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Abstract

Ulcerative colitis (UC) is a chronic inflammatory bowel disease characterized by persistent
mucosal inflammation and dysregulated immune–metabolic responses. Koumiss, a tra-
ditional fermented mare’s milk, has long been used in ethnomedicine for gastrointestinal
disorders; however, its molecular mechanisms in UC remain unclear. In this study, an inte-
grated multi-omics approach combining network pharmacology, quantitative proteomics,
and molecular docking was employed to elucidate the therapeutic mechanism of koumiss
powder (KP) in a dextran sulfate sodium (DSS)-induced murine colitis model. Network
pharmacology identified twelve bioactive compounds targeting fourteen UC-associated
proteins, predominantly enriched in the peroxisome proliferator-activated receptor (PPAR)
signaling pathway. In vivo experiments demonstrated that high-dose KP significantly alle-
viated disease activity, improved colon shortening and histopathological injury, reduced
serum TNF-α and IL-6 levels, and restored anti-inflammatory cytokines IL-4 and IL-10.
Proteomic analysis further revealed activation of the PPAR signaling pathway, with signifi-
cant upregulation of Plin4 and Sorbs1. Immunofluorescence staining further confirmed
that KP restored the expression of PPARA and increased the levels of Plin4 and Sorbs1
in colonic tissues. Molecular docking confirmed strong binding affinities between key
koumiss-derived lipid metabolites, including 13(S)-HOTrE and stearoyl ethanolamide, and
PPAR-related target proteins. Collectively, these findings demonstrate that koumiss exerts
protective effects against experimental UC primarily through activation of PPAR-mediated
lipid metabolic and anti-inflammatory pathways. This study provides mechanistic insight
into the biological activity of koumiss and highlights the value of multi-omics integration
in natural product research.

Keywords: koumiss; ulcerative colitis; PPAR signaling; proteomics; network pharmacology;
functional food; multi-omics

1. Introduction
Ulcerative colitis (UC) is a chronic, relapsing inflammatory bowel disease characterized

by persistent mucosal inflammation of the colon and rectum [1–3]. The global prevalence
of UC has exceeded over five million cases and continues to rise steadily, posing substantial
clinical and socioeconomic burdens [4]. Although conventional treatments, including
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aminosalicylates, corticosteroids, and immunosuppressants, can alleviate symptoms, many
patients experience incomplete remission, frequent relapse, adverse effects, and high
long-term treatment costs [5–7]. Therefore, safer and more effective complementary or
alternative therapeutic strategies are urgently needed [8].

Natural products and functional foods have attracted increasing attention for their
potential to regulate intestinal inflammation and restore mucosal homeostasis with lower
toxicity [9]. Koumiss, a fermented beverage produced by the co-fermentation of mare’s
milk with lactic acid bacteria and yeast, is traditionally consumed in East Asian nomadic
regions as both a nutritional supplement and a medicinal food [10–12]. Koumiss con-
tains diverse bioactive constituents, including short-chain fatty acids, peptides, amino
acids, vitamins, and microbial metabolites, which collectively exhibit anti-inflammatory, an-
timicrobial, immunomodulatory, and gastrointestinal barrier-protective properties [13,14].
Recent studies further suggest that koumiss may regulate host lipid metabolism, immune
responses, and gut microbial homeostasis, implying potential therapeutic value in chronic
inflammatory diseases [15–19]. In parallel, increasing evidence indicates that peroxisome
proliferator-activated receptors (PPARs), especially PPARA, are central regulators of in-
testinal immunometabolism, epithelial barrier integrity, and inflammatory resolution in
UC [20–23]. Pharmacological or nutritional activation of PPAR-related signaling has been
reported to ameliorate DSS-induced colitis and other inflammation-associated intestinal
disorders [24,25].

Despite accumulating evidence suggesting the beneficial effects of koumiss in gas-
trointestinal disorders, the specific bioactive compounds, molecular targets, and regulatory
pathways underlying its protective role in ulcerative colitis remain largely undefined. In
particular, it is still unclear whether koumiss exerts its anti-colitic effects through coor-
dinated modulation of lipid metabolic signaling pathways and whether PPAR-related
downstream effectors are involved in this process. In addition, because koumiss is a
fermented dairy product, its beneficial effects may also involve microbiota-dependent
mechanisms, which should be considered when interpreting its activity [15].

We hypothesized that koumiss-derived lipid metabolites ameliorate intestinal in-
flammation through modulation of the peroxisome proliferator-activated receptor (PPAR)
signaling pathway [16]. To test this hypothesis, we employed an integrated multi-omics
framework combining network pharmacology, quantitative proteomics, molecular docking
analysis, and in vivo validation using a dextran sulfate sodium (DSS)-induced murine
colitis model [17]. In the following study, we further supplemented the mechanistic anal-
ysis by examining the expression changes of PPARA and its downstream PPAR-related
proteins Plin4 and Sorbs1 in colonic tissues. This systematic approach aimed to elucidate
the molecular mechanism underlying the therapeutic effects of koumiss and to clarify its
potential role in immunometabolic regulation in ulcerative colitis.

2. Results
2.1. Network Pharmacological Analysis of Koumiss Bioactive Components

Our previous LC–MS analysis identified 66 chemical constituents in koumiss [17].
Among them, 2 compounds were screened through the TCMSP database, while 20 com-
pounds met the screening criteria in both the SwissADME and pkCSM databases. After
integration and deduplication, 22 active compounds were retained as candidate bioactive
ingredients (Table 1). These compounds were primarily fatty acids and lipid mediators,
indicating a potential role in metabolic and inflammatory regulation. Functional enrich-
ment analysis revealed that these candidate compounds were mainly associated with
lipid metabolic processes. As illustrated in Figure 1A, significantly enriched pathways
included fatty acid biosynthesis, fatty acid elongation, arachidonic acid metabolism, glyc-
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erophospholipid metabolism, and steroid hormone biosynthesis, suggesting that lipid
metabolic reprogramming may represent a principal mechanistic axis of koumiss activity.
Venn intersection analysis identified 14 overlapping targets between koumiss-predicted
targets and UC-associated genes (Figure 1B). Protein–protein interaction (PPI) network
construction demonstrated strong connectivity among these targets (Figure 1C), highlight-
ing a tightly interconnected regulatory module. Notably, individual bioactive compounds
were predicted to interact with multiple targets, while several UC-related targets were
simultaneously modulated by multiple koumiss-derived metabolites, reflecting a typical
multi-component–multi-target pharmacological pattern. Gene Ontology enrichment anal-
ysis indicated that these intersecting targets were significantly involved in inflammatory
response regulation and nuclear receptor-mediated signaling (Figure 1D). KEGG pathway
analysis further demonstrated significant enrichment in the PPAR signaling pathway and
arachidonic acid metabolism (Figure 1E), both of which are critically implicated in intestinal
inflammation and mucosal homeostasis.

Table 1. Active ingredients of Koumiss.

No. Name Formula Calc. MW

1 13(S)-HOTrE C18H30O3 294.4
2 16-Hydroxyhexadecanoic acid C16H32O3 272.4
3 Acetylcholine C7H16NO2

+ 146.2
4 Arachidonic acid C20H32O2 304.5
5 Hexadecanamide C16H33NO 255.4
6 Lauric acid C12H24O2 200.3
7 Palmitic acid C16H32O2 256.4
8 Palmitoleic acid C16H30O2 254.4
9 Palmitoyl ethanolamide C18H37NO2 299.5

10 Progesterone C21H30O2 314.5
11 Stearoyl ethanolamide C20H41NO2 327.5
12 Tyramine C8H11NO 137.2

To further validate these predicted interactions, molecular docking analysis was
performed between major koumiss-derived compounds and core PPAR-related pro-
teins. As shown in Table 2, most active ingredients exhibited favorable binding energies
(<−5.0 kcal/mol), indicating stable ligand–receptor interactions. Among them, palmitoleic
acid demonstrated relatively strong binding affinity (<−6.0 kcal/mol) toward both PPARA
and PPARG. Representative docking conformations are shown in Figure 1F,G, revealing
hydrogen bonding and hydrophobic interactions within the ligand-binding domains.

