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4 ABSTRACT: An imbalance in the macrophage phenotype is closely related to various inflammatory diseases. Here, we discovered
5 that gypenoside LXXV (GP-75), a type of saponin from Gynostemma pentaphyllum, can reprogram M1-like macrophages into M2-
6 like ones. On a mechanistic level, GP-75 inhibits NF-κB-COX2 signaling by targeting the glucocorticoid receptor (GR).
7 Administration of GP-75, either orally or by intraperitoneal injection, significantly alleviates ulcerative colitis in mice, a pathogenesis
8 associated with macrophage polarization. Clodronate liposomes, which deplete macrophages in mice, as well as GR antagonist
9 RU486, abrogate the anticolitis effect of GP-75, thus confirming the pivotal role of macrophages in GP-75 function. We also showed
10 that GP-75 has no toxicity in mice. Overall, this is the first report that demonstrates the effect of GP-75 on macrophage
11 reprograming and as an agent against colitis. Because G. pentaphyllum is gaining popularity as a functional food, our findings offer
12 new perspectives on the use of gypenosides as potential nutraceuticals for medical purposes.
13 KEYWORDS: gypenoside LXXV, macrophage polarization, glucocorticoid receptor, colitis, toxicity

1. INTRODUCTION
14 As crucial cells in the immune system, macrophages have the
15 ability to differentiate into M1-like or M2-like phenotypes.1

16 Although M1 macrophages can promote inflammation, M2
17 macrophages can inhibit inflammatory responses.2,3 In this
18 regard, macrophage polarization is associated with many
19 inflammatory diseases. Hence, screening compounds that
20 regulate macrophage polarization is highly significant for the
21 development of new drugs to treat inflammatory diseases.4−6

22 Ulcerative colitis (UC) is a chronic inflammatory bowel
23 disease,7 in which chemokines recruit monocytes to sites of
24 inflammation and polarize macrophages into the M1-like
25 state.8 Compounds that reprogram macrophage polarization
26 from M1-like to M2-like may provide an effective treatment for
27 UC.9,10

28 Gynostemma pentaphyllum (Thunb.) Makino has long been
29 used in China as a functional food and a dietary supplement.
30 Products containing G. pentaphyllum, such as tea, instant
31 powders, beverages, and sports drinks, are available interna-
32 tionally.11,12 In addition, G. pentaphyllum, referred to as
33 “Southern Ginseng”, is well recognized for its pharmacological
34 benefit, including in the treatment of ischemic stroke,13

35 diabetes mellitus,14 cancer,15 atherosclerosis,16 inflammation,17

36 and hepatitis.18 Gypenosides, a class of active substances in G.
37 pentaphyllum, are the primary active agents in this species.19

38 Gypenoside LXXV (GP-75) has been reported to contribute to
39 wound healing,20 prevent diabetic retinopathy,21 and alleviate
40 nonalcoholic steatohepatitis.22 On a mechanistic level, GP-75
41 decreased the expression of TNF-α and IL-1β in hepatic
42 macrophages.22 However, the impact of GP-75 on macrophage
43 polarization and colitis has yet to be investigated. This present
44 study has discovered that GP-75 promotes M1- to M2-like
45 macrophage polarization and prevents colitis in mice by

46targeting the glucocorticoid receptor (GR) and suppressing the
47NF-κB-COX2 signaling pathway without toxic side effects.

