Table1. Lists of antibodies 
Table1	 List of antibodies
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The next day, the membrane was washed with TBS-T 

buffer three times (5 min/time), then incubated with 

the secondary antibody: anti-mouse IgG (1:5000, 

#7076, Cell Signaling Technology, MA, USA) and 

anti-rabbit IgG (1:5000, #7074, Cell Signaling 

Technology, MA, USA) with gentle shaking at room 

temperature for 60 min. After three times washing 

with TBS-T buffer, a chemiluminescence reagent 

(WSE-7120, EzWestLumi Plus, ATTO, Tokyo, Japan) 

was used for visualizing the target protein bands on 

FUSION FX7.EDGE (Vilber Lourmat, Marne-la-

Vallee, France) and saved as TIFF images. Finally, 

using ImageJ Fiji (version Java 8, Bethesda, USA) to 

quantify the intensity of the bands. 

Gene expression analysis

	 STC-1 cells were cultured and harvested as 

described in the previous section. Afterward, 

Sepasol-RNA I Super G (Cat#09379-55, Nacalai 

Tesque, Kyoto, Japan) was used for RNA extraction, 

following the manufacturer’s instructions to quantify 

the expression of Pc1/3 in STC-1 cells stimulated 

with different fecal supernatants. The concentration 

of extracted total RNA was adjusted to 100 ng/μL 

with Milli-Q water. Using the PrimeScript RT 

Master Mix (Cat#RR036A, Takara Bio, Tokyo, 

Japan) and according to the manufacturer’s instruc-

tions, cDNAs were prepared.  Diluting cDNAs to 10 

times by MilliQ water for the quantitative poly-

merase chain reaction (qPCR). The reaction volume 

of qPCR comprised 5 µL master mix (Cat#RR820S, 

TB green Premix Eaq II, Takara Bio, Tokyo, Japan), 

0.1 µL primer solution (10 µmol/L forward and 

reverse each), 2 µL template, and 2.8 µL Milli-Q 

water. The QuantStudio 5 Real-Time PCR System 

(Thermo Fisher Scientific, MA, USA) was used for 

monitoring the amplification. Thermal cycling 

conditions are as follows: one cycle at 95°C for 5 

min, subsequently 40 cycles at 95°C for 3 s, and 

60°C for 30 s for melting curve analysis. The 

primers are as follows: GAPDH (forward sequence 

5’-GGAAACCCATCACCATCTTC-3’, reverse 

sequence 5’-GTGGTTCACACCCATCACAA-3’); 

Pc1/3 (forward sequence 

5’-GCEAAGAGGCAGTTTGTTAATGA-3’, reverse 

sequence  5’-TGATTTCAAGTGATCCAATCTG-3’). 

All qPCR assays were conducted in duplicate. 

Relative gene expression was normalized by GAPDH, 

and analyzed it using quantification cycle (Cq) values 

and the two delta-delta CT (2-∆∆CT) method. 

Analysis of the enzymatic hydrolysis activity of 

Boc-Arg-Val-Arg-Arg-MCA

	 For the assessment of the enzymatic hydrolysis 

activity of t-Butyloxycarbonyl-L-arginyl-L-valyl-L-

arginyl-L-arginine 4-methylcoumaryl-7-amide 

(Boc-Arg-Val-Arg-Arg-MCA), STC-1 cells were 

seeded in 12-well plates at a density of 1.5 × 105 

cells. At 85–90% confluence, the culture medium 

was changed to 2% FBS DMEM. STC-1 cells were 

stimulated with 50 μL mice fecal supernatant or 50 

μL PBS plus 2% FBS DMEM (1.15 mL). All treat-

ments were performed in triplicates. Co-cultured 

cells at 0, 6, 12, 24, 36, 48h were scraped from 

plates into ice-cold NP40 lysis buffer (1% NP40, 

150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH 7.5)) 

that  included a  protease inhibi tor  cocktai l 

(Cat#25955-24, Nacalai Tesque, Kyoto, Japan) and 

phosphate inhibitor (Cat#4906845001, Roche, Basel, 

Switzerland) tablets in a microtube. The supernatants 

of the protein lysates were moved to new microtubes 

after centrifuged at 12,000 × g for 15 min at 4°C. 

