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This study aimed to investigate the protective effects of 5,7,4'-trimethoxyflavanone (TMF), a bioactive 
compound isolated from Bauhinia variegata Linn., on lipopolysaccharide (LPS)-induced intestinal 
injury in rats. Chronic intestinal inflammation was induced by repeated LPS administration, and 
the therapeutic potential of TMF in alleviating the associated damage was assessed. Male rats were 
subjected to chronic intestinal inflammation via repeated intraperitoneal administration of LPS at a 
dose of 1 mg/kg body weight once daily for 4 weeks. Simultaneously, the test group received daily oral 
administration of TMF at 75 mg/kg body weight from day one after 4 weeks of induction of intestinal 
inflammation until the end of the experiment. Histopathological examination of the intestines, 
along with biochemical assays for inflammatory markers, oxidative stress, and tissue integrity, were 
performed to evaluate the protective effects of TMF. Comparisons between the LPS-treated control 
group and the TMF-treated group were made to assess the reductions in inflammation and intestinal 
injury. TMF therapy diminished LPS-induced Nuclear Factor kappa B(NF-κB) activation and inhibited 
the levels of TNF-α, IL-6, and IL-1β, thereby reducing oxidative stress. These data indicate that TMF 
provides protective effects by regulating critical inflammatory and oxidative processes associated with 
LPS-induced intestinal damage. In conclusion, TMF from B. variegata has been demonstrated to be a 
potential therapeutic agent for mitigating intestinal inflammation and oxidative damage, suggesting 
a natural method for addressing inflammation-induced gut lesions. Additional research is necessary 
to investigate its clinical applicability in inflammatory bowel disease and other gastrointestinal 
conditions.
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Intestinal inflammation and injury are significant clinical concerns associated with various disorders, including 
inflammatory bowel disease (IBD), sepsis-associated enteropathy, and systemic inflammatory response syndrome 
(SIRS). These conditions contribute substantially to morbidity worldwide due to their chronic nature and the 
critical role of the intestine in nutrient absorption and immune regulation. The pathogenesis often involves the 
overactivation of immune pathways triggered by bacterial endotoxins such as lipopolysaccharide (LPS), a major 
component of the outer membrane of gram-negative bacteria1,2. LPS activates nuclear factor kappa B (NF-κB) 
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signaling, leading to the release of proinflammatory cytokines, including tumor necrosis factor-alpha (TNF-α), 
interleukin-6 (IL-6), and interleukin-1 beta (IL-1β). This immune response not only contributes to inflammation 
but also induces oxidative stress, damaging lipids, proteins, and DNA while disrupting tight junctions between 
epithelial cells3,4. The resultant increase in intestinal permeability facilitates leaky gut syndrome, exacerbating 
tissue injury and dysfunction.

Despite advances in anti-inflammatory and antioxidant therapies, effective management of intestinal 
inflammation remains a challenge due to issues like limited efficacy, adverse effects, and poor bioavailability of 
many pharmacological agents5. In this context, natural compounds, particularly flavonoids, have gained attention 
for their dual antioxidant and anti-inflammatory properties. Flavonoids such as quercetin, kaempferol, and 
luteolin have been extensively explored for their ability to modulate the NF-κB pathway and suppress cytokine 
production, demonstrating protective effects in oxidative stress-induced tissue injury models. However, their 
clinical utility is often hindered by low stability, bioavailability, and targeted efficacy6.

5,7,4'-Trimethoxyflavanone (TMF), a methoxylated flavonoid isolated from Bauhinia variegata Linn., 
presents as a promising candidate to overcome these limitations7–9. The additional methoxy groups in TMF’s 
structure enhance its lipophilicity, potentially improving cellular uptake and bioavailability compared to 
hydroxylated flavonoids. Methoxylated flavonoids have also been reported to exhibit superior pharmacokinetics 
and enhanced anti-inflammatory properties10–12. Bauhinia variegata, widely employed in traditional medicine, 
is known for its anti-inflammatory, antioxidant, and hepatoprotective effects13,14. Nonetheless, the protective 
role of TMF specifically in LPS-induced intestinal oxidative stress and inflammation has not been adequately 
investigated, representing a critical gap in knowledge15.