2. MATERIALS AND METHODS
482.1. Materials. GP-75 was prepared as previously reported (Hu et
49al., 2024). Sigma-Aldrich (St. Louis, MA) provided lipopolysaccharide
50(LPS). Fetal calf serum (FCS) was sourced from Sijiqing
51Bioengineering Material Co., Ltd. (Hangzhou, China). Enzyme-
52Linked Immunosorbent Assay (ELISA) Kit and antibiotics (penicillin
53and streptomycin) were purchased from Boster Biological Technol-
54ogy Co., Ltd. (Wuhan, China). KEL-R transfection reagent was
55acquired from Shanghai Juding Biotechnology Co., Ltd. (Shanghai,
56China). BD Biosciences (San Diego, CA) supplied β-Actin and F4/
5780. Antibodies, including ZO-1, Occludin, p-NF-κB, NF-κB, IκBα,
58CD206, and CD11c, were purchased from Cell Signaling Technology
59(Danvers, MA). Abcam (Massachusetts) supplied Claudin. The
60ELISA kit for Prostaglandin E2 (PGE2) was purchased from Shanghai
61Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China). GR was
62provided by ABclonal Biotechnology in Wuhan, China. COX2 was
63purchased from Wuhan Servicebio Technology Co., Ltd. (Wuhan,
64China). Tanon (Shanghai, China) provided the ECL Western blotting
65reagent. Trypsin and phenyl methyl sulfonyl fluoride (PMSF) diluted
66in lysis buffer were purchased from Amersco (OH). Dextran sulfate
67sodium (DSS) was obtained from Yuanye Biotechnology Co. Ltd.
68(Shanghai, China).
692.2. Cell Culture. RAW264.7 cells were obtained from ATCC and
70cultured in Dulbecco’s modified Eagle medium (DMEM) supple-
71mented with 10% fetal calf serum (FCS) and 1% penicillin-
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72 streptomycin. The cells were maintained in an incubator at 37 °C
73 with 5% CO2. The cells were plated in 24-well plates (20 × 104 cells/
74 well) and treated with 100 ng/mL LPS and 50 or 100 μM GP-75 for
75 24 h.
76 2.3. Peritoneal Macrophages. Peritoneal macrophages were
77 collected from mice in phosphate-buffered saline (PBS; 10 mL) and
78 cultured in complete DMEM. Inflammation was induced in these cells
79 by using 100 ng/mL LPS and 20 ng/mL IFNγ, and cells were
80 cocultured with 100 μM of GP-75.
81 2.4. Quantitative Real-Time Polymerase Chain Reaction
82 (qRT-PCR). The mRNA of cells and colon tissue was extracted by
83 using TRIzol (TIANGEN, Beijing, China), and reverse-transcribed
84 into cDNA using a FastKing One Step qRT-PCR Kit (TIANGEN,
85 Beijing, China). Real-time PCR reactions were performed as
86 previously reported. qRT-PCR was performed using a LightCycler
87 480 instrument (Roche). Primers are listed in Supporting Information
88 Table S1.
89 2.5. Proteomic Analysis. Cell proteins were extracted for mass
90 spectrometry. Protein quantification was assessed using a bicincho-
91 ninic acid protein kit. A total of 100 μg of protein was collected and
92 reduced with 10 mM dithiothreitol at 37 °C for 1 h, followed by
93 treatment with 20 mM iodoacetic acid (IAA, 25 °C for 1 h) to
94 alkylate the proteins. After washing samples twice with 50 mM
95 NH4HCO3, they were digested overnight at 37 °C using 1 mg trypsin
96 (Promega, Wisconsin). Digested peptides were purified by using C18
97 tips (Minnesota Mining and Manufacturing Company, Minnesota),
98 dried, and redissolved in 95% acetonitrile and 0.1% formic acid.
99 Liquid chromatography elution was performed by using 0.1% formic
100 acid. The mass spectrometer was a Q Exactive instrument (Thermo
101 Fisher Scientific, Wilmington) operating in positive-ion mode.
102 Following an initial MS scan, high collision dissociation was
103 conducted on the 10 most dominant ions.
104 Proteome Discoverer software, version 2.2 (Thermo Fisher
105 Scientific, Bremen, Germany) was used to analyze MS data, and
106 proteins were matched against those in the mouse UniProt database
107 with selection of differentially expressed proteins requiring a |log2 fold
108 change| ≥ 2 and p-value < 0.05. Kyoto Encyclopedia of Genes and
109 Genomes (KEGG) enrichment analysis was done online using the
110 database OMIC SOLUTION (https://www.omicsolution.com/
111 wkomics/passwd/KEGGEnrich/). The KEGG pathway was visual-
112 ized at https://www.bioinformatics.com.cn.
113 2.6. ELISA Assay for PGE2 Detection. For this procedure, cells
114 were exposed to 100 ng/mL LPS and 50 or 100 μM GP-75 for 24 h.
115 The secretion level of PGE2 from the culture supernatant was
116 measured by using an ELISA kit.
117 2.7. Western Blotting. Western blotting was carried out as
118 previously reported.23 Briefly, membranes were incubated overnight at
119 4 °C with the following primary antibodies: IκBα (9102 s, 1:1000), p-
120 NF-κB (3033, 1:800), COX2 (GB15672, 1:1000), ZO-1 (ab190085,
121 1:1000), Claudin (ab211737, 1:1000), Occludin (91131s, 1:1000),
122 and β-Actin (612656, 1:5000). After three washes with PBST, the
123 poly(vinylidene difluoride) (PVDF) membranes were exposed to
124 secondary antibodies and subsequently imaged.
125 2.8. Immunofluorescence Assay. RAW264.7 cells were treated
126 for 15 min with 100 ng/mL LPS, and with or without 100 μM GP-75.
127 Cells were then fixed in 4% polyformaldehyde (PFA) for 30 min and
128 treated with an anti-NF-κB antibody (1:200) and incubated overnight
129 at 4 °C, followed by washing with PBST. Cells were then treated with
130 Hoechst reagent and secondary antibodies. Immunofluorescence
131 microscopy was used to observe the location of NF-κB in the nucleus.
132 Colon tissues fixed in PFA were processed using a standard
133 dehydration procedure and embedded in the OCT. Colon sections (5
134 μm) were cut from the OCT-embedded frozen blocks using a
135 cryostatic microtome device (Leica, Wetzlar, Germany). Sections
136 were then placed on microscope slides, washed with PBS, and
137 incubated with FDB containing anti-F4/80, anti-CD11c, and anti-
138 CD206 antibodies (1:100 dilution) for 12 h at 4 °C. Finally, sections
139 were stained with Hoechst and secondary antibodies for 1 h.
140 2.9. Cell Transfection. Cells were transfected by using the
141 protocol provided with the KEL-R transfection reagent. The GR-