Subsequently, using a BCA assay kit (Cat#T9300A, 

Takara Bio, Tokyo, Japan) to detect the protein 

concentrations following the manufacturer’s instruc-

tions. The protein lysate concentration was adjusted 

to 3 mg/mL for further study. 

	 Pc1/3 is the mammalian homologs of the KEX2 

proteinase, while KEX2 included other processing 

endopeptidases, such as Pc2, Pc4, Pc4 and so on8. 

The encoded enzymes have been proved to correctly 

process some protein or peptide precursors into their 

mature forms by cleaving mainly after basic amino 

acid pairs such as Lys-Arg and Arg-Arg. Hence, the 

peptide called Boc-Arg-Val-Arg-Arg -MCA 

(3155-V, Peptide Institute Inc, Osaka, Japan) was 

used for analyzed the enzyme activity. Fifteen 

microgram (5μL) protein lysates as the enzyme 

source were added to the assay buffer (5 μL, 4 mmol/
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L Boc-Arg-Val-Arg-Arg-MCA and 40 μL, 0.1% 

bovine serum albumin-1mmol/L CaCl2). The 

mixture was incubated at 37°C for 30 min, and the 

reaction was stopped by adding 200 μL, 1 mol/L 

acetic acid. Finally, the fluorescence intensity was 

measured at emission 460 nm/excitation 380 nm31. 

One unit (1U) of enzyme activity is defined as the 

fluorescence intensity increased per 0.01 into the 

corresponding product in 30 min at 37°C.

Statistical analyses 

	 Using GraphPad Prism version 8 software 

(GraphPad Software, CA, USA), one-way analysis 

of variance (ANOVA) with Tukey’s test was used 

for comparing the difference among the three 

groups, and an unpaired t-test was used for 

comparing the difference between the two groups. 

The mean ± standard deviation was selected for 

exhibiting data. Statistically significant was defined 

as P values of < 0.05. 

3. Results

Fecal supernatant from Rnls+/+ mice effectively 

promotes the cell proliferation of STC-1 cell line

	 As shown in Fig. 1, the proliferation of STC-1 

cells co-cultured with fecal supernatants for 48 h 

was elevated compared to that in those co-cultured 

with PBS (Rnls+/+-ND group vs. PBS group, P < 

0.01; Rnls-/--ND group vs. PBS group, P < 0.05). 

Fecal supernatant from Rnls+/+ mice effectively acti-

vated the AKT/JNK signaling pathway in STC-1 

cells

	 To further elucidate the role of metabolites in L 

cell activation, we incubated fecal supernatant with 

STC-1 cells and analyzed the classic signaling 

pathway, such as phosphorylation level of SAPK/

JNK (p-SAPK/JNK), AKT (p-AKT) and P44/42 

(p-P44/42). STC-1 cells co-cultured with the fecal 

supernatant from Rnls+/+ mice had high expression of 

p-SAPK/JNK and p-AKT relative to that of GAPDH 

(Fig. 2A, B). However, there was no difference in 

p-P44/42 expression among the three groups (Fig. 

2B). In addition, the ratio of p-P44/42/P44/42, 

p-AKT/AKT, and p-SAPK/JNK/SAPK/JNK demon-

strated similar results (Fig 2C–E). STC-1 cells 

co-cultured with the fecal supernatant showed an 

increased p-AKT/AKT ratio, while there was no 

difference in the ratio of p-P44/42/P44/42 (Fig 2C, 

E). In addition, STC-1 cells co-cultured with the 

fecal supernatant from Rnls -/- mice showed a 

decreased p-SAPK/JNK/SAPK/JNK ratio compared 

to Rnls+/+ mice (Fig 2D). 

Fecal supernatant from Rnls+/+ mice elevates the 

mRNA expression of Pc1/3 in STC-1 cell line

	 Quantification of the mRNA expression of 

Pc1/3 demonstrated that STC-1 cells co-cultured 

with the fecal supernatant from Rnls+/+ mice showed 

elevated mRNA expression of Pc1/3 compared to 

those co-cultured with fecal supernatant from Rnls-/- 

mice and PBS. STC-1 cells co-cultured with the 

fecal supernatant from Rnls-/- mice did not influence 

the mRNA expression of Pc1/3 (Fig. 3). 

