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Introduction: Rhodiola species have been utilized as functional foods in Asia and Europe for promoting health. Research has 
demonstrated that Rhodiola has the potential to alleviate inflammatory bowel disease (IBD) in animal models. However, the specific 
active components and the underlying mechanism for ameliorating intestinal damage remain unclear. This study aims to explore the 
relieving effect of Rosavin (Rov), a known active constituent of Rhodiola, in IBD and the regulatory mechanisms.
Methods: The therapeutic effect of Rov was evaluated using a murine model of acute colitis induced by dextran sulfate sodium salt 
(DSS). Inflammatory cytokines and neutrophil activation markers were measured by corresponding kits. Immunohistochemistry, 
immunofluorescence, TUNEL, and EdU assays were applied to investigate the tight conjunction proteins expression, epithelial marker 
expression, number of apoptotic cells, and epithelial proliferation, respectively. The protection effect of Rov on gut epithelial injury 
was assessed using TNF-α-induced intestinal organoids. Additinally, RNA sequencing was applied to observe the genetic alteration 
profile in these intestinal organoids.
Results: Oral administration of Rov significantly attenuated weight loss and restored colon length in mice. Notably, Rov 
treatment led to decreased levels of pro-inflammatory cytokines and neutrophil activation markers while increasing anti- 
inflammatory factors. Importantly, Rov restored intestinal despair by increasing the number of Lgr5+ stem cells, Lyz1+ Paneth 
cells and Muc2+ goblet cells in intestines of colitis mice, displaying reduced epithelial apoptosis and recovered barrier function. 
In TNF-α-induced intestinal organoids, Rov facilitated epithelial cell differentiation and protected against TNF-α-induced 
damage. RNA sequencing revealed upregulation in the gene expression associated with epithelial cells (including Lgr5+, 
Lyz1+ and Muc2+ cells) proliferation and defensin secretion, unveiling the protective mechanisms of Rov on the intestinal 
epithelial barrier.
Discussion: Rov holds potential as a natural prophylactic agent against IBD, with its protective action on the intestinal epithelium 
being crucial for its therapeutic efficacy.
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Introduction
Inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), is an immune-related 
disorder primarily affecting the gastrointestinal tract.1 Since the latter half of the 20th century, there has been 
a remarkable increase in the incidence of IBD in North America and Europe. Additionally, populations previously 
considered “low-risk”, such as those in Japan and India, have also been affected.2 Apart from genetic factors, research 
has shown that interactions involving disrupted intestinal barrier function, gut microbiota, and environmental factors 
contribute to the onset and progression of colitis.3 Among these, the intestinal epithelium acts as a natural barrier. 
However, disruption of the gut epithelial barrier and impairment of crypts are typical features of IBD, which may lead to 
sustained intestinal inflammation and barrier dysfunction.4,5 These findings are particularly attractive for investigating the 
mechanisms of intestinal epithelial damage and repair in the prevention and pathogenesis of colitis.

In recent years, the safe and highly active properties of functional foods and its derivatives have led to a heightened 
focus among many research teams on the development of dietary remedies to develop individualized treatments for 
diseases including IBD.6–8 Rhodiola species include several valuable plants that are widely used in Europe and east 
countries for preventing diseases of cardiovascular diseases, neurodegenerative diseases, diabetes, sepsis, and cancer.9 

Previous studies by our research team found that Rhodiola crenulata extract had anti-inflammatory effects, regulated 
intestinal flora, and alleviated acute colitis in mice.10 However, the mechanism of action of its active ingredients lacks in- 
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depth investigation. Rosavin (Rov), a key physiologically active compound of Rhodiola species, has been shown to 
effectively treat intestinal radiation injury.11 It was found that Rov significantly improved the cell viability of the 
irradiated IEC-6 cells.11 Furthermore, its combination with 12 probiotics, prebiotics and zinc could effectively alleviate 
acute colitis.12 These findings indicate that Rov could play a positive role in the treatment of IBD. Therefore, exploring 
the protective effects of Rov on IBD and the underlying mechanisms is essential for novel therapeutics.

The establishment of in vitro 3D miniature intestinal organoid cultures achieves long-term cultivation of intestinal 
epithelium in vitro while maintaining the original differentiation ability of intestinal epithelial cells.13,14 This technology 
has gradually been applied in stem cell research, disease models, and regenerative medicine. In long-term cultures, 
individual crypts in the intestine undergo fission to produce multiple crypts, while also generating villus-like epithelial 
structural domains containing all differentiated cell types.13 Multiple studies have shown that in intestinal epithelial 
organoid culture systems, intestinal stem cells (ISCs) reproduce the self-renewal and differentiation abilities observed in 
mature intestines.13,15,16 Therefore, intestinal organoids provide an excellent perspective for more directly exploring the 
mechanisms of action of natural products in IBD.