Table 2. Binding energy table of compounds in koumiss docked with PPARA and PPARG.

Active Ingredients PPARA (kcal/mol) PPARG (kcal/mol)

Palmitoleic acid −6.2 −6.3
Arachidonic acid −7.4 NA

Lauric acid −5.8 −5.5
Palmitic acid −5.9 −6.1

16-Hydroxyhexadecanoic acid NA −9.3
Progesterone −6.7 NA

Hexadecanamide −6.0 −6.0
Stearoyl ethanolamide −9.5 −10.2

Palmitoyl ethanolamide −10.5 NA
Acetylcholine −4.5 −4.5
13(S)-HOTrE NA −10.7

Tyramine −5.7 −5.5
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Collectively, these results suggest that koumiss exerts its anti-ulcerative colitis ef-
fects primarily through coordinated regulation of the PPAR signaling pathway and lipid
metabolic networks, particularly arachidonic acid-related pathways.

Figure 1. Network pharmacological analysis of koumiss-derived bioactive compounds in ulcerative
colitis. (A) Pathway enrichment analysis of candidate active compounds identified from koumiss,
showing the major lipid metabolism-related pathways potentially involved. (B) Venn diagram
showing the intersection between ulcerative colitis (UC)-associated targets and predicted targets of
koumiss-derived active compounds. (C) Integrated compound–target network and protein–protein
interaction (PPI) network of the overlapping targets; hexagons represent active compounds, circles
represent shared targets, and node size reflects degree centrality. (D) Gene Ontology (GO) biological
process enrichment analysis of the 14 intersected targets. (E) Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis of the intersected targets, highlighting the PPAR
signaling pathway and arachidonic acid metabolism. (F,G) Representative molecular docking confor-
mations of palmitoleic acid with PPARA (F) and PPARG (G). Residues involved in the interactions
are shown as sticks, and hydrogen bonds are indicated by yellow dashed lines.

2.2. Alleviation Effects of KP in DSS-Induced UC Mice

To evaluate the therapeutic efficacy of KP in DSS-induced UC, clinical parameters,
histopathological alterations, and systemic inflammatory responses were systematically
assessed. As shown in Figure 2A,B, DSS administration resulted in a progressive increase
in the disease activity index (DAI) and significant body weight loss compared with the
control group, indicating successful establishment of the acute UC model. KP intervention
markedly attenuated these clinical symptoms, as evidenced by reduced DAI scores and mit-
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igation of DSS-induced weight loss. Notably, the M-KP and H-KP groups exhibited more
pronounced protective effects. Colon length, a macroscopic indicator of colonic inflamma-
tion severity, was significantly shortened in the model group. KP treatment, particularly at
medium dosage (M-KP), significantly alleviated DSS-induced colon shortening (Figure 2C,
n = 10/group). Consistently, immune cell infiltration was markedly increased in the model
group, whereas KP administration effectively reduced inflammatory cell accumulation
(Figure 2D, n = 5/group).

Figure 2. Protective effects of koumiss powder on DSS-induced ulcerative colitis in mice. (A) Changes
in body weight during the experimental period. (B) Disease Activity Index (DAI) scores evaluating
clinical severity. (C) Colon length measurements reflecting the degree of colonic inflammation
(n = 10/group). (D) Quantification of inflammatory cell infiltration in five representative microscopic
fields of colonic tissues (n = 5/group). (E) Representative macroscopic images of colons from each
experimental group. (F) Representative hematoxylin and eosin (H&E)-stained colon sections showing
histopathological alterations. Black arrows indicate inflammatory cell infiltration; red arrows indicate
goblet cells; green arrows indicate crypt structure damage. Scale bar = 200 µm. (G–J) Serum cytokine
levels, including the anti-inflammatory cytokines IL-4 (G) and IL-10 (H), and the pro-inflammatory
cytokines TNF-α (I) and IL-6 (J) (n = 10/group). Data are presented as mean ± SEM. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. KP, koumiss powder; L-KP, low-dose KP group; M-KP,
medium-dose KP group; H-KP, high-dose KP group.

Gross morphological observation further supported these findings (Figure 2E). Com-
pared with the thin and soft colonic tissue observed in the control group, DSS-treated
mice exhibited rigid, thickened colons with evident edema and hyperplasia. KP treatment
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alleviated these pathological changes to varying degrees. Histopathological examination
by H&E staining revealed severe mucosal injury in the model group, characterized by
epithelial disruption, crypt destruction, goblet cell depletion, inflammatory cell infiltration,
and muscular layer edema (Figure 2F). In contrast, both mesalazine and KP-treated groups
showed substantial histological improvement. Importantly, the H-KP group demonstrated
better preservation of goblet cells, relatively intact crypt architecture, a more continu-
ous mucus layer, and only mild inflammatory infiltration, suggesting enhanced mucosal
barrier protection.

To further determine whether KP-mediated histological recovery was associated with
modulation of systemic inflammation, serum cytokine levels were quantified by ELISA
(n = 10). DSS exposure significantly suppressed anti-inflammatory cytokines IL-4 and
IL-10 (Figure 2G,H) while markedly elevating pro-inflammatory cytokines TNF-α and IL-6
(Figure 2I,J) compared with the control group (all p < 0.0001). KP treatment effectively
reversed this imbalance by restoring IL-4 and IL-10 levels and reducing TNF-α and IL-6
production. Notably, the H-KP group exhibited comparable efficacy to mesalazine, with no
significant differences observed in IL-10, TNF-α, or IL-6 levels between the two groups.

Collectively, these results demonstrate that KP effectively alleviates DSS-induced
acute UC by improving clinical symptoms, preserving intestinal morphology and mucosal
architecture, and restoring systemic inflammatory homeostasis. The therapeutic efficacy of
high-dose KP is comparable to that of mesalazine, highlighting its potential as a promising
candidate for UC management.

2.3. H-KP Remodels the Colonic Proteome and Activates the PPAR Signaling Pathway

To investigate the molecular basis of KP-mediated protection, label-free LC–MS/MS
proteomic analysis was performed on colon tissues. A total of 7241 to 33,547 peptides
were identified across samples and 1096–4162 proteins were identified across samples
(FDR < 0.01), with most proteins distributed between 10–60 kDa.

Compared with the control group, DSS treatment resulted in 128 up-regulated and
103 down-regulated proteins (Figure 3A). Enrichment analysis showed that up-regulated
proteins were mainly associated with proteolysis and coagulation processes, whereas
down-regulated proteins were involved in anion transport (Supplementary Figure S1A).
KEGG analysis revealed significant enrichment of IL-17 signaling and neutrophil extracel-
lular trap formation in the model group (Figure 3B).

H-KP treatment led to 30 up-regulated and 40 down-regulated proteins compared
with the model group (Figure 3C). These DEPs were enriched in actin filament dynam-
ics, protein polymerization, keratinocyte differentiation, and amino acid metabolism
(Supplementary Figure S1B). KEGG analysis revealed activation of the PPAR signaling path-
way, concurrent with inhibition of pancreatic secretion and protein digestion/absorption
pathways (Figure 3D). PPI analysis identified Plin4 and Sorbs1 as hub proteins within the
PPAR-related regulatory network (Figure 3E). These two proteins were highlighted because
they were significantly regulated in the proteomic dataset, enriched in the PPAR signaling
pathway, and positioned centrally in the protein–protein interaction network, indicating
potential biological relevance to lipid metabolic regulation and inflammatory homeosta-
sis. The PPAR-associated proteins Plin4 (O88492) and Sorbs1 (Q62417) (Figure 3F,G, both
p < 0.05), which showed expression trends consistent with the therapeutic effects of H-KP,
were significantly upregulated in the H-KP and mesalazine groups compared with the
model group.
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Figure 3. Proteomic profiling and pathway analysis of koumiss treatment in DSS-induced ulcerative
colitis mice. (A) Volcano plot showing differentially expressed proteins (DEPs) between the model and
control groups (FDR-adjusted p < 0.05). (B) KEGG pathway enrichment analysis of DEPs identified
in the model group relative to the control group. (C) Volcano plot of DEPs between the H-KP and
model groups. (D) KEGG pathway enrichment analysis of DEPs in the H-KP group compared with
the model group. (E) Protein–protein interaction (PPI) network of DEPs regulated by H-KP treatment,
highlighting hub proteins within the PPAR-related regulatory network. (F,G) Relative expression
levels of Plin4 (F) and Sorbs1 (G) identified by proteomic analysis in colonic tissues. (H) Volcano plot
of DEPs between the mesalazine and model groups. (I) KEGG pathway enrichment analysis of DEPs
in the mesalazine group compared with the model group. In box plots, the center line represents
the median, box limits represent the upper and lower quartiles, and whiskers represent the range.
* p < 0.05.