This study employs the well-established LPS-induced rat model of intestinal inflammation to evaluate 
the efficacy of TMF in mitigating oxidative stress and intestinal damage16. We chose this model to reflect the 
pathophysiological mechanisms underpinning endotoxin-induced intestinal injury in clinical conditions such 
as sepsis and IBD. By assessing key inflammatory and oxidative markers, including IL-6, IL-1β, TNF-α, NF-
κB, and reactive oxygen species (ROS), this study aims to elucidate the mechanistic pathways through which 
TMF exerts its protective effects17. Understanding these mechanisms may provide valuable insights into the 
development of TMF as a novel therapeutic agent for treating inflammation-driven intestinal disorders.

Overall, this investigation seeks to bridge the gap between traditional medicinal knowledge and modern 
pharmacological research by exploring TMF’s potential as a natural, effective, and bioavailable flavonoid 
for preventing LPS-induced intestinal inflammation and oxidative damage. Findings from this study could 
contribute to the advancement of phytochemical-based strategies for managing gastrointestinal inflammatory 
diseases, highlighting TMF as a promising scaffold for future drug development.

Materials and methods
Chemicals
LPS was acquired from Sigma‒Aldrich Co. (USA). PBS, PVDF, tissue lysis buffer, a BCA protein assay kit, PAGE 
running buffer (10 ×), TBST, and a Chemiluminescence (ECL) Plus kit were acquired from Beyotime Institute 
of Biotechnology (Shanghai, China). This study utilized LPS from Escherichia coli O111:B4, sourced from 
Sigma‒Aldrich (Cat. No. L2630), to induce intestinal inflammation.

Collection and authentication of plant material
The stems of Bauhinia variegata were collected from areas around the Erode district, Tamil Nadu, India, in 
February 2024. The plant material was taxonomically identified by the Botanical Survey of India, Coimbatore, 
Tamil Nadu, India. A voucher specimen (CBV-06) is kept in our laboratory for future reference.

Preparation of TMF
Extraction and isolation
The alcohol extract of Bauhinia variegata was fractionated using benzene (3 × 300 ml), diethyl ether (3 × 300 ml), 
and ethyl acetate (4 × 300 ml). The ethyl acetate fraction yielded a yellow solid, which was nonhomogeneous 
according to TLC and hence was subjected to separation and purification via column chromatography18.

Column chromatographic analysis
The ethyl acetate fraction (15 g) of Bauhinia variegata was chromatographed on a silica gel column (60–120 
mesh, 300  g, 100 × 5  cm) via gradient elution with solvents of increasing polarity. Fractions of 100  ml were 
collected each time, and the homogeneity of the residue was examined via TLC with suitable solvents. The details 
of these fractions and their characteristics are given in Table 1.

Upon concentration, fractions 1–5, 6–11, 12–19, 20–30, 31–42, 43–52, 53–60, and 61–70 presented yellowish 
solids. As they were mixtures and because the amounts were too small, further purification was not carried out. 
Upon concentration, fractions 71–81 yielded a pure yellowish solid, which was designated the compound. This 
yellow solid was pink according to Shinoda’s test. The Rf values of the compounds in various solvent systems are 
given in Table 2. The compounds were subjected to spectral analysis, such as NMR and mass spectrometry, to 
identify the compounds19.

The compound yielded m.f. C18H18O5, m.p. 205 °C, (M) + 314 (EIMS). UV (MeOH): 283, 320; (+ NaOMe): 
283, 330; (+ NaOAc): 283, 315; 372; (+ NaOAc–H3BO3): 283, 315, 372; (+ AlCl3): 283, 315; (+ AlCl3–HCl): 282, 
315. 1H-NMR (400 MHz–CDCl3), δ 7.18 (2H, d, J = 8.5 Hz, 2՚, 6՚ of ring B), 6.61 (2H, d, J = 8.5 Hz, 3՚,5՚ of ring 
B), 6.12 (1H, d, J = 2.5 Hz, H-8 of ring A), 5.95 (1H, d, J = 2.5 Hz, H-6 of ring A), 5.26 (1H, dd, J = 13.0, 3.0 Hz. 
H-2 of ring C), 4.09 (3H, s, OCH3 group), 3.9 (3H, s, OCH3), 3.74 (3H, s, OCH3), 2.89 (1H, dd, J = 17.0, 3.0 Hz, 
H-3 of ring C), 2.81 (1H, dd, J = 17.0, 3.0 Hz, H-3 of ring C). 13C-NMR (100 MHz–CDCl3), 79.8 (C–2), 45.3 (C–
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3), 188.1 (C–4), 164.3 (C–5), 97.6 (C–6), 166.6 (C–7), 93.6 (C–8), 162.9 (C–9), 106.2 (C–10), 130.8 (C–1՚), 128.8 
(C–2՚), 114.0 (C–3՚), 159.6 (C–4՚), 114.0 (C–5՚), 128.8 (C–6՚), 56.8 (OCH3), 56.1 (OCH3), and 55.2 (OCH3).