142siRNA sequence was 5′-GCUGCUUCUCAGGCAGAUUTT-3′ and
1435′-CCGGUUUAUUGCCAGGCAATT-3′. Briefly, cells were trans-
144fected with either GR-siRNA or Control-siRNA using the KEL-R
145transfection reagent. After a 24 h post-transfection incubation period,
146cells were treated with 100 ng/mL LPS alone or cocultured with 50
147and 100 μM GP-75 for 15 min or 24 h. Western blotting was
148performed to assess the protein expression levels.
1492.10. Molecular Modeling. The molecular structure of GP-75
150was acquired by PubChem, and Schrödinger software LigPrep
151program was used to generate the three-dimensional structure. The
152crystal structure of GR-LBD was obtained from the Protein Data Bank
153(PDB code 4UDC). The structure was prepossesed using the Protein
154Preparation Wizard module available in the program Schrödinger.
155The most appropriate Enclosing box was selected using the Receptor
156Grid Generation program to precisely encircle the natural ligand
157structure and, consequently, to obtain the protein’s active pocket. The
158docking score of GP-75 and GR-LBD was calculated using molecular
159docking and mechanics and the generalized Born surface area (MM-
160GBSA). Binding sites were visualized by using the PyMOL program.
1612.11. Cellular Thermal Shift Assay (CETSA). Following
162exposure to dimethyl sulfoxide (DMSO) or 100 μM GP-75 for 24
163h, RAW264.7 cells were collected in 1 mL of protein lysis solution
164that was then split into 8 parts. Samples underwent 3 cycles of heating
165at 48, 50, and 52 °C for 3 min each, followed by freezing in liquid
166nitrogen and thawing at room temperature. Proteins were collected
167for immunoblotting analysis.
1682.12. Animals. Female C57BL/6J mice (20 ± 2 g), 6−8 weeks in
169age, were procured from Beijing Vital River Laboratory Animal
170Technology Co., Ltd. (Beijing, China). The mice were housed under
171standardized conditions. All animal experiments were performed in
172accordance with the NIH guidelines for the care and use of laboratory
173animals (NIH publication 85-23, revised 1996) and approved by the
174Animal Care and Use Committee of Northeast Normal University
175(SYXK 2018-0015).
1762.13. Colitis Mouse Model. To induce colitis, the mice were
177treated with DSS (2.5% w/v) in drinking water for 7 days, followed by
178distilled water for 3 days. The mice in the control group were fed with
179equal amounts of water. For intraperitoneal injection of mice, GP-75
180was dissolved in 5% DMSO in sterile PBS to different concentrations
181(1.25, 2.5, and 5 mg/kg). The control group and DSS group were
182intraperitoneally injected with 5% DMSO in sterile PBS. In the oral
183treatment experiment for colitis, GP-75 solutions at varying
184concentrations (2.5, 5, and 10 mg/kg, diluted in 0.5% CMC-Na
185solution) were administered orally once every 2 days. The control
186group and DSS group received the same diluted solution orally. Body
187weight, colon length, rectal bleeding, and diarrhea were scored. For
188macrophage depletion, mice received intraperitoneal injections of 200
189μL of clodronate liposomes (Clo-lip) or PBS-liposomes (PBS-lip)
190(FormuMax Scientific, Inc.) on days −2, 1, 4, and 7. To antagonize
191GR, RU486 (20 mg/kg, dissolved in 0.1% DMSO diluted by corn oil,
192Sigma) was injected intraperitoneally on days −2, 0, 3, 6, and 9. The
193mice in the control group and DSS group were injected intra-
194peritoneally vehicle (0.1% DMSO in corn oil), respectively.24

1952.14. Flow Cytometry. Peritoneal cells were centrifuged at 1500
196rpm for 10 min, and 100 μL of cells (5 × 106 cells/mL) were stained
197with F4/80 and CD11b, both diluted in PBS. For analysis on the flow
198cytometer, cells were washed twice with PBS and filtered through a
199300-mesh nylon gauze.
2002.15. Histological Analysis. Mice were sacrificed, and colon
201tissues were preserved in 4% PFA. Tissues were embedded in paraffin
202and microtome sectioned into 5 μm slices and stained with
203hematoxylin-eosin (HE). The histologic scores were evaluated as
204described in previous reports.25

2052.16. Oral Toxicity of G75 In Vivo. After sacrificing mice, blood
206samples and the main organs (heart, liver, spleen, lung, and kidney)
207were collected. Renal function was assessed for blood samples based
208on blood urea nitrogen (BUN) and creatinine (Cr) levels. Hepatic
209function was evaluated by aspartate aminotransferase (AST) and
210alanine aminotransferase (ALT). The major organs were collected for
211 f1 � f8further histopathological examination.
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212 2.17. Acute Oral Toxicity Study. Forty mice (half males and half
213 females) were randomly divided into two experimental groups: the
214 control group and GP-75-treated group. The mice in the GP-75-

215treated group were given a single dose of GP-75 at the maximum
216feasible dose of 0.8 g/kg via gavage, whereas the control group was
217administered an equal volume of 0.5% (w/v) CMC-Na solution. The