In this study, the dextran sulfate sodium salt (DSS)-induced acute colitis model and an in vitro culture of mouse intestinal 
organoid model were established. The aim is to reveal the potential therapeutic effects of Rov on colitis and its role in intestinal 
barrier repair. The results of current study indicate that Rov is a potential natural prophylactic for IBD, and its protective and 
restorative effects on the intestinal epithelium regeneration are key factors in its therapeutic response.

Materials and Methods
Materials and Chemicals
Rov (purity>99%) was brought from Chengdu Must Biotechnology (Chengdu, China). 5’-Aminosalicylic acid (5’ASA) was 
acquired from Shanghai Aladdin Biochemical Technology (Shanghai, China). DSS (36–50 kDa) was obtained from International 
Laboratory USA (San Francisco, CA, USA). Enzyme-linked immunosorbent assay (ELISA) kits for mouse IL-1β, IL-4, IL-17, 
IFN-γ, TNF-α, TGF-β1 and myeloperoxidase (MPO) were sourced from R&D Systems, Inc. (Minneapolis, MN, USA). 
IntestiCult™ organoid growth medium (Mouse) was obtained from StemCell technologies (Vancouver, Canada). Matrigel 
(#356234) was obtained from Corning (NY, USA). Zonula occludens (ZO)-1, occludin and Muc2 antibodies were provided by 
Servicebio (Wuhan, China). LGR5/GPR49 rabbit pAb was obtained from ABclonal Technology Co.,Ltd. (Wuhan, China). 
Protease K and colorimetric TUNEL apoptosis assay kits were obtained from Beyotime Biotechnology (Nanjing, China). Click- 
iT™ EdU kit (#C10337) was provided by Thermo Fisher Scientific Inc (Waltham, MA, USA).

Animals
Male C57BL/6J mice (6–8 weeks, 20–22 g) were sourced from Spelford Biotechnology (Beijing, China). All experi
mental procedures were performed in compliance with the guidelines for the care and use of experimental animals set 
forth by the National Institutes of Health and were approved by the Ethics Committee of Southwest Medical University 
(Approval No: 20220817–009). The mice were housed in the Animal Experimental Center of Southwest Medical 
University under specific pathogen-free (SPF) conditions, with a 12-hour light-dark cycle and free access to water. 
Prior to the commencement of the experiments, the mice were acclimatized to the environment for one week with 
adaptive feeding.

DSS-Induced Colitis Mice Model
After acclimatization, the mice were divided into 5 groups (n = 10 per group), including Ctrl, DSS, DSS+5’ASA, DSS 
+L-Rov, and DSS+H-Rov groups. Except for Ctrl group, the remaining four groups of mice were induced with acute 
colitis by freely drinking water containing 3% DSS from day 0 to day 6. Subsequently, their drinking water was switched 
to sterile water. From day 0 to day 10, mice in the DSS, DSS+5’ASA, DSS+L-Rov, and DSS+H-Rov groups received 
daily oral administrations of water, 5’ASA (200 mg/kg), and Rov (12.5 and 25 mg/kg), respectively. The mice in the Ctrl 
group were given normal drinking water and orally administered water daily. The selection of dosage was based on 
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a preliminary experiment as well as referring to previous reports where the commonly used oral dosage ranged from 10 
to 200 mg/kg.11,17,18

Throughout the experimental period, the mice had free access to drinking water and food. Body weight was 
monitored daily, and the disease activity index (DAI) was evaluated by summing weight loss (scored from 0 to 4), 
stool consistency (scored from 0 to 4), and rectal bleeding (scored from 0 to 4). On day 11, the mice were sacrificed after 
anesthesia. The entire length of the colon and rectum (including cecum to rectum) was measured, and ileum and colon 
tissue samples were collected. Segments (1.5 cm) of the distal ileum and colon were placed in 4% paraformaldehyde 
(PFA) solution for fixation, followed by paraffin embedding and sectioning. Similarly, segments of the ileum and colon 
were washed, placing in RNAlater at −20 °C or directly storing in −80°C. Blood samples were centrifuged at 3000 rpm/ 
min and 12000 rpm/min at 4 °C for 5 min and 10 min, respectively, to acquire serum, which were then stored at −80 °C. 
Notably, 3–5 specimens from each group were randomly selected for subsequent analysis.