Animals and ethical approval
Male Sprague–Dawley rats (6–8 weeks old) were acquired for animal investigations from King Saud University’s 
Experimental Surgery and Animal Lab in Riyadh, Saudi Arabia. All animal experiments adhered to the ARRIVE 
guidelines and were conducted in compliance with the U.K. Animals (Scientific Procedures) Act, 1986, as 
well as the EU Directive 2010/63/EU pertaining to animal experimentation. The care and maintenance of 
the experimental animals complied with the rules, ethical policies, and procedures sanctioned by the ethics 
committee of King Faisal University (Approval No: ETHICS2464). The rats were kept in polypropylene cages 
with conventional laboratory settings, including a 12-h light/dark cycle, a temperature of 25 °C, and a relative 
humidity of 60–70%, and all animals were acclimated for one week before the experiment began. Food and water 
were freely available to the animals.

Experimental design and animal grouping
This study was designed as a randomized, controlled, in vivo experiment with four parallel groups (n = 6 per 
group; total N = 24). The study included male Sprague‒Dawley rats that were 6–8 weeks old and weighed between 
200 and 250 g at the start of the experiment. Only animals that were healthy, free of clinical signs of disease, 
and exhibited normal behavior during the 7-day acclimatization period were included. Animals within each 
group had comparable baseline body weights to minimize bias due to metabolic or inflammatory responses. The 
animals were not previously exposed to experimental drugs, LPS, or surgical interventions. The animals were 
randomly assigned to the following groups using a computer-generated randomization method.

Control group (Vehicle-treated): Rats received 0.05% DMSO orally via gavage20.
LPS group (Disease model): Rats received lipopolysaccharide (LPS) at 1 mg/kg body weight, intraperitoneally 

(i.p.), once daily for 4 weeks21.
LPS + TMF group (Treatment group): Rats received LPS (1 mg/kg, i.p.) once daily for 4 weeks. Parallely, TMF 

(75 mg/kg, dissolved in 0.05% DMSO) was administered 4 h after LPS from Day 1 until the end of the 4-week 
study period.

TMF-alone group: Rats received TMF (75 mg/kg, orally) daily from Day 1 to the end of Week 4.
All treatments were administered via oral gavage using sterilized feeding needles under aseptic conditions. 

The dose and route of administration were selected based on previous studies demonstrating the bioactivity and 
tolerability of TMF in rodent models18.

Sample collection and euthanasia
At the end of the 4-week experimental period, all the animals were anesthetized with intraperitoneal sodium 
pentobarbital (60 mg/kg, Sigma‒Aldrich). Euthanasia was performed by transcardial perfusion with sterile 0.9% 
saline solution to minimize blood contamination of the tissues. Following perfusion, blood was collected via 
cardiac puncture for serum analysis. Tissue samples (jejunum and ileum) were rapidly excised, rinsed in ice-cold 
saline, and processed as follows:

•	 Histological analysis (fixed in 10% neutral-buffered formalin),
•	 Biochemical assays (flash frozen in liquid nitrogen and stored at − 80 °C),
•	 Molecular studies (tissue samples were frozen at − 80 °C until processing).

Compound II Solvent system

30% HOAc 50% HOAc 60% HOAc BAW* Forestal# PhOH+

11.68 35.52 55.38 24.24 67.74 51.66

Table 2.  Rf X 100 values of compound in paper chromatography. *BAW—n- butanol: acetic acid: water (4:1:5). 
#Forestal—Acetic acid: Conc HCl: H2O (30:3:10). +PhOH—Phenol saturated with water (3:1).