Mesalazine administration resulted in 20 up-regulated and 53 down-regulated proteins
compared to the model group (Figure 3H). These DEPs were associated with fatty acid
transport, cellular responses to metal ions, regulation of apoptosis, and skeletal muscle
acetylcholine-gated channel clustering (Supplementary Figure S1C). Notably, similar KEGG
enrichment patterns, including activation of the PPAR signaling pathway (Figure 3I).
In contrast, L-KP (Supplementary Figure S2A) and M-KP (Supplementary Figure S2B)
group demonstrated relatively fewer regulated proteins involved in actin cytoskeleton
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organization (Supplementary Figure S2C) and fatty acid/biotin transport (Supplementary
Figure S2D). However, neither L-KP nor M-KP significantly influenced UC-associated
pathways (Supplementary Figure S2E).

These findings reveal that H-KP exerts therapeutic effects in DSS-induced UC through
regulation of the PPAR signaling pathway, with Plin4 and Sorbs1 identified as representa-
tive downstream proteins associated with this response.

2.4. Overlapping and Reversal Patterns of DEPs Between H-KP and Mesalazine

To compare the regulatory patterns of H-KP and mesalazine, Venn analysis was per-
formed to identify overlapping and unique differentially expressed proteins (DEPs) among
treatment groups (Figure 4). Both H-KP and mesalazine modulated a subset of common
proteins. Among these shared DEPs, 11 proteins were consistently up-regulated (55% and
37% of the total up-regulated proteins in the mesalazine and H-KP groups, respectively),
while 14 proteins were commonly down-regulated (26% and 35%, respectively). These
findings indicate partial overlap in the molecular responses induced by the two treatments.

Figure 4. Comparative overlap and reversal analysis of differentially expressed proteins across
treatment groups. Venn diagrams showing the overlap of upregulated and downregulated DEPs
among the model vs. control, H-KP vs. model, and mesalazine vs. model comparisons. Numerical
values indicate the numbers of unique and shared proteins among the different comparisons. This
analysis illustrates both the common regulatory effects shared by H-KP and mesalazine and the
reversal of DSS-induced proteomic alterations following treatment. vs., versus.

Importantly, H-KP exhibited a pronounced reversal effect on DSS-induced proteomic
alterations. Specifically, 8 proteins (27%) that were down-regulated in the model group
were restored by H-KP treatment, a greater number than observed in the mesalazine group.
In addition, H-KP down-regulated 6 proteins (13%) that had been up-regulated by DSS
modeling. By comparison, mesalazine down-regulated 10 proteins (19%) that were elevated
in the model group.

Overall, while H-KP and mesalazine share partially overlapping regulatory profiles,
H-KP demonstrated a stronger trend toward reversing UC-associated proteomic distur-
bances. These results suggest that H-KP exerts therapeutic effects through both shared and
distinct molecular mechanisms.

2.5. Molecular Docking Analysis Predicts Strong Interactions Between Koumiss-Derived
Metabolites and PPAR-Related Targets

Molecular docking analysis was performed to evaluate the binding affinity between
the 12 identified active compounds and DEPs exhibiting reversed expression trends after
H-KP treatment. The heatmap illustrates the overall binding energy distribution between
koumiss-derived metabolites and UC-associated targets (Figure 5A), indicating widespread
and stable ligand–receptor interactions.
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Figure 5. Molecular docking analysis of koumiss-derived bioactive compounds with PPAR-related
targets and ulcerative colitis-associated proteins. (A) Heatmap of AutoDock Vina binding ener-
gies (BE) between 12 koumiss-derived active compounds and representative proteins associated
with UC and the PPAR-related regulatory network. The color gradient indicates predicted binding
affinity (blue, stronger; light blue, weaker; gray, no predicted affinity), and values <−5 kcal/mol
were considered indicative of favorable binding. (B–G) Representative docking conforma-
tions of key compound–target pairs, including 13(S)-HOTrE−Plin4 (B), 13(S)-HOTrE−Sorbs1 (C),
13(S)-HOTrE−Slc27a1 (D), stearoyl ethanolamide−Slc27a1 (E), stearoyl ethanolamide−Plin4 (F), and
palmitoleic acid−Slc27a1 (G), with the corresponding binding energies shown in each panel.

Among the active ingredients, 13(S)-HOTrE exhibited the strongest and most consistent
binding affinities toward key proteins involved in the PPAR signaling pathway, including
Plin4 (O88492) (Figure 5B; −9.6 kcal/mol), Sorbs1 (Q62417) (Figure 5C; −9.4 kcal/mol),
and Slc27a1 (Q60714) (Figure 5D; −12.2 kcal/mol). These interactions were stabilized by
multiple hydrogen bonds and hydrophobic contacts, suggesting high binding stability.

Similarly, stearoyl ethanolamide exhibited strong affinity for Slc27a1(Q60714)
(Figure 5E; −10.7 kcal/mol) and Plin4 (O88492) (Figure 5F; −12.7 kcal/mol), further sup-
porting lipid-mediated regulation of PPAR-related targets. In addition, palmitoleic acid
revealed a favorable binding affinity with Slc27a1 (Q60714) (Figure 5G; −6.8 kcal/mol).

Collectively, these docking results suggest that fatty acid-derived metabolites in
koumiss may interact with proteins associated with the PPAR-related regulatory net-
work. Together with the proteomic and immunofluorescence results, these findings sup-
port the possibility that H-KP exerts therapeutic effects in UC through modulation of
PPARα-associated lipid metabolic and anti-inflammatory pathways. However, the docking
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results should be interpreted as supportive structural evidence rather than direct proof of
target engagement.

2.6. KP Restores PPARA, Plin4, and Sorbs1 Expression in Colonic Tissues

To further validate the involvement of the PPAR signaling pathway in the protective
effects of koumiss, immunofluorescence staining was performed to assess the expression of
PPARA, Plin4, and Sorbs1 in colonic tissues (Figure 6). As shown in Figure 6A,B, PPARA
fluorescence intensity was markedly decreased in the DSS model group compared with
the control group, indicating suppression of PPARA-related signaling under inflammatory
conditions. Both mesalazine and high-dose koumiss powder (H-KP) treatment significantly
restored PPARA expression relative to the model group.

Figure 6. Immunofluorescence validation of PPARA, Plin4, and Sorbs1 expression in colonic tissues.
Representative immunofluorescence images showing the expression of PPARA (A), Plin4 (C), and
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Sorbs1 (E) in colon tissues from the Control, Model, Mesalazine, and H-KP groups. Corresponding
quantitative analysis of fluorescence intensity is shown for PPARA (B), Plin4 (D), and Sorbs1 (F).
Nuclei were counterstained with DAPI (blue), and positive staining is shown in green. DSS treatment
markedly reduced the expression of PPARA, Plin4, and Sorbs1, whereas mesalazine and H-KP
treatment restored their expression levels. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. H-KP, high-dose koumiss powder. Scale bar = 100 µm.

Consistent with this finding, the expression levels of the downstream PPAR-related
proteins Plin4 and Sorbs1 were also markedly reduced in the model group, whereas
both mesalazine and H-KP treatment significantly increased their fluorescence intensities
(Figure 6C–F). Specifically, Plin4 expression was significantly elevated after both mesalazine
and H-KP intervention compared with the model group, and a similar restoration trend
was observed for Sorbs1.

Overall, these results provide direct tissue-level evidence that KP reverses DSS-induced
downregulation of PPARA, Plin4, and Sorbs1 in the colon, further supporting the con-
clusion that koumiss ameliorates experimental ulcerative colitis, at least in part, through
activation of the PPARA-associated signaling axis.