Culture of Intestinal Organoids
Male C57BL/6J mice were euthanized to collect the proximal segment of the small intestine, followed by cutting into 
pieces, and washing with cold PBS. The tissue fragments were incubated in 5 mM ethylene diamine tetraacetic acid 
(EDTA) with PBS for 15 min on ice. After removal of EDTA medium, vigorous suspension and centrifugation were 
conducted to enrich crypts. Pelleted crypts were resuspended and seeded (1000–2000 crypts per well) in Matrigel on 
a prewarmed 24-well plate, followed by an incubation period of 15 min at 37 °C. Subsequently, pre-prepared organoid 
medium (IntestiCult™ organoid growth medium) was added once the substrate gel had solidified. After 3 hours, the 
crypts would aggregate into a spherical structure, with budding occurring within 2–4 days. The culture medium was 
refreshed three times a week. After 7–10 days, the crypts reached maturity.

TNF-α-Mediated Epithelial Injury in Intestinal Organoids
To detect the reparative effect of Rov, intestinal organoids were treated with TNF-α to induce intestinal damage.19 Intestinal 
organoids were categorized into four groups, including Ctrl, Rov, TNF-α, and TNF-α+Rov groups. All groups were given 
complete medium on day 0. TNF-α, and TNF-α+Rov groups were exposed to 500 ng·mL−1 TNF-α for 24 h on day 3. Rov and 
TNF-α+Rov groups received 1.0 μM Rov starting from day 0 of the organoid culture. In a preliminary test, it was found that at 
the concentration range of 0.5–5 μM, the number of building organoids were increased, while the high concentration of Rov at 
10 μM slightly decreased the organoid development, indicating that Rov was not cytotoxic to organoids at a concentration up 
to 5 μM. Consequently, the Rov concentration of 1 μM was selected for subsequent study.

Histological Analysis
Proximal colon tissues were fixed by formalin and embedded in paraffin. Following dewaxing, the paraffin sections were stained 
with hematoxylin and eosin (H&E), dehydrated and sealed. They were then examined under a microscope, and images were 
captured and analyzed using the Nikon Eclipse E100 microscope (Nikon Instruments Inc., Tokyo, Japan). The scoring standard 
of H&E stained tissue was conducted according to previous reports.20 The heights of five complete villi and the depths of five 
crypts in the small intestine were measured using the Nikon Eclipse Ci-L microscope (Nikon Instruments Inc., Tokyo, Japan). 
Image analysis was performed using Image J software (Version 1.48v, NIH, USA), followed by calculation of averages.

Biochemical Determination
The concentrations of serum IL-1β, IL-4, IL-17, IFN-γ, TNF-α, TGF-β1, and MPO were detected by ELISA kits 
according to the manufacturer’s instruction.

Immunohistochemistry (IHC) Analysis
To evaluate the expression of tight junction proteins (such as ZO-1 and occludin) in the intestines, IHC analysis was 
conducted following our previously established protocol.7 The staining was visualized using diaminobenzidine (DAB) 
and counterstained with hematoxylin (Servicebio, Wuhan, China). Stained sections were examined under the Nikon 
Eclipse E100 microscope, and the area of positive DAB staining was quantified using Image J software.
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Immunofluorescence (IF) Analysis
IF staining of Lgr5, Lyz1, ChgA and Muc2 in intestine tissue sections were performed. The samples were incubated with 
respective Lgr5, Lyz1, ChgA and Muc2 antibodies, followed by HRP-linked secondary antibodies. CY3-Tyramide (TSA) 
was subsequently applied for staining. After labeling the cell nuclei with DAPI, slides were examined using the Nikon 
Eclipse C1 laser scanning confocal microscope (Nikon Instruments Inc., Tokyo, Japan).

TUNEL Cells Apoptosis Assay
The TUNEL assay was performed as we previously reported.20 The paraffin sections underwent treatment with DNase-free 
protease K for 30 min after dewaxing, followed by TUNEL staining according to the manufacturers’ instructions. Subsequently, 
a Nikon Eclipse C1 microscope was utilized for observation, and the number of TUNEL-positive cells was counted.

EdU Cell Proliferation Assay
Organoids were exposed to 10 μM of EdU for 2 h. Afterward, organoids were harvested. Subsequently, cell fixation, 
permeabilization, and EdU detection were performed according to manufacturers’ instructions.

RNA-Sequencing Analysis
The RNA-sequencing analysis of organoids involved the extraction of RNA from harvested samples, followed by library 
preparation and quality assessment. Briefly, High-quality RNA samples (total RNA ≥ 1 μg, concentration ≥ 35 ng/μL, 
OD260/280 ≥ 1.8, OD260/230 ≥ 1.0, RNA integrity number ≥ 8.0) were selected for constructing eukaryotic transcrip
tome libraries using the Illumina TruSeq™ RNA sample prep Kit. mRNA was isolated through magnetic bead-based 
selection and base pairing, followed by random fragmentation into fragments of approximately 300 bp. cDNA synthesis 
was performed using mRNA as a template, followed by adapter ligation. Transcriptome sequencing was conducted using 
an Illumina NovaSeq 6000 system (Illumina, USA). Principal component analysis (PCA) was utilized to compare gene 
expression levels across different experimental groups. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis was employed to compare the signaling pathways between the model group and the treatment group.