Figure 1. GP-75 regulated the polarization of macrophage in vitro. The chemical structure of GP-75 (A). Relative mRNA expression levels of M1
and M2 maker genes in RAW264.7 cells and peritoneal macrophages were normalized to expression of β-actin (B−E). Data are shown as the mean
± SD *p < 0.05 and **p < 0.01 compared to the Control group. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared to the LPS group.
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218 body weight, food consumption, and mortality were recorded daily for
219 14 days.
220 2.18. Subacute Toxicity Experiment. Eighty mice (with an
221 equal distribution of males and females) were randomly divided into
222 four groups: a control group and three groups treated with different
223 doses of GP-75. GP-75 at doses of (10, 20, and 50 mg/kg/day) were
224 orally administrated for 28 days, whereas the control group was
225 administered an equal volume of 0.5% (w/v) CMC-Na solution. Body
226 weight was measured every week. The hematological analysis included
227 red blood cell (RBC), platelet (PLT), white blood cell (WBC),
228 lymphocyte (LYM), red blood cell volume (HCT), mean corpuscular
229 volume (MCV), hemoglobin (HGB), and mean corpuscular
230 hemoglobin concentration (MCHC). The biochemistry analysis
231 including triglyceride (TG), total cholesterol (TC), aspartate
232 aminotransferase (AST), alanine aminotransferase (ALT), alkaline
233 phosphatase (ALP), creatinine (CRE), blood urea nitrogen (BUN),
234 potassium (K+), sodium (Na+), chloride (Cl−), total protein (TP),
235 and albumin (ALB) were performed according to the instructions
236 provided with kits (Nanjing Jiancheng Bioengineering Institute,
237 Nanjing, Jiangsu, China). The organs were dissected and weighed.
238 The organ coefficient of each animal was calculated as follows: Organ
239 coefficient (%) = organ weight (g)/body weight (g) × 100%. The
240 major organs were collected for further histopathological examination.

2412.19. Statistical Analysis. Data are shown as the mean ± SD.
242Statistical significance between different groups was analyzed by using
243GraphPad Prism 8.0 software. The means of all data were compared
244by using the unpaired t test. p < 0.05 was considered statistically
245significant.

3. RESULTS
2463.1. GP-75 Regulates Macrophage Polarization In
247Vitro. To investigate the influence of GP-75 (chemical
248structure shown in Figure 1A) on macrophage polarization,
249RAW264.7 cells and peritoneal macrophages were, respec-
250tively, induced with LPS to produce M1-like macrophages, and
251marker genes for M1-like and M2-like macrophages (Tnf-α, Il-
2526, Il-1β, inos, Arg-1, Il-10, Fizz, and Ym-1) were assessed by
253qRT-PCR. Compared to the LPS-treated group, GP-75
254effectively inhibited the production of M1 macrophage-specific
255markers (Tnf-α, Il-6 Il-1β, and inos) (Figure 1B,D) and
256enhanced production of M2 macrophage-specific markers
257(Arg-1, Il-10, Fizz, and Ym-1) (Figure 1C,E). These results
258demonstrate that GP-75 can reprogram macrophages from
259M1-like to M2-like.

Figure 2. GP-75 suppresses the NF-κB-COX2 signaling pathway. Analysis of potential pathways influenced by GP-75 on macrophage polarization
was conducted by using KEGG (A). Protein levels of p-NF-κB and IκBα in RAW264.7 cells (B). Nuclear translocation of NF-κB was determined
by immunofluorescence (100× magnification) (C). Protein expression of COX2 was examined by Western blotting, and its activity was assessed by
ELISA (D, E). Data are shown as the mean ± SD **p < 0.01 and ***p < 0.001 compared to the control group. #p < 0.05, ∇∇p < 0.01 and ∇∇∇p <
0.001 compared to the LPS group.
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Figure 3. GP-75 inhibits NF-κB-COX2 signaling by targeting GR. Proteins in the NF-κB signaling pathways, COX2, and GR were assessed by
Western blotting after GR was knocked down (A, B). Production of PGE2 was assessed by ELISA (C). Relative mRNA expression levels of inos
and Arg-1 (D, E). Molecular docking between GP-75 and GR using the GR crystal structure (PDB code 4UDC) (F). GR protein levels were
evaluated by Western blotting after CETSA (G). Data are shown as the mean ± SD *p < 0.05, **p < 0.01 and ***p < 0.001 compared to the
control group. #p < 0.05, ∇p < 0.05, ∇∇p < 0.01, and ∇∇∇p < 0.001 compared to the LPS group.
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Figure 4. GP-75 prevents DSS-induced colitis by reprograming macrophage polarization. Schematic diagram of GP-75 in the treatment of colitis
(A). Body weight (B), colon length (C). HE staining of colonic sections and histological score of colonic tissue (40× and 100× magnification) (D).
Expression of ZO-1, Occludin, and Claudin was analyzed by Western blotting (E). F4/80 (red), CD11c (green), and CD206 (green) expression
were assessed by immunofluorescence (100× magnification) (F, G). Protein levels of CD11c and CD206 in the colon (H). mRNA levels of
indicated genes were analyzed by qRT-PCR (I, J). Schematic diagram of Clo-lip intraperitoneal injection (K). Flow cytometry for the number of
macrophages in mice following Clo-lip treatment (L). Body weight (M), colon length (N). Data are shown as the mean ± SD for n = 6 or 4. *p <
0.05, **p < 0.01 and ***p < 0.001 compared with Control, Control + PBS-lip and Control + Clo-lip group. #p < 0.05, ##p < 0.01 and ###p < 0.001
compared with the DSS, DSS + PBS-lip and DSS + Clo-lip group.
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260 3.2. GP-75 Suppresses the NF-κB-COX2 Signaling
261 Pathway. To investigate the molecular mechanism of GP-75
262 reprogramming of macrophage polarization, we performed
263 proteomic analysis by mass spectrometry (Q Exactive, Thermo
264 Fisher Scientific). We detected a total of 2224 proteins with 38

265of them showing significant changes. KEGG analysis indicated
266that proteins in the NF-κB signaling pathway dominated
267(Figure 2A). To confirm the analysis, Western blotting was
268applied and demonstrated that GP-75 could robustly abrogate
269NF-κB phosphorylation and IkBα degradation (Figure 2B).