 

Fraction collected % Eluent composition Remarks

1–5
6–11
12–19
20–30
31–42
43–52
53–60
61–70
71–81

100 hexane
90/10 hexane/EtOAc
80/20 hexane/EtOAc
70/30 hexane/EtOAc
60/40 hexane/EtOAc
50/50 hexane/EtOAc
45/55 hexane/EtOAc
40/ 60 hexane/EtOAc
35/65 hexane/EtOAc

Waxy substance
Waxy substance
Yellowish green solid
Pale yellow solid
Pale yellow solid
Pale yellow solid
Pale yellow solid
Pale yellow solid
Yellow solid

Table 1.  Chromatographic fractions of ethyl acetate concentrate of Bauhinia variegata.
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Examination of hepatic marker enzymes
Serum concentrations of ALT and AST were quantified with an ELISA reader (Bio-Tek Instruments, Inc., 
Winooski, VT, USA) at a wavelength of 505  nm. Blood samples obtained from the rats were subjected to 
centrifugation at 3000 × g for 10 min at 4 °C to isolate the serum. The supernatant was meticulously collected 
and preserved at − 80 °C for subsequent analysis. The activities of ALT and AST were measured according to the 
manufacturer’s guidelines using commercially available assay kits.

Serum cytokines
Serum concentrations of TNF-α, IL-6, and IL-1β were measured using enzyme-linked immunosorbent assay 
(ELISA) kits from SE L. Biotec Co., Ltd. (Shanghai, China). Blood samples were obtained and centrifuged at 
3,000 × g for 10 min at 4  °C to isolate the serum. The supernatant was meticulously collected and preserved 
at − 80 °C until analysis. ELISAs were conducted following the manufacturer’s guidelines, and the absorbance 
was quantified using a microplate reader. Cytokine concentrations were quantified using standard curves derived 
from known quantities of recombinant cytokines.

Determination of serum diamine oxidase (DAO) activity
To assess intestinal mucosal integrity, serum diamine oxidase (DAO) activity was measured using a specialized 
commercial kit (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China), following the manufacturer’s 
recommended procedure. Briefly, blood samples were collected and centrifuged at 3,000 × g for 10 min at 4 °C to 
separate the serum. The resulting supernatant was carefully collected and stored at − 80 °C until further analysis. 
DAO activity in the serum was evaluated at a wavelength of 340 nm using a microplate reader, as specified by 
the kit instructions. DAO serves as a marker for intestinal barrier function, as increased serum levels typically 
indicate compromised mucosal integrity.

Determination of serum D-lactic acid (D-LA) concentration
Serum D-lactic acid (D-LA) concentration was determined to further evaluate intestinal permeability. Using 
a commercial detection kit (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China), assays were 
conducted according to the manufacturer’s protocol. Blood samples were centrifuged at 3,000 × g for 10 min 
at 4 °C to yield serum, which was then frozen at − 80 °C until analysis. For the D-LA assay, the absorbance was 
measured at 530 nm with a microplate reader. D-LA is considered a sensitive biomarker of intestinal barrier 
disruption, as elevated serum levels reflect increased intestinal permeability and bacterial translocation.

Assessment of oxidative stress markers
For oxidative stress evaluation, tissue homogenates were first prepared and centrifuged, with supernatants 
subjected to a panel of biochemical assays.

Malondialdehyde (MDA)
MDA levels, an indicator of lipid peroxidation, were quantified using the thiobarbituric acid reactive substances 
(TBARS) assay. This method involves reacting MDA with thiobarbituric acid to form a colored complex, the 
absorbance of which was measured at 532  nm. Elevated MDA levels suggest increased oxidative damage in 
tissues.

Superoxide dismutase (SOD) activity
SOD activity was assessed through its capacity to inhibit the reduction of nitroblue tetrazolium by superoxide 
anions. The decrease in absorbance corresponds to SOD enzyme activity, measured spectrophotometrically 
according to the manufacturer’s instructions.