Statistical Analysis
GraphPad Prism 9.0 was used for statistical analysis. All assay data are shown as the mean ± SD. One-way ANOVA with 
the follow-up Tukey’s test was used for multiple comparisons. A level of p < 0.05 was considered of statistically 
difference.

Results
Rov Protects Against DSS-Induced Colitis
The therapeutic effect of Rov (12.5 and 25 mg/kg) was assessed on a mouse colitis model induced by DSS. The mice were 
grouped and administered with drugs as illustrated in Figure 1A. Except for the Ctrl group, a gradual decrease in body weight 
was observed in the remaining four groups of mice after DSS challenge. Particularly, mice in the DSS group exhibited a rapid 
decrease in body weight, accompanied by noticeable diarrhea and bloody stools, indicating successful construction of the 
colitis model. Starting from day 8, the body weights of L-Rov and H-Rov groups gradually increased as in the 5’ASA group, 
suggesting that Rov could attenuate the weight loss in mice with acute colitis (Figure 1B). The DAI based on indicators such 
as weight loss, stool consistency, and rectal bleeding, provided a preliminary assessment of the mice’s condition. As depicted 
in Figure 1C, the DAI scores of mice in the DSS group were significantly higher than those in the Ctrl group and the Rov- 
treated group. It is worth noting that the DAI scores in the H-Rov group gradually decreased and became similar to those in 
the Ctrl group. This suggests that Rov could delay the onset of acute colitis to some extent. The colon lengths depicted in 
Figure 1D clearly demonstrated that the colon length in the DSS group was shorter than that in the Ctrl group. Further 
analysis revealed that the average colon length in the H-Rov group was significantly longer than that in the DSS and L-Rov 
groups (Figure 1E). Therefore, it is believed that an appropriate dose of Rov can partially restore the colon length in mice 
with acute colitis, indicating effective treatment of acute colitis. The histological analysis of colon and ileum tissues stained 
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with H&E (Figure 1F) revealed that the mucosal epithelium of mice in the Ctrl group was intact, with a normal number and 
structure of crypts. In contrast, mice in the DSS group exhibited severe pathological changes in the colon and ileum, 
including infiltration of inflammatory cells into crypts and mucosa, leading to mucosal thickening and shedding, exacerbated 
infiltration of inflammatory cells, reduced goblet cells, and shortened glandular bundles. The extent of damage in the Rov and 
5’ASA groups was significantly reduced, with reduced infiltration of inflammatory cells and relatively intact intestinal 
epithelium with visible crypt structures. The histopathological scores of colon and ileum tissues (Figure 1G and H) showed 
that the histological scores in the Rov group were lower than those in the DSS group and closer to those in the Ctrl group, 
indicating significant reduction of intestinal damage. Additionally, an analysis of crypt depth and villus length in the ileum 
(Figure 1I and J) revealed that both parameters were lower in DSS group compared to other groups, suggesting that Rov 
could alleviate intestinal damage induced by DSS-mediated acute colitis.

Notably, the protective effect of Rov (12.5 and 25 mg/kg) was generally smaller than that of 5’ASA regarding weight loss 
attenuation, DAI score and histopathological alterations in colon. Whereas, the impact of Rov (particularly for the H-Rov group) 
on histopathological alterations in ileum, crypt depth and villus length of ileum was comparable to that of 5’ASA group.

Figure 1 Rov alleviated DSS-induced colitis in C57BL/6J mice. (A) Mouse acute enteritis modeling and drug administration scheme. (B) Change in body weight (%) of mice 
in the groups. (C) Disease activity index (DAI) score of mice in the groups. (D) Representative colonic morphology for each group. (E) Statistical analysis of colon length in 
the groups (n = 4). (F) Representative colon and ileum H&E-stained images. (G) Colon histopathological score (n = 4). (H) Ileum histopathological score (n = 4). (I) Crypt 
depth of ileum (n = 5). (J) Villus length of ileum (n = 5). Data are expressed as mean ± SD. Compared with the control group, **p < 0.01 and ***p < 0.001. Compared with 
the DSS group, ##p < 0.01 and ###p < 0.001. NS, non-significant.
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Rov Protects Against DSS-Induced Gut Inflammation and Tight Conjunction Despair
Given the potential of epithelial damage to trigger inflammatory responses,21 this study conducted further examinations on 
associated inflammatory indicators. MPO is a peroxidase located in lysosomal azurophilic granules of neutrophils and 
released upon stimulation of the immune system.22 MPO release is important for mediating oxidative stress through 
generating reactive oxygen species.23 Elevating MPO level positively correlates with the neutrophil infiltration in gut, 
thereby measuring as a biomarker of inflammation.24 Therefore, the levels of MPO in mouse serum were assessed, revealing 
significantly lower levels in the Rov-treated groups compared to the DSS group (Figure 2A). The findings indicate that Rov 
holds promise in alleviating oxidative reactions within intestinal cells, thus attenuating tissue damage induced by intestinal 
inflammation and ultimately providing intestinal protection. To delve deeper into the pivotal role of Rov in modulating the 