3. Discussion
Koumiss has traditionally been used for gastrointestinal disorders; however, its molec-

ular mechanism in ulcerative colitis (UC) has not been systematically clarified [18,19].
In the present study, we integrated network pharmacology, in vivo validation, quantita-
tive proteomics, and molecular docking analyses to investigate the mechanistic basis of
koumiss in DSS-induced experimental colitis. The combined results indicate that koumiss
exerts anti-colitic effects through coordinated regulation of inflammatory responses and
lipid metabolic pathways, with PPAR-related signaling representing a key mechanistic
feature [20].

Network pharmacology analysis suggested that lipid-related pathways, particularly
the PPAR signaling pathway and arachidonic acid metabolism, represent central regula-
tory axes of koumiss bioactivity [21,22]. PPARs are well-established regulators of lipid
homeostasis, epithelial barrier integrity, and inflammatory responses in the intestine [23,24].
Dysregulation of PPAR signaling has been implicated in UC pathogenesis, and pharma-
cological activation of PPAR-γ has demonstrated protective effects in experimental colitis
models [25]. Our findings that multiple koumiss-derived fatty acids and lipid mediators
were predicted to target PPAR-associated targets supports the notion that lipid-sensitive
regulatory mechanisms contribute importantly to the anti-inflammatory effects of koumiss.
Given the close interplay between mucosal inflammation and disturbed lipid metabolism in
UC, the enrichment of PPAR-related pathways provides a biologically coherent framework
for interpreting the therapeutic effects observed in this study [26].

The mechanistic predictions were corroborated by in vivo experiments. High-dose
koumiss powder significantly alleviated disease activity, improved histopathological injury,
and restored inflammatory cytokine balance in DSS-treated mice [27]. Proteomic profiling
further revealed enrichment of the PPAR signaling pathway and upregulation of Plin4 and
Sorbs1, two proteins involved in lipid droplet dynamics and metabolic regulation. These
proteins were selected for further interpretation because they fulfilled several criteria simul-
taneously: they were significantly regulated in the proteomic analysis, enriched within the
PPAR signaling pathway, showed expression trends consistent with the therapeutic effect
of H-KP, and occupied important positions in the protein–protein interaction network [28].
These findings indicate that koumiss may modulate immunometabolic pathways asso-
ciated with intestinal inflammation [29,30]. The recovery of these proteins suggests that
koumiss may alleviate colitis, at least in part, by normalizing inflammation-associated
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disturbances in lipid handling and intracellular metabolic signaling [12]. Such regulation
may contribute not only to suppression of inflammatory injury but also to restoration of
mucosal homeostasis [31].

Comparative analysis showed partial overlap between koumiss and mesalazine in
regulating PPAR-related pathways, while koumiss demonstrated a broader reversal of
DSS-induced proteomic alterations [32,33]. This suggests that, in addition to shared anti-
inflammatory mechanisms, koumiss may exert broader multi-target regulatory effects
through coordinated modulation of lipid metabolism and inflammatory signaling net-
works [34]. This broader regulatory profile is consistent with the compositional complexity
of koumiss, which contains multiple bioactive constituents that may act in a complementary
or synergistic manner.

Molecular docking provided structural support for these observations. Key lipid
metabolites, including 13(S)-HOTrE and stearoyl ethanolamide, exhibited stable binding
affinities toward PPAR-associated targets such as Plin4, Sorbs1, and Slc27a1 [35–37]. How-
ever, these results should be interpreted with caution. Docking analysis predicts potential
ligand–target interactions but does not establish direct biological activity in vivo. Accord-
ingly, the docking data in the present study should be regarded as supportive evidence
that is consistent with the proteomic and pathway-level findings, rather than as definitive
mechanistic proof.

Importantly, because koumiss is a fermented dairy product, its beneficial effects may
also involve modulation of the gut microbiota [13]. This possibility deserves consideration
when interpreting the present findings. Accumulating evidence indicates that fermented
foods and microbially derived metabolites can influence intestinal inflammation by reshap-
ing microbial communities, enhancing epithelial barrier function, and regulating mucosal
immune responses [38,39]. Therefore, the protective effects of koumiss observed here
may not be solely attributable to direct host metabolic regulation, but may also involve
microbiota-mediated mechanisms that contribute to intestinal homeostasis.

This possibility is particularly relevant in the context of PPAR signaling. Host–microbiota
interactions are increasingly recognized as important modulators of intestinal PPAR activity,
and microbially derived lipid-related metabolites have been reported to influence epithelial
metabolism, immune balance, and barrier integrity through PPAR-associated pathways [40].
From this perspective, the PPAR-centered effects identified in our study may reflect not
only host-targeted actions of koumiss-derived compounds, but also an integrated response
involving microbial metabolism and host immunometabolic regulation.

Several limitations should be acknowledged. Although the present results support
the involvement of PPAR-related signaling, additional functional studies, such as pathway
inhibition, reporter assays, or genetic perturbation approaches, would be required to estab-
lish causality more directly [41,42]. In addition, microbiota profiling was not performed
in this study, and this absence represents an important limitation given the fermented
nature of koumiss. Future studies integrating microbiome, metabolome, and host signaling
analyses will be important for clarifying whether koumiss acts predominantly through
direct host-target interactions, microbiota-dependent mechanisms, or the interplay between
both processes [43].

Overall, this study provides multi-layered evidence that koumiss ameliorates exper-
imental colitis primarily through modulation of PPAR-dependent lipid metabolic and
anti-inflammatory pathways. At the same time, our findings support a broader mechanistic
perspective in which host immunometabolic regulation and potential host–microbiota
crosstalk may jointly contribute to the therapeutic effects of koumiss. This integrative view
may be valuable for understanding the biological actions of fermented functional foods in
UC and related inflammatory intestinal disorders [44].
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4. Materials and Methods
4.1. Network Pharmacology Analysis
4.1.1. Identification of Bioactive Constituents and Target Prediction

Based on our previous chemical profiling of koumiss using liquid chromatography–tandem
mass spectrometry (LC-MS) [45], candidate bioactive compounds were screened using
the Traditional Chinese Medicine Systems Pharmacology database (TCMSP) (retrieved
28 March 2023, from https://www.tcmsp-e.com/load_intro.php?id=43), SwissADME
(retrieved 28 March 2023, from http://www.swissadme.ch/), and pkCSM platforms (re-
trieved 28 March 2023, from http://biosig.unimelb.edu.au/pkcsm/) [46]. To ensure fa-
vorable pharmacokinetic properties, the following criteria were applied: oral bioavail-
ability ≥30%, drug-likeness ≥0.18, high gastrointestinal absorption, fulfillment of at
least three of five drug-likeness rules, and Caco-2 permeability ≥0.9. Canonical SMILES
structures of the potential active ingredients were retrieved from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/, accessed on 21 April 2026) and uploaded to the
SwissTargetPrediction database (http://swisstargetprediction.ch/, accessed on 21 April
2026) to predict potential targets. The screening was performed under the conditions of
“Homo sapiens” and a probability threshold >0.2.

4.1.2. Identification of UC-Associated Targets

Ulcerative colitis–related genes were collected from GeneCards, DisGeNET, OMIM,
Therapeutic Target Database, and DrugBank. The GeneCards database (version 5.24) was
queried with a relevance score cutoff set at the median value of 2.92, while the DisGeNET
database (version 24) was screened using a gene–disease association score threshold ≥0.2,
specific to UC. Additional targets were retrieved from the Online Mendelian Inheritance
in Man (OMIM) database, Therapeutic Target Database (TTD, updated 10 January 2024),
and DrugBank database (version 5.1.13). Following data collection, all identified tar-
gets were consolidated and duplicate entries were removed to generate a refined set of
UC-associated genes.

After deduplication, intersecting genes between koumiss-derived bioactive ingredients
and the curated UC-related gene set were identified. Protein–protein interaction (PPI)
network analysis was performed using the STRING database (https://string-db.org/,
accessed on 21 April 2026) with the search parameters restricted to Homo sapiens and a
minimum interaction confidence score of 0.4. The PPI network data was imported into
Cytoscape software (version 3.7.0) for visualization and further analysis. Network topology
and key nodal proteins were characterized using the CentiScaPe plugin, which enabled
quantitative assessment of node centrality metrics.