Figure 5. GP-75 ameliorates colitis via GR in vivo. Schematic diagram for the study (A). Body weight (B) and colon images, and colon length are
shown (C). HE staining of colonic sections and histological score of colonic tissue (40× and 100× magnification) (D). Protein levels of ZO-1,
Occludin, and Claudin were analyzed by Western blotting (E). F4/80 (red), CD11c (green), and CD206 (green) expression were assessed by
immunofluorescence (100× magnification) (F, G). Protein levels of CD11c and CD206 were analyzed by Western blotting (H). Data are shown as
the mean ± SD for n = 8. *p < 0.05 and **p < 0.01 compared to the Control + Vehicle group. #p < 0.05, ##p < 0.01 and ###p < 0.001 compared to
the DSS+Vehicle group. ∇p < 0.05, ∇∇p < 0.01 and ∇∇∇ p < 0.01 compared to the DSS + GP-75 + Vehicle group.
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270 Consistently, immunofluorescence showed that GP-75 clearly
271 reduced the nuclear translocation of NF-κB (Figure 2C).
272 The KEGG analysis results also showed that the level of
273 cyclooxygenase-2 (COX2) was changed robustly (Supporting
274 Information Figure S1). COX2 is an enzyme that is largely
275 responsible for the biochemical transformation of arachidonic
276 acid to prostaglandin E2 (PGE2).26 PGE2 can activate
277 inflammasomes, suppress M2-like macrophage polarization,
278 and trigger expression of key M1-like macrophage markers.27

279 Therefore, we examined whether the effect of GP-75 might be
280 related to the effect of COX2. Upon GP-75 treatment, the
281 macrophages showed a robust decrease in COX2 expression
282 (Figure 2D) and activity (Figure 2E). Because previous studies
283 reported that NF-κB functions upstream of COX2,28 we

284speculated that GP-75-mediated regulation of macrophage
285polarization likely occurs via suppressing NF-κB-COX2
286signaling pathway.
2873.3. GP-75 Is an Agonist of the Glucocorticoid
288Receptor (GR). In fibroblasts, GP-75 has been reported to
289promote wound healing by activating the GR,20 and in
290inflammatory macrophages, GR activation can inhibit NF-κB
291phosphorylation.29 Hence, the effect of GR on the effect of
292GP-75 was investigated in this study by using specific siRNAs.
293In GR-knockdown macrophages, GP-75 could not induce Iκ-
294Bα degradation or NF-κB phosphorylation (Figure 3A), nor
295could decrease COX2 protein expression or PGE2 secretion
296(Figure 3B,C). Consistently, the effect of GP-75 on macro-
297phage polarization was diminished in GR-knockdown macro-

Figure 6. Oral administration of GP-75 prevents colitis. Schematic diagram for the present study (A). Body weight (B) and colon images, and
colon length (C) are shown. HE staining of colonic sections and histological score of colonic tissue (40× and 100× magnification) (D). Protein
levels of ZO-1, Occludin, and Claudin were analyzed by Western blotting (E). F4/80 (red), CD11c (green), or CD206 (green) expression was
measured by immunofluorescence (100× magnification) (F, G). CD11c and CD206 expression was measured by Western blotting (H). Data are
shown as the mean ± SD for n = 6. *p < 0.05 and **p < 0.01 compared to the control group. #p < 0.05, ##p < 0.01 and ###p < 0.001 compared to
the DSS group. ∇∇p < 0.01 and ∇∇∇p < 0.001 compared to the DSS+GP-75 group.
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298 phages (Figure 3D,E). These results demonstrate that the
299 effect of GP-75 in regulating macrophage polarization is related
300 to the GR.
301 GR is a transcription factor that can be activated by binding
302 to specific ligands.30 To determine whether GP-75 is a ligand
303 of GR, we performed a molecular docking study that showed
304 that GP-75 can bind to the surface of the active pocket of GR
305 via hydrogen bonds with residues Pro541 and Arg614 (Figure
306 3F). The GP-75 binding affinity to GP was quite high, with an
307 XP GScore of −5.122 kcal/mol and an MM/GBSA-based
308 energy of −37.94 kcal/mol. Furthermore, the cellular thermal
309 shift assay (CETSA) demonstrated the direct binding of GP-75
310 to GR, by virtue of the fact that GR exhibited higher thermal

311stabilization upon addition of GP-75 at temperatures of 48, 50,
312and 52 °C (Figure 3G). Taken together, these findings support
313the proposal that GP-75 is an agonist of GR in regulating
314macrophage polarization.
3153.4. GP-75 Prevented DSS-Induced Colitis by Modu-
316lating Macrophage Polarization. To investigate whether
317GP-75 has an impact on macrophage polarization in vivo, we
318used the DSS-induced colitis murine model, a pathogenesis
319associated with macrophage polarization.31 For this, mice were
320exposed to 2.5% DSS for 1 week, after which they received
321regular drinking water for 3 days (Figure 4A). GP-75 was
322administered intraperitoneally to mice at doses of 1.25, 2.5,
323and 5 mg/kg once every 2 days for 10 consecutive days.