Figure 2 Rov protected against DSS-induced gut inflammation and tight conjunction despair. Serum levels of MPO, IFN-γ, TNF-α, IL-1β, IL-6, and IL-17 were depicted in (A–H), 
respectively (n = 4). (I) Expression and percentage of positive area of ZO-1 in colon (n = 3). (J) Expression and percentage of positive area of occludin in colon (n = 3). (K) 
Expression and percentage of positive area of ZO-1 in ileum (n = 3). (L) Expression and percentage of positive area of occludin in ileum (n = 3). Data are expressed as mean ± SD. 
Compared with the control group, *p < 0.05, **p < 0.01 and ***p < 0.001. Compared with the DSS group, #p < 0.05, ##p < 0.01 and ###p < 0.001. NS, non-significant.
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expression of inflammatory factors, ELISA assays were employed to detect both pro-inflammatory factors, including IFN-γ, 
TNF-α, IL-1β, IL-6, IL-17, and anti-inflammatory factors such as TGF-β1 and IL-4. The levels of pro-inflammatory factors 
in the L-Rov and H-Rov groups were significantly lower than those in the DSS group (Figure 2B–F). In contrast, the levels of 
TGF-β1 and IL-4 were higher in the Rov group compared to the DSS group (Figure 2G and H). In summary, Rov 
demonstrated a significant reduction in the expression of MPO and pro-inflammatory factors in mice with acute colitis, 
while concurrently enhancing the expression of anti-inflammatory factors, indicating its potent anti-inflammatory effects.

One of the pathophysiological characteristics of IBD is the disruption of the epithelial barrier, which is essential to 
maintain intestinal permeability.25 Studies have demonstrated characteristic alterations in intestinal permeability among 
patients with enteritis.26 Additionally, the epithelial cell framework, comprising ZO-1 and occludin, is pivotal in 
safeguarding and regulating the permeability of the intestinal mucosa.27 The absence of ZO-1 and occludin results in 
structural alterations between cells, heightening intestinal permeability. This facilitates the invasion of bacteria and 
viruses, thereby compromising the protective function of the intestinal mucosa.28,29 IHC was utilized to assess the levels 
of ZO-1 and occludin (Figure 2I–L). In both ileal and colonic tissues, the expression of ZO-1 and occludin significantly 
decreased in the DSS group, whereas it notably increased in the Rov group, nearly reaching levels observed in the control 
group. The results indicate that Rov effectively prevents the reduction of ZO-1 and occludin caused by DSS-induced 
acute colitis, potentially restoring intestinal barrier function.

Rov Inhibits DSS-Induced Intestinal Epithelial Apoptosis
Intestinal epithelial cells (IECs) play a pivotal role in maintaining the integrity of the gut barrier system, a critical defense 
mechanism against luminal pathogens and toxins. Their apoptosis is intricately linked to the initiation and progression of 
mucosal inflammation.30 Therefore, TUNEL staining was used to evaluate the apoptotic status of IECs in the colon and 
ileum of mice. As depicted in Figure 3, a notable increase in apoptosis of IECs was observed in the DSS-induced acute 
colitis model in mice, corroborating findings from previous studies.31 Remarkably, both the Ctrl group and Rov treatment 
group exhibited significantly lower counts of apoptotic cells in the colon and ileum compared to the DSS group 
(Figure 3). These findings underscore the potential of Rov in attenuating the apoptosis of colonic and ileal epithelial 
cells, thereby offering a protective effect against intestinal injury associated with acute colitis.