A compound–target–pathway integrated network was subsequently constructed to
elucidate the multi-target pharmacological mechanism of koumiss.

4.2. Preparation of Koumiss Freeze-Dried Powder

Koumiss (from Mengma Dairy, Xilinguole, Inner Mongolia of China) was thoroughly
mixed with anhydrous ethanol at a 1:1 (v/v) ratio. The mixture was then centrifuged at
4000 rpm for 20 min (4 ◦C) and allowed to settle at 4 ◦C for 1 h. The resulting supernatant
was carefully collected and filtered through a 0.22 µm membrane. The filtrate was concen-
trated under reduced pressure using a rotary evaporator until complete ethanol removal
was confirmed by the absence of alcohol odor. The concentrated solution was subsequently
lyophilized for 35 h to obtain the final freeze-dried KP. The extraction yield was 27.46 g/L.

https://doi.org/10.3390/ijms27093821

https://www.tcmsp-e.com/load_intro.php?id=43
http://www.swissadme.ch/
http://biosig.unimelb.edu.au/pkcsm/
https://pubchem.ncbi.nlm.nih.gov/
http://swisstargetprediction.ch/
https://string-db.org/
https://doi.org/10.3390/ijms27093821


Int. J. Mol. Sci. 2026, 27, 3821 14 of 19

4.3. DSS-Induced UC Model and Drug Intervention

Sixty specific pathogen-free (SPF) BALB/c mice (5–8 weeks old, 18–22 g) were ob-
tained from the Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China).
The mice were housed under controlled environmental conditions (temperature: 20–22 ◦C;
relative humidity: 50–60%; 12/12 h light/dark cycle) with ad libitum access to food and wa-
ter. After 7 days of acclimatization, the animals were randomly subdivided into 6 groups
(n = 10/group): a control group, a DSS model group, a mesalazine treatment group, a
low-dose KP treatment (L-KP) group, a medium-dose KP treatment (M-KP) group, and a
high-dose KP treatment (H-KP) group. The mice were individually numbered. UC was in-
duced by administering 3% DSS diluted in drinking water ad libitum for 9 consecutive days.
From day 3 of DSS administration, therapeutic interventions were initiated: KP-treated
groups received daily oral gavage of respective doses (1.35, 2.7, or 5.4 g/kg); mesalazine
group received 0.2 g/kg daily oral gavage; control and DSS model groups received equiva-
lent volumes of vehicle. The therapeutic regimens were diluted in drinking water prior to
oral gavage. The body weight, stool consistency, and fecal occult blood were monitored
daily. Disease activity was quantified using the Disease Activity Index (DAI), calculated as
DAI = (weight change score + bloody stool score + loose stool score)/3. Scoring criteria
are illustrated in Supplementary Table S1. All procedures were approved by the Ani-
mal Welfare Ethics Committee of Beijing Academy of Science and Technology (Approval
No. BLARC-SSYY-DW/013-JL/001) on 14 May 2024.

Unless otherwise specified, each group initially contained 10 mice. Different sample
sizes were used for individual assays according to assay-specific requirements, tissue
availability, and analytical purpose. Accordingly, some analyses, such as serum cytokine
measurement and colon length assessment, were performed using all animals in each
group, whereas histological and image-based analyses were conducted using representative
subsets of samples.

4.4. Histopathological Analysis and Serum Cytokine Measurement

Colon tissues were harvested, fixed in 4% paraformaldehyde for 24 h, embedded in
paraffin, and sectioned at 5 µm thickness. For histopathological evaluation, representative
samples from each group (n = 3/group) were used for H&E staining. Histopathological
changes were evaluated using light microscopy (Nikon Eclipse E100, Nikon Corporation,
Tokio, Japan) at 200× magnification. For image-based quantification of inflammatory cell
infiltration, representative microscopic fields from five samples per group were analyzed
(n = 5/group).

Blood samples (n = 10/group) were collected from the orbital venous plexus using
heparinized capillary tubes and were centrifuged (4000× g, 4 ◦C, 10 min). The serum super-
natant was aliquoted and stored at −80 ◦C until analysis. Inflammatory cytokines (TNF-α,
IL-4, IL-6, IL-10) were quantified using commercial ELISA kits (Uping Bio, Hangzhou,
China) according to the manufacturer’s protocol. Optical density was measured at 450 nm
using a microplate reader (BioTek Synergy H1, Winooski, VT, USA).

Histological and image-based analyses were performed using representative subsets
because these assays were intended to evaluate tissue morphology and local pathological
changes, whereas cytokine measurements were carried out using all animals in each group
to better reflect systemic inflammatory status.

4.5. Preparation of Proteome

Total protein was extracted from the colon tissue of each group (n = 10/group) using
the AllPrep DNA/RNA/Protein Mini Kit (QIAGEN, Cat. No. 80004, Hilden, Germany)
according to the manufacturer’s instructions. Peptides were prepared using a modified
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filter-aided sample preparation method as follows: 250 µg of total protein, 100 µL of 7 M
guanidine hydrochloride (Sigma-Aldrich, G3272, St. Louis, MI, USA), and 4 µL of 1 M
dithiothreitol (DTT, OriLeaf, Lot. S11080, Shanghai, China) were added and the solution
was incubated at 55 ◦C for 1 h. Then, 10 µL of 1 M iodoacetamide (Sigma-Aldrich, I1149,
St. Louis, MO, USA) was added and centrifuged at low speed after shaking and mixing. It
was left for 30 min under light protection and room temperature, and then centrifuged again.
Finally, the filtrate was washed twice with ammonium bicarbonate solution (RHAWN, Lot.
151247, Shanghai, China) and was collected for storage [47]. Then, 25 µL of 0.2 µg/µL
trypsin (Thermo Fisher Scientific, 90305, Waltham, MA, USA) was added, and centrifuged
at low speed after shaking and mixing. The reaction was left at a constant temperature of
37 ◦C overnight, was collected by centrifugation and the reaction was terminated by the
addition of 2 µL of formic acid (Thermo Fisher Scientific, A117-50, Waltham, MA, USA).

4.6. LC-MS Analysis

A high-resolution tandem mass spectrometer Triple TOF 6600+ (SCIEX, Redwood
City, CA, USA) connected with an Evosep One LC system was used for peptide detection
in both positive and negative ion modes. The Evosep was connected to an analytical
column (PepSep, Marslev, Denmark, 15 cm × 150 µm, 1.9 µm beads) at a flow rate of
500 µL/min. The curtain gas was maintained 20 psi, ion source gas 1 and 2 were 20 psi
and 0 psi, respectively, using an interface heater temperature of 175 ◦C, and the ion source
temperature at 0 ◦C. The ion source voltage was controlled at 3500 V. In IDA mode, the mass
spectrometry data was acquired, and the TOF mass range was set from 60 to 1200 m/z. The
survey scans were acquired in 350 ms and as many as 12 product ion scans were collected a
threshold of 60 counts/s and with a 1 + charge-state. Total cycle time was fixed to 1 s. ADC
detector equipped with four-anode/channel detection was used. Dynamic exclusion was
set for 4 s.

Raw spectral files (.wiff2) were converted to peak lists (.mgf) using Proteome Discov-
erer 2.1 (Thermo Fisher Scientific) with centroiding enabled and default noise thresholds.
For protein identification and quantification, files were analyzed with DIA-NN (v1.9) under
the following protocol: a species-specific library was generated [DDA runs of pooled samples]
and searched against the UniProt Knowledgebase (UniProtKB), specifically the mouse
(Mus musculus) proteome entries (Release 2024) at 1% FDR. During acquisition, the mass
accuracy was calibrated every 10 samples. Furthermore, in order to evaluate the stability
of the LC-MS during the entire acquisition, a pool of 10 samples, referred to as a quality
control (10 µL), was acquired for each sample. We identified the depletion step using
thermos High Select Top14 abundant protein depletion Mini Spin columns (Thermo Fisher
Scientific, A36372).