Catalase (CAT) activity
Catalase activity was determined by monitoring the rate of hydrogen peroxide (H₂O₂) breakdown. The decrease 
in absorbance at 240 nm over time served as an indicator of CAT enzymatic activity.

Glutathione (GSH) content
Tissue GSH content was measured using a specific colorimetric assay, where the intensity of color development 
reflects the concentration of GSH. The method involves a reaction with a chromogenic substrate, and absorbance 
is typically measured at a designated wavelength set by the kit protocol.

Total antioxidant capacity (T-AOC)
T-AOC was determined by evaluating the ability of the samples to counteract a standard oxidizing agent, 
resulting in a change in color intensity. Absorbance was recorded at 520 nm to reflect the overall antioxidant 
potential of the tissue sample. Higher T-AOC values suggest better antioxidative defense mechanisms.

For all assays, commercially available kits from Nanjing Jiancheng Bioengineering Institute were used, and 
procedures were carried out strictly according to the manufacturer’s instructions.

Western blotting
Protease and phosphatase inhibitors added to RIPA buffer were used to isolate proteins from the ileum and 
jejunum. The protein concentrations were measured in a BCA assay. SDS‒PAGE was used to separate identical 
quantities of protein, which were then transferred to PVDF membranes. After an hour of incubation at room 
temperature with 5% nonfat dry milk, the membranes were treated with primary antibodies targeting NF-
κB, IL-1β, IL-6, and TNF-α overnight at 4 °C. Secondary antibodies conjugated to HRP were used to treat the 
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membranes after they had been cleaned. β-actin was used as the loading control for normalization, and protein 
bands were detected using an ECL detection method and quantified in Image Studio Lite software.

Histological analysis
Ileum and jejunum tissue samples were obtained, washed with cold PBS, and preserved in 10% neutral-buffered 
formalin for 24 h. The fixed tissues were subsequently dehydrated using a graded ethanol series, cleaned with 
xylene, and embedded in paraffin. Sections with a thickness of 5 µm were excised using a microtome and affixed 
to glass slides. The sections were stained with hematoxylin and eosin for histological assessment. Images of 
the stained sections for morphometric analysis were obtained using a light microscope with digital imaging 
equipment. Villus height (VH), measured from the tip to the base of the villus, and crypt depth (CD), measured 
from the base of the villus to the muscularis mucosa, were quantified using ImageJ software (National Institutes 
of Health, Bethesda, MD, USA). A minimum of 10 properly aligned villi and crypts were assessed per sample 
to guarantee precision. The villus height-to-crypt depth (VH/CD) ratio was computed as a metric of intestinal 
anatomy and functionality.

Immunohistochemistry
Sections from formalin-fixed, paraffin-embedded blocks were cut at a thickness of 5 µm using a microtome and 
affixed to glass slides. The slides were deparaffinized in xylene, rehydrated through a graded ethanol series, and 
rinsed with PBS. The sections were subjected to antigen retrieval by incubation in citrate buffer (pH 6.0) and 
subjected to heating in a microwave or pressure cooker for 15 min. Following cooling, endogenous peroxidase 
activity was inhibited via the addition of 3% H₂O₂ in methanol for 10 min at ambient temperature. Nonspecific 
binding was reduced by incubating the sections with 5% BSA for 30 min. The sections were subsequently treated 
overnight at 4 °C with a primary antibody targeting NF-κB (1:500). Following washing with PBS, the sections 
were incubated with a biotinylated secondary antibody for 45 min at ambient temperature and then treated with 
an HRP complex. Immunoreactivity was detected using DAB as the chromogen, resulting in brown staining.

Details of all the antibodies used for IHC and Western blotting were provided in supplementary file 1.

Statistical analysis
All the data are expressed as the means ± standard deviations. Statistical analyses were conducted using 
GraphPad Prism 10.1.2. Comparisons among groups were performed via one-way ANOVA followed by Tukey’s 
post hoc analysis. A P value less than 0.05 was considered statistically significant. *p < 0.05 indicates a statistically 
significant difference between the LPS and control groups, whereas @p < 0.05 indicates a statistically significant 
difference between the LPS and LPS + TMF groups.