Figure 7. Oral toxicity of G75. Hepatic function was evaluated by ALT and AST levels (A). Renal function was assessed by BUN and Cr levels (B).
HE staining of heart, liver, spleen, lung, and kidney excised from mice after different treatments (200× magnification) (C). Data are represented as
mean ± SD for n = 6.

Table 1. Hematological Parameters of Mice in Different Treatment Groupsa

control group (0.5% CMC-Na) GP-75 (10 mg/kg/day) GP-75 (20 mg/kg/day) GP-75 (50 mg/kg/day)

RBC (×1012/L) 9.23 ± 56 9.36 ± 0.47 9.20 ± 0.53 9.21 ± 0.60**
PLT (×1011/L) 9.84 ± 1.06 9.88 ± 0.73 10.03 ± 0.93 9.68 ± 0.52
WBC (×109/L) 12.67 ± 3.31 10.00 ± 2.93 13.82 ± 1.12 11.57 ± 2.02
LYM (×109/L) 9.79 ± 3.01 10.64 ± 3.55 12.34 ± 1.45 11.44 ± 1.38
HCT (%) 48.45 ± 3.08 49.14 ± 2.18 47.85 ± 2.98 48.49 ± 3.01
MCV (%) 52.84 ± 0.79 52.60 ± 0.87 52.04 ± 0.87 50.37 ± 0.62
HGB (g/L) 147.90 ± 6.08 148.50 ± 5.76 146.00 ± 8.42 146.20 ± 6.94**
MCHC (g/L) 303.50 ± 11.12 301.80 ± 6.03 304.70 ± 4.24 301.50 ± 9.11

aNote: **p < 0.01 compared with the control group. Data are represented as mean ± SD for n = 10.
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324 Compared to the DSS group, GP-75 treatment at 2.5 or 5 mg/
325 kg substantially restored body weight (Supporting Information
326 Figure S2A) and colon length (Supporting Information Figure
327 S2B). Therefore, we used the 2.5 mg/kg dose in subsequent
328 studies. In addition to significantly restoring body weight
329 (Figure 4B) and colon length (Figure 4C), GP-75 also
330 significantly improved colonic tissue repair (Figure 4D) and
331 increased the expression of tight junction proteins (Figure 4E).
332 We measured the infiltration of M1- and M2-like macro-
333 phages in the colon by immunofluorescence. Compared with
334 the DSS group, GP-75 treatment clearly reduced the
335 proportion of M1-like macrophages (Figure 4F), while
336 simultaneously enhancing that of M2-like macrophages (Figure
337 4G). These results were further confirmed by Western blotting
338 and qRT-PCR (Figure 4H−J). In addition, to evaluate whether
339 macrophages are essential for GP-75 to alleviate DSS-induced
340 colitis, clodronate-loaded liposomes (Clo-lip) and PBS-lip-
341 osomes as vehicle control (PBS-lip) were intraperitoneally
342 injected into mice (Figure 4K). The results showed that
343 treatment with Clo-lip efficaciously depleted macrophages
344 (Figure 4L). Upon depletion, GP-75 could not effectively
345 protect mice from developing colitis, as evidenced by sustained
346 body weight (Figure 4M) and colon length (Figure 4N). These
347 findings confirmed that the anticolitis effect from GP-75
348 treatment is related to its reprograming effect of macrophage
349 polarization.
350 3.5. GP-75 Ameliorates Colitis by Binding to GR. At
351 the cellular level, GR activation plays an important role in GP-
352 75-mediated macrophage polarization. To confirm the
353 involvement of GR in the anticolitis property of GP-75 in
354 vivo, we injected the GR inhibitor RU486 (20 mg/kg) or
355 vehicle intraperitoneally in mice on days −2, 0, 3, 6, and 9
356 (Figure 5A), and RU486-treated mice showed minimal
357 response to GP-75 as indicated by the lack of change in
358 body weight (Figure 5B) or colon length (Figure 5C), as well
359 as by histological examination (Figure 5D) and expression of

360tight junction proteins (Figure 5E). RU486 had no effect on
361mice of the control and DSS groups (data not shown).
362Consistently, GP-75-mediated regulation of macrophage
363polarization was also inhibited by GR inhibitor RU486 (Figure
3645F−H). Reversal of the beneficial effects from GP-75 by
365treatment with RU486 further confirmed that GR plays an
366important role in the molecular mechanism of GP-75 in
367mediating macrophage polarization in vivo.
3683.6. Oral Administration of GP-75 Also Reduced
369Colitis. Oral administration is advantageous, in terms of safety
370and compliance. Therefore, we investigated whether GP-75
371could improve colitis when administered orally. For this study,
372GP-75 (2.5, 5, and 10 mg/kg) was administered orally to mice
373once every 2 days for 10 consecutive days (Supporting
374Information Figure S3). Our results showed that oral
375administration of GP-75 was administered at 10 mg/kg,
376which significantly reduced the signs of colitis as assessed by
377body weight (Figure 6B), colon shorting (Figure 6C),
378pathology (Figure 6D), and tight junction expression (Figure
3796E). Oral administration of GP-75 also robustly modulated the
380polarization of macrophages from M1-like toward the M2-like
381(Figure 6F−H). These results indicated that the anticolitis
382effect of oral administration GP-75 was also closely related to
383its regulation of macrophage polarization.
3843.7. Toxicity Test. Finally, we determined the safety of
385G75 for treating colitis. We analyzed blood samples and major
386organs after 10 days of treatment. The biochemical analysis of
387the blood demonstrated that two important indicators of liver
388function (ALT and AST) and two indicators of kidney
389function (Cr and BUN) were not affected upon oral gavage of
39010 mg/kg G75 for 10 days (Figure 7A,B). Meanwhile, no
391anatomical changes were noted in the mice (Figure 7C). The
392results indicated that G75 had negligible toxicity in mice.
393Moreover, acute and subacute oral toxicities of GP-75 have
394not been reported. To lay the foundation for its future
395applications, the safety of GP-75 was determined in the study.

