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Abstract

Background: Growing evidences indicate that the alterations in gut microbiota are associated with the efficgcy of
glucocorticoids (GCs) in the treatment of systemic lupus erythematosus (SLE). However, there is no evidernce to
prove whether gut microbiota directly mediates the effects of GCs.

Methods: Using the MRL/Ipr mice, this study firstly addressed the effects of three doses of prednisone on dut
microbiota. Then, this study used fecal microbiota transplantation (FMT) to transfer the gut microbiota of
prednisone-treated MRL/Ipr mice into the blank MRL/Ipr mice to reveal whether the gut microbiota regulatefl by
prednisone had similar therapeutic efficiency and side effects as prednisone.

Results:The effects of prednisone on gut microbiota were dose-dependent in the treatment of MRL/Ipr micqg. After
transplantation into MRL/Ipr mice, prednisone-regulated gut microbiota could alleviate lupus, which might be due
to decreasindRuminococcuand Alistipesind retaining the abundance afctobacilludHowever, prednisone-
regulated gut microbiota did not exhibit side effects as prednisone. The reason might be that the pathogen$
upregulated by prednisone could not survive in the MRL/Ipr mice as exogenous microbiota, Bachsasterella
ParabacteroideandEscherichia-Shigella

Conclusions:These data demonstrated that the transplantation of gut microbiota may be an effective methqd to
obtain the therapeutic effects of GCs and avoid the side effects of GCs.

Background disease, anemia, rashes, and neuropsychiatric symptoms
Systemic lupus erythematosus (SLE) is an autoimmung?2]. Although the pathogenesis of SLE is complex and
disease characterized by the presence of autoantibodiespt clear, genetic, environmental, and hormonal factors
which cause the formation of immune complexes and contribute to the occurrence of SLE3]. Standard clin-
inflammation of multiple organs 1]. The clinical mani- ical therapies for SLE are glucocorticoids combined with
festations of SLE are varied, including arthritis, renalimmunosuppressive agents, antimalarial drugs, and non-
steroidal anti-inflammatory drugs4]. At the same time,
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Glucocorticoids (GCs) are effective and commonly Experimental design to reveal the effects of prednisone
used anti-inflammatory and immunosuppressive agents.on gut microbiota in MRL/Ipr mice
In addition to SLE, GCs are used to manage inflamma-The MRL/lpr mice were grouped into four groups
tory diseases including inflammatory bowel disease(seven per group): (1) low-dose prednisone (Pred-2.5):
rheumatoid arthritis, and chronic renal diseases as welloral gavage with 2.5 mg prednisone/kg of the body per
as some cancerst] 7]. While the side effects seen in day; (2) middle dose prednisone (Pred-5): oral gavage
many organ systems limit GCd4ull dose range potential with 5 mg prednisone/kg of the body per day); (3) high-
and long-term use. GC-associated side effects may bdose prednisone (Pred-10): oral gavage with 10 mg pred-
musculoskeletal, endocrine, gastrointestinal, neuro-nisone/kg of the body per day; and (4) model group
psychiatric, cardiovascular, dermatologic, ocular, or im-(MT): oral gavage with sterile water per day. The time
munologic [8]. Recent studies have shown that somecourse and grouping information was shown in Figure
part of the signaling pathways related to GCs is due toSl. The entire experimental period was 8 weeks. In
their effects on gut microbiota 9, 10]. Thus, GCs may addition, the 8 weeks-old C57BL/6 mice were given oral
play therapeutic roles by altering the gut microbiota. gavage with sterile water per day as the control group

Gut microbiota inhabits the intestine, forming a (CT) throughout the experiment.
complex ecological community that influences normal The blood was obtained from the eye socket vein at 12
physiology and susceptibility to disease through itsh after the last drug administration and then centrifuged
collective metabolic activities and host interactions at 3000 rpm for 15 min at 4C for serum. After the blood
[11]. In the treatment of SLE by GCs, gut microbiota collection was completed, the MRL/lpr mice with 16
not only affects its efficiency but also serves as aweeks old were euthanized to obtain the fecal material,
therapeutic target 12, 13]. However, little is known spleen, liver, and tibial bone tissues. Fecal material was re-
about whether gut microbiota plays role in the side moved from the colon and stored aS80°C for further
effects of GCs in SLE. analysis. The spleen tissue was immediately weighed and