4.7. Molecular Docking Analysis

The three-dimensional (3D) structures of the target proteins were retrieved from
the Protein Data Bank database (http://www.rcsb.org, accessed on 21 April 2026) as
docking acceptors. The 3D structures of potential activity composition of koumiss in
mol2 format were downloaded from the TCMSP database (https://www.tcmsp-e.com/
load_intro.php?id=43) as docking ligands. Then, docking was done using AutoDock Vina
(v 1.5.2) software. The original ligand of the target proteins active center was removed using
Pymol3.1 software, and the target protein was hydrogenated. Binding energy <0 indicated
that the compound and protein could spontaneously bind and interact with each other.
The lower the energy, the more stable the molecular conformation. Generally, a binding
energy of ≤−5.0 kcal/mol indicates a good binding effect. PyMol (v 4.6.0) software was
used for visualization.
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4.8. Immunofluorescence Staining

Paraffin-embedded colon tissue sections (5 µm) were dried at 37 ◦C for 2 h, deparaf-
finized in xylene, and rehydrated through a graded ethanol series. Antigen retrieval was
performed in 1× Tris-EDTA buffer (pH 9.0; SEVEN, SI120-02, Beijing, China) at 95 ◦C for
40 min. After cooling to room temperature, endogenous peroxidase activity was blocked
with hydrogen peroxide solution (SEVEN, SII25-02, Beijing, China) for 10–15 min. The sec-
tions were then washed with TBST (Servicebio, G0004-1L, Wuhan, China) and blocked with
10% goat serum in PBS (Solarbio, SL038, Beijing, China) for 20 min at room temperature.

The sections were incubated overnight at 4 ◦C with primary antibodies against PPARA,
Plin4, and Sorbs1 in a humidified chamber. After washing with TBST, HRP-conjugated
secondary antibodies (Proteintech, RGAR011 and RGAM011, Wuhan, China) were added
and incubated for 20 min at room temperature. Fluorescence signal amplification was per-
formed using a TSA kit (absin, abs0088, Shanghai, China) according to the manufacturer’s
instructions. Briefly, the 520 fluorophore was diluted 1:100 in amplification buffer and
applied to the sections for 10 min in the dark at room temperature. Nuclei were counter-
stained with DAPI (Servicebio, G1012, Wuhan, China) for 10 min. After mounting with
antifade medium, images were acquired using a Nikon C2 inverted confocal microscope
(Nikon Corporation, Tokyo, Japan). Fluorescence intensity was quantified using ImageJ
software (Version 1.54s 26 March 2026).

4.9. Statistical Analysis

All statistical analyses were performed using GraphPad Prism (version 8.0, GraphPad
Software, San Diego, CA, USA). Data are presented as mean ± standard error of the mean
(SEM). Normality of data distribution was assessed prior to parametric analysis. For com-
parisons among multiple groups, one-way analysis of variance (ANOVA) was conducted,
followed by Tukey’s multiple comparison test when equal variance was assumed. When
appropriate, Dunnett’s test was applied for comparisons against the model group. A
two-sided p value < 0.05 was considered statistically significant.

Proteomic data were analyzed using R statistical software (version 4.4.2). Differentially
expressed proteins (DEPs) were identified using the DESeq2 package, with thresholds set at
|fold change| > 1.5 and false discovery rate (FDR)-adjusted p < 0.05. Functional enrichment
analysis, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis, was performed using the clusterProfiler package. Statistical
significance for enrichment analyses was defined as adjusted p < 0.05.

5. Conclusions
In summary, this study employed an integrated multi-omics framework to elucidate

the therapeutic mechanism of koumiss powder (KP) in experimental ulcerative colitis.
Network pharmacology predicted lipid-mediated regulation of the PPAR signaling path-
way. In vivo validation confirmed that H-KP alleviated disease severity and inflammatory
responses. Proteomic analyses demonstrated activation of PPAR-associated effectors, in-
cluding Plin4 and Sorbs1, which were further validated by immunofluorescence staining
in colonic tissues, while molecular docking supported stable interactions between key
lipid metabolites—particularly 13(S)-HOTrE and stearoyl ethanolamide—and core regula-
tory proteins. Collectively, these findings indicate that koumiss exerts protective effects
against UC through modulation of PPAR-dependent lipid metabolic and anti-inflammatory
pathways. This work not only provides mechanistic support for the ethnomedicinal use
of koumiss but also highlights fermented dairy-derived lipid mediators as potential can-
didates for developing novel dietary or adjunct therapeutic strategies for inflammatory
bowel disease.

https://doi.org/10.3390/ijms27093821

https://doi.org/10.3390/ijms27093821


Int. J. Mol. Sci. 2026, 27, 3821 17 of 19

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms27093821/s1.

Author Contributions: Conceptualization, B.S.; methodology, G.G.; software, P.B. and B.A.; valida-
tion, P.B.; formal analysis, G.G. and P.B.; investigation, G.G.; resources, B.S.; data curation, P.B. and
B.A.; writing—original draft preparation, G.G. and P.B.; writing—review and editing, B.S.; visualiza-
tion, G.G.; supervision, B.S. and B.A.; project administration, B.S. and B.A.; funding acquisition, B.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by 2022 Inner Mongolia Autonomous Region Grassland Talent
Rolling Team Project, grant number 201023, and the APC was funded by 2022 Inner Mongolia
Autonomous Region Grassland Talent Rolling Team Project.

Institutional Review Board Statement: The research protocol was approved by the Animal Wel-
fare Ethics Committee of Beijing Laboratory Animal Research Center (protocol code BLARC-SSYY-
DW/013-JL/001, date of approval 14 May 2024).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding authors.

Acknowledgments: Thank you, Inner Mongolia Mengma Dairy Co., Ltd.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rubin, D.T.; Ananthakrishnan, A.N.; Siegel, C.A.; Barnes, E.L.; Long, M.D. ACG clinical guideline update: Ulcerative colitis in

adults. Am. J. Gastroenterol. 2025, 120, 1187–1224. Correction in Am. J. Gastroenterol. 2025, 120, 1187–1224. [CrossRef]
2. Segal, J.P.; LeBlanc, J.F.; Hart, A.L. Ulcerative colitis: An update. Clin. Med. 2021, 21, 135–139. [CrossRef]
3. Cao, F.; Liu, Z.X.; Liu, S.; Liu, Y.W.; Qi, Y.; Cheng, Y.S.; Wang, Y.; Xu, Y.Y. Proton pump inhibitors and gut microbiota dysbiosis:

Insights into the pathogenesis of ulcerative colitis. Front. Microbiol. 2025, 16, 1657865. [CrossRef]
4. Le Berre, C.; Honap, S.; Peyrin-Biroulet, L. Ulcerative colitis. Lancet 2023, 402, 571–584. [CrossRef] [PubMed]
5. Cai, Z.B.; Wang, S.; Li, J.N. Treatment of inflammatory bowel disease: A comprehensive review. Front. Med. 2021, 8, 765474.

[CrossRef] [PubMed]
6. Park, J.; Cheon, J.H. Updates on conventional therapies for inflammatory bowel diseases: 5-aminosalicylates, corticosteroids,

immunomodulators, and anti-TNF-α. Korean J. Intern. Med. 2022, 37, 895–905. [CrossRef] [PubMed]
7. Sands, B.E.; Dubinsky, M.C.; Kotze, P.G.; Vermeire, S.; Panaccione, R.; Long, M.D.; Woolcott, J.C.; Wu, J.; McDonnell, A.; Goetsch,

M.; et al. Efficacy and safety of etrasimod in patients with moderately to severely active ulcerative colitis stratified by baseline
modified mayo score: A post hoc analysis from the phase 3 ELEVATE UC clinical program. Inflamm. Bowel Dis. 2025, 31,
2681–2692. [CrossRef]

8. Kobayashi, T.; Siegmund, B.; Le Berre, C.; Wei, S.C.; Ferrante, M.; Shen, B.; Bernstein, C.N.; Danese, S.; Peyrin-Biroulet, L.; Hibi, T.
Ulcerative colitis. Nat. Rev. Dis. Primers 2020, 6, 74. [CrossRef]

9. Wang, L.; Xie, R.S.; Xu, C.J.; Luo, H.M.; Hua, X.F.; Yao, J.Y.; Lu, M.Q.; Zhou, S.; Zhu, M.; Li, D.Y.; et al. Potential applications and
mechanisms of natural products in mucosal-related diseases. Front. Immunol. 2025, 16, 1594224. [CrossRef]

10. Bai, Q.Y. Encyclopedia of Chinese Medicine: Mongolian Medicine (Part II); Inner Mongolia Science and Technology Press: Chifeng,
China, 1987.