Table 2. Organ Coefficients of Mice Orally Administrated with Different Doses of Ginsenoside GP-75 for 28 Daysa

control group (0.5% CMC-Na) GP-75 (10 mg/kg/day) GP-75 (20 mg/kg/day) GP-75 (50 mg/kg/day)

male
heart 0.71 ± 0.07 0.71 ± 0.10 0.77 ± 0.11 0.72 ± 0.07
liver 6.52 ± 0.90 6.37 ± 0.84 6.77 ± 1.07 7.05 ± 0.54
spleen 0.32 ± 0.05 0.30 ± 0.05 0.35 ± 0.06 0.36 ± 0.02*
lung 0.91 ± 0.11 0.91 ± 0.11 1.03 ± 0.13 0.92 ± 0.13
brain 2.37 ± 0.27 2.31 ± 0.21 2.51 ± 0.08 2.41 ± 0.17
kidney 1.74 ± 0.19 1.72 ± 0.16 1.90 ± 0.25 1.85 ± 0.13
pancreas 0.90 ± 0.14 0.98 ± 0.25 0.90 ± 0.27 1.03 ± 0.16
thymus 0.27 ± 0.06 0.26 ± 0.07 0.29 ± 0.06 0.30 ± 0.04
adrenal gland 0.05 ± 0.02 0.05 ± 0.00 0.05 ± 0.01 0.05 ± 0.02
testis 0.78 ± 0.08 0.78 ± 0.01 0.89 ± 0.12 0.83 ± 0.12

female
heart 0.72 ± 0.01 0.72 ± 0.06 0.73 ± 0.04 0.70 ± 0.10
liver 7.04 ± 0.79 6.91 ± 0.48 6.59 ± 0.41 6.38 ± 0.45*
spleen 0.42 ± 0.04 0.40 ± 0.03 0.44 ± 0.05 0.39 ± 0.02
lung 0.97 ± 0.09 0.88 ± 0.28 0.93 ± 0.08 0.95 ± 0.17
brain 2.44 ± 0.78 2.63 ± 0.08 2.67 ± 0.13 2.41 ± 0.35
kidney 1.76 ± 0.15 1.65 ± 0.13 1.67 ± 0.08 1.54 ± 0.02**
pancreas 1.10 ± 0.12 0.97 ± 0.14 1.07 ± 0.27 1.08 ± 0.18
thymus 0.40 ± 0.10 0.31 ± 0.07 0.38 ± 0.05 0.30 ± 0.06*
adrenal gland 0.04 ± 0.01 0.05 ± 0.02 0.05 ± 0.01 0.02 ± 0.01**
ovary + uterus 1.01 ± 0.18 0.82 ± 0.21 0.97 ± 0.15 0.93 ± 0.25

aNote: *p < 0.05 and **p < 0.01 compared with the control group. Data are represented as mean ± SD for n = 10.
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396 The limit test method was employed to determine the acute
397 oral toxicity of GP-75, with a maximum feasible dose set at 0.8
398 g/kg. All mice survived, and no toxicity signs were observed.
399 GP-75 treatment had no effect on body weight or food intake
400 (Supporting Information Figure S4). No anatomical alterations
401 were observed in any mice on day 14.
402 In the subacute oral toxicity experiment, the mice were
403 divided into the control group and 10, 20, and 50 mg/kg GP-
404 75 treatment group, respectively. All mice survived this
405 experiment. As shown in Supporting Information Table S2,
406 various dosages of GP-75 treatment had no impact on body
407 weight of mice.
408 Table 1 displays the results of the hematological analysis. In
409 comparison to the control group, 10 and 20 mg/kg doses of
410 GP-75 had no effect on the values of RBC, PLT, WBC, LYM,
411 HCT, MCV, HGB, and MCHC. The values of RBC and HGB
412 were significantly reduced in the 50 mg/kg dose group, while
413 the remaining indicators showed no significant differences.
414 However, the changes of RBC and HGB levels were within the
415 range of normal references.32,33

416The biochemistry analysis including TG, TC, AST, ALT,
417ALP, CRE, BUN, K+, Na+, Cl−, TP, and ALB are shown in
418Supporting Information Table S3. In comparison to the
419Control group, there was no significant difference in the blood
420biochemical parameters of mice when they were treated with
421various dosages of GP-75.
422In addition, there were no significant changes in the organ
423coefficients of the heart, liver, spleen, lung, brain, kidney,
424pancreas, thymus, adrenal gland, testis, ovary, or uterus at
425doses of 10 and 20 mg/kg (Table 2). The coefficient of spleen
426was markedly reduced in male mice, and the coefficients of
427liver, kidney, thymus, and adrenal gland were significantly
428reduced in female mice at the dose of 50 mg/kg (Table 2).
429However, all measures remained within the normal range.34

430No lesions were observed in any of the examined organs
431(Figure 8A). Additionally, no signs of inflammation or tissue
432necrosis were observed in heart, liver, spleen, lung, or kidney in
43350 mg/kg GP-75 treatment group (Figure 8B). Collectively,
434these results indicate that GP-75 have no toxicity when
435administered orally.