Firstly, to clarify how GCs regulates the gut micro- ground to prepare cell suspensions. The liver tissue was
biota, female MRL/Ipr mice were administered for a long immediately snap-frozen in liquid nitrogen and stored at
duration with three doses of prednisone. Then, the fecesS80°C. The tibial bone tissue was immediately stripped of
of prednisone-treated MRL/Ipr mice were transplanted the above musculature and stored at@.
into the MRL/Ipr mice to reveal the effects of
prednisone-altered gut microbiota on mice. lllumina Experimental design to reveal the effects of prednisone-
Miseq sequencing was used to explore the alterations imaltered gut microbiota on MRL/Ipr mice
gut microbiota caused by GCs. After clarifying the effects of prednisone on gut micro-

biota, this study employed fecal microbiota transplant-
ation (FMT) to reveal the effects of the prednisone-

Methods altered gut microbiota on MRL/Ipr mice. The female
Animals and chemicals MRL/lpr mice (8 weeks old) were grouped into three
This study used the MRL/MpJ-Fas Ipr (MRL-Ipr) groups (seven per group): MT (oral gavage with sterile
mouse strain as the model mouse for SLE. Femal&vater per day), Pred (oral gavage with 10 mg prednis-
MRL/Ipr mice were purchased from Shanghai SLAC one/kg of the body per day), and FMT (oral gavage with
Laboratory Animal Co., Ltd., at 7 weeks of age. Alla 200 L/day aliquot of fecal suspensions). FMT started
the mice were allowed to be acclimated to our animalfrom the second week of oral gavage prednisone. The
facility for 1 week and then randomly divided into time course and grouping information was shown in Fig-
different groups in the specific-pathogen-free environ- ure . The entire experimental period was 8 weeks.
ment of Zhejiang Chinese Medical University labora- The fresh feces were daily collected from the prednisone
tory animal research center. Mice were housed undertreated MRL/Ipr mice before the administration of pred-
a 12-h/12-h light/dark cycle and constant temperature nisone, then were resuspended in 5 times (weight/volume)
(25 + 1°C) and humidity (50 *+ 5%) with food and phosphate-buffered saline solution. The fecal suspensions
water available ad libitum. All animal experiments were passed through a 20-mm filter to remove large par-
were performed according to the requirements of the ticulate, and then, the filtrates were transferred into the
Institutional Animal Care and Use Committee of mice of the FMT group on the same day. The experiment

China. period and sampling methods were the same as above.
The prednisone (purity 99.0%, Sigma-Aldrich,