Results
Compound characterization
The substance was isolated from the ethyl acetate fraction of a 95% alcohol extract of the stem of B. variegata. 
It was obtained as a yellow amorphous powder with m.f. C18H18O5, m.p. 205 °C, and (M) + m/z 314 (EIMS). 
It produced a distinctive color response to flavonoids. Alcohol caused the chemical to crystallize into a yellow, 
amorphous powder. The chemical only displayed a shoulder for Band I at 320 nm and a high UV absorption 
maximum for Band II at 283 nm. This revealed the presence of a flavanone moiety within it, which was evidenced 
by the positive response of the compound to Shinoda’s reagent.

There was no characteristic shift in Band II (major absorption peak) upon the addition of NaOMe, NaOAc, 
NaOAc/H3BO3, AlCl3 or AlCl3/HCl. These findings suggest that the A ring of the basic flavonoid skeleton lacks a 
hydroxyl group. The compound’s 1H-NMR spectrum showed two A2 B2 patterns due to protons at C–3°, C–5ɚ, 
C–2ɚ, and C–6, respectively, with C–4ɚ being an oxygenated substitution of ring B if flavanone 14 was present. 
Doublets in the aromatic region at δ 7.18 (J = 8.5 Hz) and δ 6.61 (J = 8.5 Hz), each integrating two portions, were 
detected. H-6 and H-8 of the A ring of the flavanone were identified as meta-linked one-proton doublets at δ 
5.95 (J = 2.5 Hz) and δ 6.12 (J = 2.5 Hz), respectively11,13.

The methoxyl group was identified by the single proton signals in the 1H-NMR spectra at 4.09, 3.90, and 
3.74  ppm. The 13C-NMR spectrum of the molecule, which corresponds to the signals at δ 55.2, 56.1, and 
56.8, further confirmed the presence of a methoxyl group. The absence of a free hydroxyl group at C–5 was 
demonstrated by the lack of a distinctive bathochromic shift upon the addition of AlCl3 and AlCl3/HCl. This 
was further supported by the lack of a signal at δ 12–14 ppm. Therefore, it was determined that a methoxyl group 
might replace C–5. Because the absence of shifts in λmax with shifting reagents suggested that the other two 
methoxyl groups were blocked, they may be positioned at C–7 and C–4° (normal oxygenated sites). Diagnostic 
RDA fragments at m/z A + 181 and B + 134, which are compatible with the presence of two methoxy groups in 
the A ring and one methoxy group in the B ring, respectively, were obtained from the EI-MS fragmentation of an 
[M +] ion at m/z 314. Therefore, the structure of the chemical was determined to be 5,7,4’-trimethoxyflavanone 
based on UV, 1H NMR, 13C NMR, and EIMS spectral studies (Fig. 1A–D).

Body weight changes
The final body weight data are depicted in Fig. 2A. Compared with the control, LPS significantly reduced the 
average body weight by 10%. Compared with the LPS group, TMF pretreatment increased the average daily gain 
under inflammatory conditions by 10%.

Hepatic marker enzymes (ALT and AST)
In the control group, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were within 
normal limits. LPS-treated animals showed a marked elevation in both ALT and AST, signifying hepatic injury 
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and inflammation secondary to intestinal inflammation. TMF pretreatment significantly reduced the levels of 
these enzymes in the LPS + TMF group compared to the LPS-only group (p < 0.05), suggesting a hepatoprotective 
and anti-inflammatory effect. The TMF-only group exhibited no notable deviations from the control group, 
further supporting TMF’s physiological safety (Fig. 2B).

Serum inflammatory cytokines (TNF-α, IL-6, IL-1β)
Serum concentrations of TNF-α, IL-6, and IL-1β were significantly elevated in the LPS group relative to 
controls, confirming heightened inflammation. TMF treatment in the LPS + TMF group significantly reduced 
these cytokine levels compared to the LPS group (p < 0.05), reflecting TMF’s potent anti-inflammatory activity. 
No substantial differences were observed between the TMF-only and control groups, indicating a lack of pro-
inflammatory effect with TMF alone (Fig. 2C–E).