Rov Restores Intestinal Despair by Increasing the Number of Lgr5+, Lyz1+ and Muc2+ 

Cells in Intestines
Previous research has indicated a close association between increased apoptosis of IECs and the disruption of intestinal 
barrier.32 Lgr5 is a significant marker for ISCs, offering vital cellular resources to maintain the stability of the intestinal 
epithelial barrier. Paneth cells play pivotal roles in regulating the balance of gut microbiota by secreting antimicrobial 
peptides and other regulatory molecules. Therefore, Lyz1, as one of the markers for Paneth cells, serves to evaluate the 
activity and function of these cells, offering insights into their involvement in both intestinal health and diseases. 
Furthermore, Muc2 acts as a protective barrier that covers the epithelial surface of the intestine, shielding it from physical 
and chemical damage caused by luminal contents, such as digestive enzymes and pathogens. This barrier helps prevent 
direct contact between harmful agents and the underlying epithelial cells, thus reducing the risk of injury and inflamma
tion. Lastly, ChgA is a marker for enteroendocrine cells, which secrete hormones and growth factors crucial for 
maintaining intestinal immunity and metabolic balance. Therefore, immunofluorescence staining was employed to detect 
Lgr5+, Lyz1+, Muc2+, and ChgA+ in the small intestine and colon of mice to assess the health status of the intestinal 
mucosa. Although the differences in ChgA+ among groups were not significant, the quantities of Lgr5+, Lyz1+, and 
Muc2+ in the small intestine and colon of both L-Rov group and H-Rov group were notably higher compared to those in 
the DSS group (Figure 4 and Supplementary Figure 1). These findings imply that Rov has the potential to stimulate ISCs 
and safeguard mucosal layer cells, thereby bestowing a protective influence on intestinal crypts. Consequently, the study 
posits that Rov might mitigate the harm and apoptosis of IECs in cases of acute colitis.
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Figure 3 Rov inhibited DSS-induced intestinal epithelial apoptosis. (A) TUNEL-stained sections of the colon, with brown dots representing apoptotic cells (marked with 
black arrows and circles). (B) Number of positive cells in colon (n = 3). (C) TUNEL-stained sections of the ileum, with brown dots representing apoptotic cells (marked with 
black arrows and circles). (D) Number of positive cells in ileum (n = 3). Data are expressed as mean ± SD. Compared with the control group, ***p < 0.001. Compared with 
the DSS group, ###p < 0.001.
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Rov Promotes the Growth of Intestinal Organoids and Protects Against TNF-α- 
Induced Organoid Injury
To evaluate the influence of Rov on intestinal organoids, images were meticulously captured using an optical microscope, 
and subsequent manual counting was conducted to analyze and quantify several parameters, including the number, 
surface area, and budding rate of intestinal organoids. Impressively, Rov (1.0 μM) exhibited a substantial augmentation in 
the surface area of intestinal organoids along with a notable enhancement in their budding rate, while maintaining 
a consistent overall number of organoids (Figure 5A–D). These findings underscore Rov’s significant capacity to 
effectively stimulate the growth and morphological development of organoids under physiological conditions.

In a TNF-α-induced organoid inflammatory injury model,19 the regenerative potential of Rov under pathological condi
tions was investigated. Following 24 h of exposure to 500 ng/mL TNF-α, approximately 80% of the organoids exhibited 
damage, characterized by shrinkage, darkening, and loss of budding morphology (Figure 5E). Nonetheless, organoids co- 
cultured with Rov and TNF-α exhibited a significant reduction in the damage rate to around 50%, although the change in the 
number of organoids was not significant (Figure 5F and G). Moreover, EdU staining and TUNEL assays were conducted on 
organoids from both the model and treatment groups to assess cell proliferation and apoptosis. It was observed that Rov 

Figure 4 Rov restored intestinal despair by increasing the number of Lgr5+, Lyz1+ and Muc2+ cells in ileum. (A) Immunofluorescence staining of ileum. (B) Number of ISC 
marker Lgr5+ in each crypt (n = 5). (C) Number of Paneth cell marker Lyz1+ in each crypt (n = 5). (D) Number of goblet cell marker Muc2+ in each crypt (n = 5). Data are 
expressed as mean ± SD. Compared with the control group, **p < 0.01 and ***p < 0.001. Compared with the DSS group, #p < 0.05, ##p < 0.01 and ###p < 0.001.
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treatment ameliorated cell loss (Figure 5H and I), indicative of the initiation of regeneration. Additionally, Rov mitigated TNF- 
α-induced cell apoptosis (Figure 5J). These results underscore the promising potential of Rov in promoting cell proliferation, 
suppressing cell apoptosis, and thereby facilitating the restoration of intestinal functionality under inflammatory conditions.