United States) was administered from 8 to 16 weeks ofLupus activity evaluation
age. Mice were weighed twice weekly, and the drugSerum anti-nuclear antibodies (ANA) and anti-double-
doses were adjusted accordingly. stranded DNA (dsDNA) were measured by ELISA
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method using mouse anti-dsDNA antibody (IgG) ELISA measured based on an enzymatic-colorimetric method
Kit (CUSABIO, Wuhan, China) and mouse anti-nuclear by using standard test kits on TBA-40FR automatic bio-
antibody (IgG) ELISA Kit (CUSABIO, Wuhan, China) chemical analyzer (Toshiba Medical Sys-terms Co., Ltd.,
that was based on double antigen sandwich ELISATokyo, Japan). BMD was assessed using the Faxitron X-
method. Serum blood urea nitrogen (BUN) was mea-ray with 5.0 kV for 6.0 s.
sured based on an enzymatic-colorimetric method by
using standard test kits on TBA-40FR automatic bio- Gut microbiota analysis
chemical analyzer (Toshiba Medical Sys-terms Co., Ltd.Stool samples were collected within 10 min after eutha-
Tokyo, Japan). nization. Total genomic DNA was extracted from each
Spleen tissues of the mouse were collected to preparstool sample using the Fecal DNA Extraction Kit (Bio-
the spleen cell suspension. Cell suspensions were prefFeke Corporation, Beijing, China) according to the man-
pared from the spleens and blocked in the presence olufacturers protocols. DNA extracts were determined by
anti-CD16/CD32 at 4°C for 15 min, and GC B cells were agarose gel electrophoresis (1% w/v agarose) and quanti-
stained with FITC-anti-CD19, PE-anti-CD3, PE-Cy5- fied using a nanodrop 2000 spectrophotometer (Thermo
B220, and GL-7 biotin with PE/Cy7 streptavidin. PlasmaFisher Scientific). Qualified DNA was PCR amplified
cells were incubated with FITC-anti-CD3, PE-anti- with broad-range bacterial primers targeting the V¥4
CD138, and PE-Cy5-B220. DN T cells were stained withregions of the 16S rRNA gene as previously described
anti-CD3, anti-CD4, and anti-CD8 antibodies. For the [14]. Subsequently, the amplicons were purified accord-
staining of surface antigens, cells were incubated withing to standard procedures, quantified, pooled, and se-
antibodies 30min on ice and washed and analyzed byjuenced with the Miseq Reagents Kit v3 (600 cycles,
CytoFLEX S Flow cytometer (Beckman Coulter, Inc.) All lllumina) according to the manufacturés instructions.
the results were analyzed using Flowjo software. TheThe sequencing reaction was conducted by Hangzhou
antibodies mentioned above were applied according toLegenomics Bio-Pharm Technology Co., Ltd., Zhejiang,
the manufactureis instructions. All antibodies and re- China.
agents were purchased from BD Biosciences or After sequencing, generated FASTQ data of the MRL/
BioLegend. Ipr mice were prepared for analysis using Quantitative
The kidney tissue was also harvested from exsanguiinsights Into Microbial Ecology (QIIME, Version 1.9)
nated mice, flushed with 1 x PBS, dissected longitudin-[15]. The clean reads were extracted from the raw-
ally, and fixed in 4.0% formaldehyde overnight, andpaired end reads according to previous studie&4].
decalcified in EDTA decalcification solution. The tissues UCLUST was used to cluster sequencing reads into op-
were then embedded in paraffin. Sections of Bn were erational taxonomical units with a 97% similarity cutoff
cut from paraffin-embedded tissues and stained with[16]. Bacterial taxonomy was assigned by using the
hematoxylin and eosin (H&E) to evaluate the damage ofSILVA [17] and NCBI databases1B]. The OTUs with

kidney tissue. less than 0.05% sequences of the total number of reads,
or present in one sample, were filtered out. The micro-
Prednisonés adverse effects evaluation biota OTUs table was imported into R software, and the

This study employed eight indices to reflect the adversealpha and beta diversity metrics were computed using
effects of prednisone on the MRL/Ipr mice including the “vegari package. To analyze the alpha diversity,
liver superoxide dismutase (T-SOD), CuZn superoxide Shannon and Chaol indices were performed by using R
dismutase  (Cuzn-SOD), malonaldehyde (MDA), software. For the beta diversity analysis, the principal co-
interleukin-6 (IL-6), and tumor necrosis factor (TNF-)  ordinate analysis (PCoA) based on the unweighted Uni-
concentrations, serum fasting blood glucose (FBG), and-rac distance matrices were visualized by R software. To
cholesterol (CHOL) concentrations and bone mineral reveal differences in deeper data of microbial diversity
density (BMD). between the samples, a significant test was conducted
The liver tissue was minced, homogenized in ice-coldwith the linear discriminant analysis (LDA) effect size
physiological saline by a glass homogenizer, and centri{LEfSe) method 19], with a set logarithmic LDA score
fuged at 2000 rpm for 15min at 4°C to afford the 10% of 2.0. Additionally, the metabolic function of gut micro-
(w/v) liver homogenate. The levels of T-SOD, CuZn- biota was inferred using the PICRUST that predicted the
SOD, MDA, and total proteins in the liver homogenate molecular functions of each sample based on 16S rRNA
were determined using the commercia kits (Nanjing marker gene sequences2(. These predictions were
Jiancheng Biotechnic Institute, Nanjing, China). The pre-calculated for genes in the KEGG database. To re-
levels of IL-6 and TNF- in the liver homogenate were veal the different predictive functions, Welch t tests
determined using the commercial kits (Multisciences, were used for two-group comparisons in STAMP soft-
Hangzhou, China). Serum FBG and CHOL wereware 21]. The significantly different functions between
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the two groups were obtained after filtering with @ system could also be reflected by MDA level. As an oxi-

value <0.05. dation product, the significant increase in liver MDA in-
dicated the side effects caused by high-dose prednisone.
Results Two liver inflammation cytokines (IL-6 and TNF-) and
Therapeutic efficiency and side effects of prednisone in serum CHOL levels showed significant increases in mid-
the treatment of MRL/Ipr mice dle and high doses of prednisone-treated mice in com-