11. Wuliji, A.N. The Standard of Mongolian Medicinal Materials InInner Mongolia; Inner Mongolia Science and Technology Press: Chifeng,
China, 2021.

12. Xue, W.K.; Yuan, X.X.; Ji, Z.J.; Li, H.; Yao, Y.T. Nutritional ingredients and prevention of chronic diseases by fermented koumiss:
A comprehensive review. Front. Nutr. 2023, 10, 1270920. [CrossRef]

13. Shokrollahi, B.; Choi, J.Y.; Won, M.; Kim, E.T.; Lee, S.E.; Ham, J.S. Koumiss (Fermented Mare’s Milk) as a functional food: Bioactive
proteins, peptides, and future perspectives. Foods 2025, 14, 3954. [CrossRef]

14. Xilin, T.Y.; He, X.L.; Bi, Y.Q.; Gao, Y.; Chen, A.; Urtnasan, M.; Siqin, B.; Li, M.H. Research progress on chemical composition,
microbial diversity and effects on human health of koumiss. Food Med. Homol. 2025, 2, 9420027. [CrossRef]

15. Afzaal, M.; Saeed, F.; Anjum, F.; Waris, N.; Husaain, M.; Ikram, A.; Ateeq, H.; Muhammad Anjum, F.; Suleria, H. Nutritional and
ethnomedicinal scenario of koumiss: A concurrent review. Food Sci. Technol. 2021, 9, 6421–6428. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27093821

https://www.mdpi.com/article/10.3390/ijms27093821/s1
https://www.mdpi.com/article/10.3390/ijms27093821/s1
https://doi.org/10.14309/ajg.0000000000003463
https://doi.org/10.7861/clinmed.2021-0080
https://doi.org/10.3389/fmicb.2025.1657865
https://doi.org/10.1016/S0140-6736(23)00966-2
https://www.ncbi.nlm.nih.gov/pubmed/37573077
https://doi.org/10.3389/fmed.2021.765474
https://www.ncbi.nlm.nih.gov/pubmed/34988090
https://doi.org/10.3904/kjim.2022.132
https://www.ncbi.nlm.nih.gov/pubmed/35882566
https://doi.org/10.1093/ibd/izaf036
https://doi.org/10.1038/s41572-020-0205-x
https://doi.org/10.3389/fimmu.2025.1594224
https://doi.org/10.3389/fnut.2023.1270920
https://doi.org/10.3390/foods14223954
https://doi.org/10.26599/FMH.2025.9420027
https://doi.org/10.1002/fsn3.2595
https://www.ncbi.nlm.nih.gov/pubmed/34760271
https://doi.org/10.3390/ijms27093821


Int. J. Mol. Sci. 2026, 27, 3821 18 of 19

16. Wang, F.F.; Chen, S.J.; Zhou, J.J.; Zhu, R.Y.; Chen, J.; Wang, Y.B. ARTP mutagenesis for genome-wide identification of genes
important for biofilm regulation in spoilage bacterium Pseudomonas fluorescens PF08. Appl. Environ. Microbiol. 2025, 91, e0021825.
[CrossRef] [PubMed]

17. Su, M.; Tang, T.; Tang, W.W.; Long, Y.; Wang, L.; Liu, M.L. Astragalus improves intestinal barrier function and immunity by acting
on intestinal microbiota to treat T2DM: A research review. Front. Immunol. 2023, 14, 1243834. [CrossRef]

18. Hou, Q.C.; Li, C.K.; Liu, Y.H.; Li, W.C.; Chen, Y.F.; Siqinbateer; Bao, Y.S.; Saqila, W.; Zhang, H.P.; Menghe, B.; et al. Koumiss
consumption modulates gut microbiota, increases plasma high density cholesterol, decreases immunoglobulin G and albumin.
J. Funct. Foods 2019, 52, 469–478. [CrossRef]

19. Ren, S.N.; Chen, A.; Tian, Y.P.; Bai, Z.X.; Wang, C.J. Lactobacillus paracasei from koumiss ameliorates diarrhea in mice via tight
junctions modulation. Nutrition 2022, 98, 111584. [CrossRef]

20. Li, Y.; Yue, X.Y.; Ren, X.X.; Pang, Y.; Wang, T.; Huangfu, B.X.; Mikhailovich, Z.A.; Vasilievich, K.V.; Zhang, M.; Luan, Y.; et al. Mare
milk and fermented mare milk alleviate dextran sulfate sodium salt–induced ulcerative colitis in mice by reducing inflammation
and modulating intestinal flora. J. Dairy Sci. 2025, 108, 2182–2198. [CrossRef]

21. Cheng, B.J.; Li, T.J.; Li, F.L. Use of network pharmacology to investigate the mechanism by which allicin ameliorates lipid
metabolism disorder in HepG2 Cells. Evid. Based Complement. Alternat. Med. 2021, 2021, 3956504. [CrossRef]

22. Li, B.H.; Hui, F.; Yuan, Z.; Shang, Q.X.; Shuai, G.; Bao, Y.S.; Chen, Y.F. Untargeted fecal metabolomics revealed biochemical
mechanisms of the blood lipid-lowering effect of koumiss treatment in patients with hyperlipidemia. J. Funct. Foods 2021,
78, 104355. [CrossRef]

23. Bashiri, K.; Mattar, M.C.; Meighani, A.; Mason, A.L. Peroxisome proliferator-activated receptors in inflammatory bowel disease:
Linking immunometabolism, lipid signaling, and therapeutic potential. Intest. Res. 2026, 24, 11–26. [CrossRef]

24. Grabacka, M.; Płonka, P.M.; Pierzchalska, M. The PPARα regulation of the gut physiology in regard to interaction with microbiota,
intestinal immunity, metabolism, and permeability. Int. J. Mol. Sci. 2022, 23, 14156. [CrossRef] [PubMed]

25. Zhu, Q.Q.; Zeng, C.C.; Peng, W.; Chen, H.T.; Huang, H.L.; Zhou, Y.J.; Huang, C.; Zhao, C. Lovastatin alleviates DSS-induced colitis
by modulating macrophage polarization via the PPARγ-NF-κB pathway. Int. Immunopharmacol. 2025, 161, 115068. [CrossRef]
[PubMed]

26. Yan, S.F.; Xie, Y.Z.; Xv, J.; Wang, K.; Wang, J.; Cao, Y.; Han, X.T.; Chen, F.; Zhou, L.; Jiang, Y.; et al. Shengjiang San attenuates
sepsis-induced acute intestinal injury via Lactobacillus murinus derived IAAld-mediated macrophage polarization through
NF-κB and TGF-β signaling. J. Ethnopharmacol. 2026, 357, 120910. [CrossRef]

27. Pang, W.L.; Li, T.G.; Wang, Y.Y.; Song, L.Y.; Li, L.; Li, X.Y.; Qiu, Y.; Yang, Z.S. Saussurea costus alleviates ulcerative colitis by
regulating the gut microbiota and improving intestinal barrier integrity. Front. Cell Infect. Microbiol. 2025, 15, 1528578. [CrossRef]

28. Desmet, S.J.; Thommis, J.; Vanderhaeghen, T.; Vandenboorn, E.M.F.; Clarisse, D.; Li, Y.; Timmermans, S.; Fijalkowska, D.; Ratman,
D.; Van Hamme, E.; et al. Crosstalk interactions between transcription factors ERRα and PPARα assist PPARα-mediated gene
expression. Mol. Metab. 2024, 84, 101938. [CrossRef] [PubMed]