Rov Reduces Epithelial Apoptosis in Intestinal Organoids and Promotes Lgr5+ Stem 
Cell Mediated Repair of TNF-α-Induced Injury
To investigate the influence of Rov on cells within damaged organoids, H&E staining and IF staining were employed to assess the 
control group, model group (TNF-α group), and treatment group (TNF-α + Rov group). Results from H&E staining revealed that 
organoids in the control group exhibited well-preserved morphology with tightly packed cells, while those in the TNF-α group 

Figure 5 Rov promoted the growth of intestinal organoids and protected against TNF-α-induced organoid injury. (A) Morphology of typical untreated organoids under light 
microscopy or organoids treated with Rov (1.0 μM) for 72 h. (B) Number of organoids per well (n = 6). (C) Budding rate of organoids (n = 6). (D) Surface area of organoids 
(n = 20). (E) Morphology of organoids under white light microscopy in the control, model and treatment groups. (F) Number of organoids per well (n = 6). (G) Percent of 
organoids damage (n = 6). (H) EdU-stained section with organoids stained with EdU (red) and nuclei stained with DAPI (blue). TUNEL-stained section with positive 
apoptotic cell nuclei in green. (I) EdU fluorescence density (n = 3). (J) TUNEL fluorescence density (n = 3). Data are expressed as mean ± SD. Compared to control group, 
**p < 0.01 and ***p < 0.001; Compared to TNF-α group, ##p < 0.01 and ###p < 0.001. NS, non-significant.
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displayed diminished or shrunken buds, with a notable scarcity of cells (Figure 6A). Furthermore, IF staining was conducted to 
evaluate the epithelial cell levels in different groups. Assessment of epithelial cell markers including Lgr5+, Lyz1+, Muc2+, and 
ChgA+ (Figure 6B) demonstrated a downregulation in expression within the TNF-α group. However, in organoids subjected to 
Rov treatment, there was a remarkable upregulation in the expression of these IEC markers, particularly evident in Lyz1+ and 
Muc2+ (Figure 6C). Taken together, the findings suggest that Rov holds the potential to mitigate inflammation-induced damage to 
ISCs, promote IECs differentiation, and uphold the integrity of intestinal epithelial function.

Regulation of Genes and Signaling Pathways by Rov in the Intestinal Epithelium
To unravel the intricate dynamics of gene expression and transcriptional processes within cells, RNA sequencing analysis 
was conducted on organoids, identifying a comprehensive dataset of 28,111 genes and 95,760 transcripts. PCA was 
employed to dissect the gene expression profiles across different experimental groups, revealing significant distinctions 
between the TNF-α-induced model group and the Ctrl, Rov, and TNF-α+Rov treatment groups (Figure 7A). These 
findings suggest the capacity of Rov treatment to induce nuanced alterations in gene expression patterns, gradually 
steering them towards a profile reminiscent of normal organoids. The heatmap representation of differentially expressed 
genes among the TNF-α, Rov, Ctrl, and TNF-α+Rov groups (Supplementary Table 1) delved deeper into genes associated 
with intestinal epithelial cells and intestinal stem cells within the organoids (Figure 7B). Rov treatment elicited 
a significant upregulation in the expression of crucial intestinal epithelial markers, including Lgr5, ChgA, and Lyz1 
(Figure 7C). Moreover, genes linked with goblet cells, such as Muc2, Defa5, and the antimicrobial peptide Reg3a, 

Figure 6 Rov reduced epithelial apoptosis in intestinal organoids and promoted Lgr5+ stem cell mediated repair of TNF-α-induced injury. (A) H&E-stained section of typical 
organoids under light microscopy. Black arrow pointed to injury epithelial. (B) Confocal images of Lgr5+, Lyz1+, Muc2+, ChgA+, and DAPI+ staining. (C) Fluorescence density of 
epithelial cells (n = 3). Data are expressed as mean ± SD. Compared to control group, *p < 0.05, **p < 0.01 and ***p < 0.001; Compared to TNF-α group, #p < 0.05, ##p < 0.01 
and ###p < 0.001.
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exhibited substantial enhancement following Rov treatment (Figure 7D). These insights align closely with in vivo 
observations, underscoring Rov’s potential in reinstating intestinal mucosal functionality. Furthermore, KEGG pathway 
enrichment analysis of differentially expressed genes between the TNF-α+Rov and TNF-α groups (Figure 7E) revealed 

Figure 7 RNA sequencing analysis of organoids. (A) The PCA analysis between samples. (B) The heatmap analysis based on differential genes. (C) Expression levels of Lgr5, 
ChgA and Lyz1. (D) Expression levels of Muc2, Defa5 and Reg3a. (E) KEGG enrichment analysis based on the pathways associated with the identified genes. Red color 
highlighted the top three most highly enriched pathways. Data are expressed as mean ± SD, and n = 3. Compared to TNF-α group, *p < 0.05, **p < 0.01 and ***p < 0.001.
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significant enrichment in multiple pathways after Rov treatment, including staphylococcus aureus infection, NOD-like 
receptor signaling, and transcriptional misregulation in cancer. With a closer look, the main altered genes in these 
signaling pathways mainly included the defensins (Defa) (Supplementary Table 2), which were secreted mostly by 
Paneth cells and other epithelial. Further verification by qPCR of Defa5 indicated that its relative expression in both 
cultured organoids and ileum tissues of colitis mice was significantly increased after Rov treatment (Supplementary 
Figure 2). This result indicate that Rov restores epithelial injury via promoting growth of epithelial populations.