The results of the therapeutic efficiency of prednisoneparison with the blank model MRL/Ipr mice. In
were shown in Figure & Serum anti-dsDNA and the addition, all three doses of prednisone could significantly
percentages of plasma, GC B, and DN T cells in thereduce BMD but had no effects on serum FBG in the
spleen were significantly reduced by all three doses ofreatment of MRL/Ipr mice.
prednisone after 8 weeks of treatment (Figure3)S Al- In summary, the therapeutic efficiency and side effects
though all three doses of prednisone reduced the serunof prednisone were positively associated with the dose in
ANA level, only the high dose of prednisone showed aMRL/Ipr mice.
significant therapeutic efficiency (Figure3p

To reveal whether the side effects of prednisone werePrednisone induced the alterations in gut microbiota
associated with gut microbiota, this study evaluated theTo clarify whether the alleviation of lupus by prednisone
effects of prednisone on the liver antioxidant system andwas associated with gut microbiota, the bacterial 16S
inflammation, BMD, serum FBG, and CHOL in MRL/lpr rRNA v3-v4 regions in colon feces were sequenced. The
mice. As shown in Figl, the liver CuzZn-SOD and T- alpha diversity indices for the Shannon and Chaol were
SOD levels were significantly decreased in MRL/Ipr miceonly significantly different in MT vs. Pred-10 (Figa, b).
compared with the C57BL/6 mice. As one of the antioxi- A scatter plot based on PCoA scores showed a clear sep-
dant enzymes, SOD could scavenge oxygen free radicalration of the community composition in MT vs. Pred-5
to protect cells from damage. SOD was excessively conand MT vs. Pred-10 (Fig2c). There was an overlap be-
sumed by scavenging free radicals, resulting in a corretween the samples of MT and Pred-2.5 (Figc). At the
sponding decrease in SOD content, but the high-dosephylum level, Bacteroidetes appeared to be the most
prednisone could significantly induce the increases of T-abundant in all four groups, followed by Firmicutes, Pro-
SOD and CuZn-SOD in MRL/Ipr mice, as one type of teobacteria, and Actinobacteria (Fig2d). One-way
feedback regulation response. Besides, the antioxidanANOVA analysis demonstrated that the only significant
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Fig. 2 Alterations in gut microbiota caused by prednisone in MRL/Ipr mice. Alpha diversity indexes [Siaigimpgonk()], PCoA score plots
(), and identified major phylund) in MRL/Ipr mice. LEfSe and PICRUST analysis identified the significantly altered genus and KEGG p
caused by lowe, h), middle {, i), and high doseg(j) of prednisone in the treatment of MRL/Ipr mice

difference was the abundance of Proteobacteria betweedifferent metabolic functions were observed in Pred-2.5,
MT and Pred-10. Pred-5, and Pred-10 groups, respectively (F2b—j). The

As compared with the MT group, 7, 17, and 12 mark- 2.5 mg/kg Prednisone only caused the decrease of the
edly different genera were observed in Pred-2.5, Pred-Sasal transcription factors pathway. The 5 mg/kg pred-
and Pred-10 groups, respectively (Fi@e-g). Genus nisone caused the downregulation of four pathways
Parasutterellasignificantly increased and genusnteror- (basal transcription factors pathway, butanoate metabol-
habdus significantly decreased in all three prednisoneism pathway, apoptosis pathway, and carbohydrate di-
treatment groups in comparison with the MT group. In gestion and absorption pathway) and the upregulation of
addition, decreasedRikenellawere shared by Pred-2.5 glyoxylate and dicarboxylate metabolism pathway. In
and Pred-5 groups; decreasddhristensenellaRumino- addition, disease pathways (pathways in cancer, Hun-
coccus and Intestinimonas were shared by Pred-5and tington’s disease, Alzheimé&r disease) and stress-related
Pred-10 groups. pathways (bacterial secretion system, glutathione metab-

Alterations in bacterial taxa also caused the fluctuationolism, biotin metabolism, lipopolysaccharide biosyn-
of potential metabolic functions of gut microbiota. As thesis proteins, and lipopolysaccharide biosynthesis)
compared with the MT group, 1, 5, and 15 markedly were upregulated by 10 mg/kg prednisone. In addition,

athways
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