The fecal supernatant enhanced the enzymatic 

hydrolysis activity of Boc-Arg-Val-Arg-Arg-MCA 

in STC-1 cells with a time-dependent manner.

	 To understand the effects of fecal supernatant 

stimulation on the enzymatic hydrolysis activity of 

Boc-Arg-Val-Arg-Arg-MCA in STC-1 cells, we 

monitored the changes in the enzymatic hydrolysis 

activity of Boc-Arg-Val-Arg-Arg-MCA over time. 

The findings demonstrated that the enzymatic hydro-

lysis activity of Boc-Arg-Val-Arg-Arg-MCA was 

time-dependent, increasing from 0 to 12 h and 

decreasing after that till 48 h, and it reached the peak 

in each group at 12 h (Fig. 4A, B). This result 

suggested that the enzymatic hydrolysis activity of 

Boc-Arg-Val-Arg-Arg-MCA was unrelated to the 

stimulation factors. Moreover, the enzymatic hydro-

lysis activity of Boc-Arg-Val-Arg-Arg-MCA was 

the highest in STC-1 cells stimulated with fecal 

supernatant from Rnls+/+ mice (Fig. 4C). 
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Fig.3 Effects of fecal supernatants from Rnls+/+ and Rnls-/- mice on the mRNA expression of Pc1/3 in STC-1 cell line.
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Fig. 1.	� Effects of fecal supernatants from Rnls+/+ and Rnls-/- mice on cell 

proliferation of STC-1 cell line. Relative cell survival rate. STC-1 

cells were stimulated with different fecal supernatants for 48 h. 

Asterisks indicate significant differences (*P < 0.05, **P < 0.01 

vs. PBS). Data are shown as the mean ± standard deviation (SD); 

n = 3 in each group.

Fig. 3.	 Effects of fecal supernatants from Rnls+/+ and Rnls-/- mice on the 

mRNA expression of Pc1/3 in STC-1 cell line. STC-1 cells were 

stimulated with different fecal supernatants for 48 h, and the 

mRNA expression of Pc1/3 was analyzed using qPCR post-stimu-

lation. **P < 0.01 vs. fecal supernatant from Rnls+/+mice. Data are 

shown as the mean ± SD; n = 3 in each group.

Fig.2.	� Effects of fecal supernatant from Rnls+/+ and Rnls-/- mice on Akt/JNK signaling pathway activation in STC-1 cell line.

The protein expression levels of p-P44/42, P44/42, p-SAPK/JNK, SAPK/JNK, p-AKT and AKT were analyzed 

using western blotting after stimulating STC-1 cells with different fecal supernatants for 48 h. (A) Representative 

western blot images, (B) The protein expression of p-P44/42, P44/42, p-SAPK/JNK, SAPK/JNK, p-AKT and 

AKT relative to GAPDH, the ratio of (C) p-P44/42/P44/42, (D) p-SAPK/JNK/ SAPK/JNK, and (E) p-AKT/AKT.  

*P < 0.05, **P < 0.01, ***P < 0.001 were considered as significant difference among the three groups. Data are 

shown as the mean ± SD; n = 3 in each group.
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4. Discussion

	 In this study, the underlying metabolites of gut 

microbiota from Rnls+/+ and Rnls-/- mice induced 

different endocrine L cell functions was demon-

strated. Gut homeostasis is considered a key factor 

in maintaining endocrine L cell function and is influ-

enced by the environment and host genetics11-13. One 

of our recent studies showed that Rnls plays the crit-

ical part in remodeling the gut microbiota27. The 

elevated ratio of Firmicutes/Bacteroidetes and 

decreased abundance of Bifidobacterium pseu-

dolongum in Rnls-/- mice indicate an increased risk 

of T2D32 and glycolipid dysfunction33,34. Moreover, 

our previous study demonstrated that Rnls knockout 

accelerates the progression of nonalcoholic steato-

hepatitis; conversely, increased Rnls expression 

effectively decreased oxidative injury in Caco-2 

cells25, 26. These results indicate the protective effects 

of Rnls. In this study, we co-cultured STC-1 cells 

with the extracted fecal supernatant with abundant 

metabolites of microbiota from Rnls+/+ and Rnls-/- 

mice. Comparing to PBS group, fecal supernatant 

from Rnls+/+ mice elevated STC-1 cell proliferation 

more strongly after 48 h of co-culture, although 

there was also a significant difference was observed 

between Rnls-/- fecal supernatant group and PBS 

group. This result suggested that Rnls plays an 

important role in cell proliferation, possibly by 

remodeling the gut microbiota and their metabolites.