Discussion
In recent years, natural products have attracted significant attention from researchers owing to their safety profile and 
promising potential in treating IBD. Rov, a significant active component found in Rhodiola spp. (especially the Rhodiola 
rosea), has been previously reported with anti-oxidant, anti-fatigue, anti-tumor and immunomodulatory effects.17 In several 
chronic conditions including the idiopathic pulmonary fibrosis, sepsis, non-alcoholic fatty liver diseases and ischemia– 
reperfusion injury, supplementation of Rov has resulted in remarkable therapeutic effects.17 Notably, Rov has shown 
remarkable efficacy in treating radiation-mediated intestinal damage.11 It was found that rosavin significantly improved the 
cell viability of the irradiated IEC-6 cells.11 Park et al in 2018 demonstrated that Rov together with zinc, prebiotics and 12 
probiotics could effectively alleviate acute colitis in mice.12 While these discoveries suggest that Rov may hold the potential to 
alleviate IBD, there are still no direct evidence yet. Therefore, in-depth research into the therapeutic effects of Rov on IBD and 
its impact on the intestinal epithelial system is crucial for the development of novel therapeutic products.

The DSS-induced acute colitis mouse model was employed to simulate human enteritis in the study. Rov administration 
significantly delayed weight loss in DSS-induced mice, restored colon length, and reduced DAI scores. Notably, levels of pro- 
inflammatory cytokines such as IFN-γ, TNF-α, IL-1β, IL-6, IL-17,33,34 along with MPO, a marker of neutrophil activation, 
showed significant reductions in mouse serum following Rov treatment, while anti-inflammatory factors TGF-β1 and IL-4 levels 
increased.35 These findings indicate that Rov, akin to RCE, possesses potent anti-inflammatory properties. ZO-1 and occludin 
serve as essential components of the epithelial cell scaffold, crucial for maintaining intestinal permeability.29 During acute 
enteritis, the intestinal mucosa is susceptible to damage, which allows toxins to enter the bloodstream, triggering inflammatory 
responses,36 and resulting in apoptosis of IECs.37 Rov intake stimulates the secretion of antimicrobial peptides, thereby fortifying 
the intestinal epithelium. Mice treated with Rov displayed intact IECs with minimal apoptotic cells and significantly increased 
expression of ZO-1 and occludin proteins, suggesting Rov can mitigate epithelial damage and restore intestinal barrier function. 
More importantly, in intestine of colitis mice, Rov stimulated Lgr5+ ISCs and safeguard mucosal layer cells (Lyz1+, ChgA+, and 
Muc2+ cells), thereby promoting epithelial regeneration and bestowing a protective influence on intestinal crypts.

Due to the robust utility of intestinal organoids in studying the onset and progression of intestinal diseases, this study 
established an in vitro intestinal organoid model to investigate the protective mechanism of Rov on the intestinal epithelial 
barrier. Subsequently, TNF-α-induced small intestinal organoids were utilized to mimic epithelial damage observed in patients 
with acute enteritis. Intestinal organoids are primarily established in vitro due to the presence of ISCs in the crypts.14 As Lgr5+ 

ISCs are much less in colon than that in ileum, in the present study, small intestine organoids were used. Under physiological 
conditions, Rov directly promoted the budding of small intestinal organoids, with ISCs and Paneth cells located at the bud 
tips.38 Even under TNF-α-induced pathological conditions, damaged small intestinal organoids remained repairable, promot
ing the differentiation of damaged epithelial cells and the proliferation of ISCs. Further analysis of organoid gene sequencing 
revealed that Rov not only upregulated the expression of Lgr5, Lyz1, ChgA, and Muc2 but also upregulated the expression of 
crucial genes for cellular proliferation and other life activities, such as Defa5 and Reg3.39,40 Thus, Rov promotes epithelial cell 
differentiation and protects the intestinal epithelial barrier function damaged by TNF-α. However, further research is 
necessitated to validate the related pathways and molecular targets mediated by Rov. Moreover, the current study did not 
investigate the toxicological profile of Rov in mice, which necessitated future research.

Conclusion
In summary, both an in vivo model of acute colitis and an in vitro model of intestinal organoids induced by TNF-α were developed 
to investigate the anti-inflammatory effects of Rov in IBD and elucidate its potential mechanisms of action. These results indicate 
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that Rov has a significant alleviating effect and epithelial protection on colitis. Additionally, the establishment of intestinal 
organoids provides a feasible strategy for the preclinical screening and personalized drug therapy of natural products like Rov.
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