29. Li, S.J.; Cui, Y.; Li, X.R.; Bai, X.F.; Wang, D.H.; Zhao, P.F.; Wei, P.Q.; Yu, S.J.; He, J.F. The role of PPARβ/δ-related lipid metabolism
in high-altitude adaptation of yak coat based on proteomics and metabolomics. Cells 2025, 14, 1843. [CrossRef]

30. Zhang, Z.Y.; Yu, Z.H.; Liang, D.Y.; Song, K.; Kong, X.X.; He, M.; Liao, X.X.; Huang, Z.Y.; Kang, A.J.; Bai, R.B.; et al. Roles of lipid
droplets and related proteins in metabolic diseases. Lipids Health Dis. 2024, 23, 218. [CrossRef]

31. Lao, L.F.; Yang, G.; Zhang, A.; Liu, L.L.; Guo, Y.X.; Lian, L.W.; Pan, D.D.; Wu, Z. Anti-inflammation and gut microbiota regulation
properties of fatty acids derived from fermented milk in mice with dextran sulfate sodium-induced colitis. J. Dairy Sci. 2022, 105,
7865–7877. [CrossRef]

32. Cevallos, S.A.; Lee, J.Y.; Velazquez, E.M.; Foegeding, N.J.; Shelton, C.D.; Tiffany, C.R.; Parry, B.H.; Stull-Lane, A.R.; Olsan, E.E.;
Savage, H.P.; et al. 5-aminosalicylic acid ameliorates colitis and checks dysbiotic escherichia coli expansion by activating PPAR-γ
signaling in the intestinal epithelium. mBio 2021, 12, e03227–03220. [CrossRef] [PubMed]

33. Li, R.; Cheng, L.; Wang, Q.; Zhou, L.M. Comparative transcriptomic analysis reveals the immunosuppressive targets of mesalazine
in dextran sulfate sodium-induced ulcerative colitis. Front. Genet. 2021, 12, 698983. [CrossRef]

34. Rong, J.J.; Zheng, H.F.; Liu, M.; Hu, X.; Wang, T.; Zhang, X.W.; Jin, F.; Wang, L. Probiotic and anti-inflammatory attributes of an
isolate Lactobacillus helveticus NS8 from Mongolian fermented koumiss. BMC Microbiol. 2015, 15, 196. [CrossRef]

35. Kumar, N.; Gupta, G.; Anilkumar, K.; Fatima, N.; Karnati, R.; Reddy, G.V.; Giri, P.V.; Reddanna, P. 15-Lipoxygenase metabolites of
α-linolenic acid, [13-(S)-HPOTrE and 13-(S)-HOTrE], mediate anti-inflammatory effects by inactivating NLRP3 inflammasome.
Sci. Rep. 2016, 6, 31649. [CrossRef] [PubMed]

36. Mandal, S.K.; Puri, S.; Kumar, B.K.; Muzaffar-Ur-Rehman, M.; Sharma, P.K.; Sankaranarayanan, M.; Deepa, P.R. Targeting
lipid-sensing nuclear receptors PPAR (α, γ, β/δ): HTVS and molecular docking/dynamics analysis of pharmacological ligands
as potential pan-PPAR agonists. Mol. Divers. 2024, 28, 1423–1438. [CrossRef] [PubMed]

37. Chen, Y.T.; Li, K.P.; Zhao, H.; Hao, Z.S.; Yang, Y.X.; Gao, M.M.; Zhao, D. Integrated lipidomics and network pharmacology
analysis to reveal the mechanisms of berberine in the treatment of hyperlipidemia. J. Transl. Med. 2022, 20, 412. [CrossRef]

https://doi.org/10.3390/ijms27093821

https://doi.org/10.1128/aem.00218-25
https://www.ncbi.nlm.nih.gov/pubmed/40530873
https://doi.org/10.3389/fimmu.2023.1243834
https://doi.org/10.1016/j.jff.2018.11.023
https://doi.org/10.1016/j.nut.2021.111584
https://doi.org/10.3168/jds.2024-25181
https://doi.org/10.1155/2021/3956504
https://doi.org/10.1016/j.jff.2021.104355
https://doi.org/10.5217/ir.2025.00090
https://doi.org/10.3390/ijms232214156
https://www.ncbi.nlm.nih.gov/pubmed/36430628
https://doi.org/10.1016/j.intimp.2025.115068
https://www.ncbi.nlm.nih.gov/pubmed/40505233
https://doi.org/10.1016/j.jep.2025.120910
https://doi.org/10.3389/fcimb.2025.1528578
https://doi.org/10.1016/j.molmet.2024.101938
https://www.ncbi.nlm.nih.gov/pubmed/38631478
https://doi.org/10.3390/cells14231843
https://doi.org/10.1186/s12944-024-02212-y
https://doi.org/10.3168/jds.2022-21877
https://doi.org/10.1128/mBio.03227-20
https://www.ncbi.nlm.nih.gov/pubmed/33468700
https://doi.org/10.3389/fgene.2021.698983
https://doi.org/10.1186/s12866-015-0525-2
https://doi.org/10.1038/srep31649
https://www.ncbi.nlm.nih.gov/pubmed/27535180
https://doi.org/10.1007/s11030-023-10666-y
https://www.ncbi.nlm.nih.gov/pubmed/37280404
https://doi.org/10.1186/s12967-022-03623-0
https://doi.org/10.3390/ijms27093821


Int. J. Mol. Sci. 2026, 27, 3821 19 of 19

38. İstanbullugil, F.R.; Sanli, K.; Ozturk, T.; Keskin, B.C.; Düyşöbayeva, A.; Risvanli, A.; Acaröz, U.; Acaröz, D.A.; Salykov, R.; Sahin,
M. Koumiss microbiome: Investigation of the microbial composition and functional potential of a unique beverage of fermented
milk produced at kyrgyz mountains. Probiotics Antimicro. Prot. 2026, 18, 18–34. [CrossRef]

39. Padhi, S.; Sarkar, P.; Sahoo, D.; Rai, A.K. Potential of fermented foods and their metabolites in improving gut microbiota function
and lowering gastrointestinal inflammation. J. Sci. Food Agric. 2025, 105, 4058–4069. [CrossRef] [PubMed]

40. Sakandar, H.A.; Zhang, H.P. Trends in Probiotic(s)-Fermented milks and their in vivo functionality: A review. Trends Food Sci.
Technol. 2021, 110, 55–65. [CrossRef]

41. Shizu, R.; Otsuka, Y.; Ishii, C.; Ezaki, K.; Yoshinari, K. PPARα induces the expression of CAR that works as a negative regulator of
PPARα functions in mouse livers. Int. J. Mol. Sci. 2023, 24, 3953. [CrossRef]

42. Lin, X.Y.; Yang, Y.; Sun, Y.Y.; Yang, W.J.; Wang, S.R.; Li, W.D.; Bao, Z.H.; Cui, Z.Q.; Yang, Y.F.; Lang, S.M.; et al. PPARγ-responsive
luciferase reporter system for high-throughput screening of chemical toxins with potential pulmonary fibrosis effects. Ecotoxicol.
Environ. Saf. 2025, 307, 119433. [CrossRef]

43. Caffrey, E.B.; Sonnenburg, J.L.; Devkota, S. Our extended microbiome: The human-relevant metabolites and biology of fermented
foods. Cell Metab. 2024, 36, 684–701. [CrossRef] [PubMed]

44. Mukherjee, A.; Breselge, S.; Dimidi, E.; Marco, M.L.; Cotter, P.D. Fermented foods and gastrointestinal health: Underlying
mechanisms. Nat. Rev. Gastroenterol. Hepatol. 2024, 21, 248–266. [CrossRef] [PubMed]

45. Li, Q.Y.; Zhang, C.J.; Xilin, T.Y.; Ji, M.Y.; Meng, X.X.; Zhao, Y.L.; Siqin, B.; Zhang, N.; Li, M.H. Effects of koumiss on intestinal
immune modulation in immunosuppressed rats. Front. Nutr. 2022, 9, 765499. [CrossRef] [PubMed]

46. Huang, Y.; Wang, S.Y.; Ding, R.; Wu, S.H. Combined metabolomics and network pharmacology to reveal anti-diabetic mechanisms
and potential pharmacological components of Synsepalum dulcificum. Plants 2025, 14, 2132. [CrossRef]
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