	 Metabolites, such as SCFAs, secondary bile 

acids, and serotonin or 5-HT, from microbiotas have 

been shown to influence glucose homeostasis35-38. 

Moreover, SCFAs and secondary bile acids also act 

on MAPK, Toll-like receptors, and Wnt and play 

different roles in cell growth, inflammation, and 

aging39,40. Reportedly, Akt/JNK signaling activation 

positively affects cell proliferation and metabo-

lism41-43. Comparing to PBS group, fecal supernatants 

from Rnls+/+ mice could effectively activate p-AKT 

no matter normalized to GAPDH or AKT, while 

there was only a significant difference of p-AKT 

was observed between Rnls-/- fecal supernatant group 

and PBS group normalized to AKT. Moreover, fecal 

supernatant from Rnls+/+ mice exhibited higher 

expression of p-SAPK/JNK in comparation with 

fecal supernatant from Rnls-/- mice group and PBS 

Fig.4 
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Effects of fecal supernatants from Rnls+/+ and Rnls-/- mice on the enzymatic hydrolysis activity of Boc-Arg-Val-Arg-

Arg-MCA in STC-1 cell line.
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Fig. 4.	� Effects of fecal supernatants from Rnls+/+ and Rnls-/- mice on the enzymatic hydrolysis activity of Boc-Arg-

Val-Arg-Arg-MCA in STC-1 cell line. The enzymatic hydrolysis activity of Boc-Arg-Val-Arg-Arg-MCA in 

STC-1 cells co-cultured with fecal supernatants from Rnls+/+ (A) and Rnls-/- (B) mice exhibited a time-depen-

dent behavior. (C) the enzymatic hydrolysis activity of Boc-Arg-Val-Arg-Arg-MCA in STC-1 cells after 12 h 

co-culturing with different fecal supernatant. (A, B) ****P < 0.0001 vs. 0 h; (C) ***P < 0.001 vs. fecal superna-

tant from Rnls+/+ mice; Data are shown as mean ± SD; n = 3 in each group.
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group. This finding suggested that Rnls-/- altered the 

microbiota-derived metabolites in the fecal superna-

tant, which led to the inactivation of p-AKT and 

p-SAPK/JNK and consequently lowered cell prolif-

e ra t ion .  In  add i t ion ,  severa l  s tud ies  have 

demonstrated that Rnls, as a messenger, participates 

in acute injury and cancer progression24,44-47. With 

the consideration of these, our results suggest a 

novel character of Rnls in the maintenance of 

cellular homeostasis. 

	 Metabolites from microbiota not only regulate 

cell growth but also participate in cell function. It 

has been shown that different performance in the gut 

microbiota alter the expression of Pc1/3 in obesity-

prone and obesity-resistant mice fed a high fat diet48. 