Figure 8. Acute and subacute oral toxicity of GP-75. Necropsy findings of mice (a, liver; b, pancreas; c, lung; d, spleen; e, adrenal gland; f, kidney; g,
thymus; h, heart; i, brain; j, ovary of female mice; and k, testis of male mice) (A). HE staining of major organs in control and 50 mg/kg of GP-75
treatment groups (200× magnification) (B). Data are represented as mean ± SD for n = 10.
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4. DISCUSSION
436 In the past, G. pentaphyllum has been used as a functional food
437 and dietary supplement to prevent or treat inflammation,
438 hyperlipidemia, and liver diseases.35−37 Gypenosides are the
439 primary active agents in G. pentaphyllum.38−40 Previous studies
440 indicated that various gypenosides could exhibit anti-
441 inflammatory effects. For example, gypenoside XIV reduces
442 mRNA levels of IL-6, IL-1β, and TNF-α in LPS-stimulated
443 BV-2 cells,41 and gypenoside IX inhibits secretion of NO and
444 IL-6 in rat C6 glial cells induced by LPS or TNF-α.42 Similarly,
445 gypenoside XVII decreases the production of IL-6 and TNF-α
446 induced by LPS in RAW264.7 cells,43 and also increases
447 protein levels of CD206 and Arg-1 in oxidized-LDL stimulated
448 THP-1 cells that indicates its role in regulating macrophage
449 polarization.39 To date, however, there have been no reports of
450 GP-75 regulating macrophage polarization.
451 In the present study, our findings do demonstrate that
452 gypenoside GP-75 reprograms macrophage polarization by
453 modulating the NF-κB-COX2 signaling pathway. Previously,
454 GP-75 has been shown to suppress nuclear translocation of
455 NF-κB in oxygen-glucose deprived−reoxygenated H9c2 cells,44
456 and yet it is not the only gypenoside to do so. For example,
457 gypenoside XLIX reduces NF-κB phosphorylation in a
458 cisplatin-treated human kidney tubular epithelial cell line,45

459 and significantly decreases NF-κB levels in LPS-stimulated
460 RAW264.7 cells.46,47 In addition, gypenoside XIV has been
461 shown to inhibit NF-κB activation in LPS-stimulated BV-2
462 cells,41 and gypenoside IX deactivates NF-κB signaling in rat
463 C6 glial cells induced by LPS and TNF-α42 and inhibits
464 phosphorylation of NF-κB in C8 cells.48 Furthermore,
465 gypenosides from the tetraploid G. pentaphyllum can inhibit
466 p-NF-κB and the translocation of NF-κB in LPS-stimulated
467 RAW264.7 cells.49−51 Based on our research, as well as that
468 from other laboratories, we can conclude that the NF-κB
469 signaling pathway plays a pivotal role in mediating anti-
470 inflammatory effects of gypenosides in general.
471 In terms of the glucocorticoid receptor pathway (GR), GP-
472 75 has been shown to promote wound healing through the GR
473 in fibroblasts.20 Up until our present study, there had been no
474 reports of GP-75 acting as an agonist of GR to regulate
475 macrophage polarization. Here, we discovered that GP-75
476 indeed is a GR agonist that acts to reprogram macrophage
477 polarization. Glucocorticoids (GCs), the ligands of GR, are
478 pivotal in the treatment of many inflammatory diseases.
479 Nevertheless, prolonged treatment with GCs has systemic
480 adverse effects,52,53 whereas GP-75 shows no acute and
481 subacute toxicity in vivo. This, in turn, underscores the
482 potential use of GP-75 as a GR agonist.
483 Previous studies have found that gypenoside XVII induces
484 inflammation in the mouse ear,54 and gypenoside A attenuates
485 airway inflammation in a murine asthma model,55 whereas
486 gypenoside XIV reduces depressive-like behavior in mice.48

487 However, the preventive effect of monomer gypenoside on
488 colitis has not been documented. In the present study, we
489 discovered that GP-75 substantially attenuates weight loss,
490 colon shortening, and colon damage and reduces tight junction
491 protein expression in mice with colitis. Our results further
492 showed that depleting macrophages using phosphate lip-
493 osomes significantly abrogates the effect of GP-75, thus
494 confirming the involvement of macrophages in the action of
495 GP-75.

496In summary, this is the first study demonstrating that GP-75
497can reprogram M1-like macrophages into M2-like ones,
498thereby attenuating colitis in vivo. Mechanistically, the effect
499of GP-75 involves the NF-κB-COX2 signaling pathway by
500targeting GR. Additionally, GP-75 has no significant toxicity in
501acute and subacute tests. Overall, we have established a solid
502foundation for GP-75 being used as a potential therapeutic for
503regulating macrophage-polarization-related inflammatory dis-
504eases like colitis.
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