Moreover ,  the  abundance  of  Akkermans ia 

muciniphila is related to the secretory capacity of L 

cells14. The metabolites from Bifidobacterium and 

Lactobacillus have been identified that maintaining 

glucose homeostasis by altering the levels of several 

gut hormones through different signaling path-

ways49-51. Furthermore, a recent study demonstrated 

a decreased abundance of Bifidobacterium and 

Lactobacillus in Rnls-/- mice27. Therefore, we specu-

lated that the changes in microbiota composition and 

metabolites by Rnls knockout could affect the 

expression of Pc1/3. Concordant with this hypoth-

esis, our results demonstrated that fecal supernatant 

from Rnls+/+ mice increased the mRNA expression 

of Pc1/3. Furthermore, the enzymatic hydrolysis 

activity of Boc-Arg-Val-Arg-Arg-MCA, a crucial 

factor affecting its function52, peaked after 12 h of 

fecal supernatant stimulation, and the fecal superna-

tants from Rnls+/+ mice had a stronger effect on the 

increased the enzymatic hydrolysis activity of 

Boc-Arg-Val-Arg-Arg-MCA than the fecal superna-

tants from Rnls -/- mice. This result could be 

explained by the changed gut microbiota composi-

tion and microbiota derived metabolites owing to 

Rnls knockout, which might influence on the protein 

processing. However, to understand how these 

changes in the microbiota and its metabolites 

brought about by Rnls knockout affect protein 

processing, further studies are necessary. Briefly, 

using targeted metabolomics and metagenomics 

analysis to uncover difference in metabolites from 

gut microbiota of Rnls+/+ and Rnls-/- mice, following 

by the identification of differentially expressed genes 

and signaling pathways, particularly those genes and 

signaling pathway involved in organelles (endo-

plasmic reticulum and Golgi) associate to protein 

synthesis, processing. Finally, thorough the Bray-

Curtis distance algorithm to calculate the effect of 

host and environmental factors on the alteration of 

genes and signaling pathways associated with endo-

plasmic reticulum and Golgi function. 

	 Our results explore the possible way of Rnls 

effect on glucose metabolism and provide a novel 

perspective to understand the role of Rnls in T2D 

and the diagnosis, treatment of T2D. Although 

different behaviors were observed, there are some 

limitations to this study. First at all, one question is 

that the choice of cell line limited us exploring. The 

reasons why we chose STC-1 cell lines to mimic 

endocrine L cells function not native L cells could 

be explained as follows: 1) primary L-cells is diffi-

cult to culture and 2) STC-1 cell lines is frequently 

used as models to study endocrine L-cell physiology, 

3) expresses higher Pc1/3 than other L cell lines 

(GLUTag and NCI-H716 cell lines). What we were 

concerned with is the effect of microbiota metabo-

lites on Pc1/3 expression, so it is suitable to use 

STC-1 cell lines. However, there is a disadvantage 

of STC-1 cell lines. STC-1 cell lines expressed 

lower level GLP-2 and glicentin, it is very unfavor-

able for GLP-1 production53. GLP-1 is produced by 

the specific cleavage of proglucagon under the 

action of Pc1/3, meanwhile, the participation of 

GLP-2 and glicentin is necessary for GLP-1 produc-

tion53. This is the one reason why we did not 

examine GLP-1 expression in this study. In further 

study, we will also use different type L cell lines to 

avoid such a disadvantage. Furthermore, owing to 

the purpose of this study is to analyze how the 

changes of metabolites in Rnls+/+ and Rnls-/- mice 

influenced L cells function, we did not establish Rnls 

knockout L cell lines. Undoubtedly, establishing 

Rnls knockout L cell lines is good for understand the 

effect of Rnls on L cells activation directly. In 

further study, we will establish and use Rnls 
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knockout L cell lines or Rnls overexpression L cell 

lines to reveal the regulation of Rnls on L cells acti-

vation. Moreover, we will purify and quantify 

metabolites from fecal supernatants to provide a 

clearer view of their influence in future study. 

Another problem is that the stimulation time of fecal 

supernatant in vitro. As we all known, fecal superna-

tant concluded many metabolites, such as SCFAs, 

bile acids, lipopolysaccharide and so on16,17,54. 

Therefore, these metabolites how effect on cell acti-

vation behaves diversity16,17,54. Some in vitro studies 

analyzed the changes of cell activation happened at 

different times (4h to 48h)55-57. Hence, in this study, 

we chose 48h as the time point to analyze the 

changes of cell signaling. Of course, it is a little less 

rigorous. Analyzing changes in cell signaling path-

ways at different time periods or more earlier time 

periods are better to understand the changes of cell 

signaling pathway. We will pay more attention in 

further studies.

	 In summary, our study showed that Rnls 

knockout impairs the expression of Pc1/3 and the 

enzymatic hydrolysis activity of Boc-Arg-Val-Arg-

Arg-MCA,  which  may  acce le ra te  g lucose 

dysfunction progression by remodeling the gut 

microbiota and their metabolites.
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