Serum diamine oxidase (DAO) activity
Serum DAO activity was significantly decreased in the LPS-treated animals, indicating compromised intestinal 
mucosal integrity. TMF administration in the LPS + TMF group significantly restored DAO activity towards 
baseline levels compared to the LPS group (p < 0.05), signifying TMF’s role in preserving gut barrier function. 
DAO levels in the TMF-only group did not differ from those in the control group (Fig. 2F).

Serum D-lactic acid (D-LA) levels
D-LA levels were significantly elevated in the LPS group, revealing enhanced gut permeability and barrier 
dysfunction. In contrast, the LPS + TMF group showed a marked reduction in D-LA concentrations compared 

Fig. 1.  Isolation, purification, and identification of TMF. (A). Bauhinia variegata. (B). Flowchart depicting the 
isolation of phytoconstituents. (C). Workflow for the characterization of Compound I. (D). Chemical structure 
of TMF.
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to the LPS group (p < 0.05), consistent with improved intestinal barrier integrity. D-LA values in the TMF-only 
group remained similar to those in controls (Fig. 2G).

Oxidative stress markers (MDA, SOD, CAT, GSH, T-AOC)
In both jejunal and ileal tissues, LPS exposure led to a significant increase in Malondialdehyde (MDA) (Fig. 3Aa 
and Ba), superoxide dismutase (SOD) (Fig. 3Ab and Bb), catalase (CAT) (Fig. 3Ac and Bc), glutathione (GSH) 
(Fig. 3Ad and Bd), and total antioxidant capacity (T-AOC) (Fig. 3Ae and Be) (p < 0.05). TMF treatment notably 
decreased MDA levels and restored SOD, CAT, GSH, and T-AOC activities in the LPS + TMF group (p < 0.05), 
indicating enhanced antioxidative protection and reduced oxidative damage. There were no significant alterations 
in these biomarkers in the TMF-only group compared to controls.

Western blot: NF-κB and cytokines in intestinal tissue
Compared with those in the control group, Western blot analysis revealed that the protein expression levels 
of NF-κB, TNF-α, IL-1β and IL-6 in the LPS-treated group (p < 0.05) revealed that LPS-induced intestinal 
inflammation significantly activated the NF-κB signaling pathway in the jejunum (Fig. 4) and ileum (Fig. 5). 
These inflammatory markers indicate that LPS provoked a strong inflammatory response. TMF treatment 
significantly reduced the activation of the NF-κB pathway in the LPS + TMF group. Compared with those in the 

Fig. 2.  Effects of TMF on the levels of serum markers of LPS-induced intestinal inflammation, as well 
as diamine oxidase and D-lactate acid. (A). The graph indicates the average body weight (in %) of the 
experimental animals at the end of the treatment. (B). AST (U/L) and ALT (U/L) markers indicate liver injury, 
which was assessed in all four groups (C–E). DAO levels (F). D-LA levels (G). When n = 6, *p < 0.05 indicates a 
significant difference between the LPS and control groups. Likewise, @p < 0.05 indicates a significant difference 
between the LPS and LPS + TMF groups.
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LPS group, the protein concentrations of NF-κB, TNF-α, IL-6, and IL-1β were substantially lower in the jejunal 
and ileal tissues of patients in the LPS + TMF group (p < 0.05). TMF efficiently reduces intestinal inflammation 
caused by LPS, as evidenced by the suppression of proinflammatory cytokines and NF-κB. Compared with the 
control group, the TMF-only group presented no apparent differences in NF-κB, TNF-α, IL-6, or IL-1β levels, 
indicating that TMF alone did not cause any inflammatory response in a typical situation. These findings show 
that TMF has potent anti-inflammatory effects on the ileum and jejunum by significantly inhibiting the NF-κB 
signaling pathway and reducing the expression of proinflammatory cytokines in the context of LPS-induced 
intestinal inflammation.

Immunohistochemical staining for NF-κB
Immunohistochemical analysis of NF-κB in jejunal (6A) and ileal (6B) tissue samples revealed pronounced 
nuclear localization and expression of NF-κB in the LPS-treated cohort, indicating robust activation of the NF-
κB signaling pathway due to LPS-induced intestinal inflammation. The staining was notably pronounced in the 
epithelial cells of the villi and crypts, as well as in the infiltrating inflammatory cells, in contrast to the control 
group, which exhibited negligible NF-κB expression (Fig. 6A and B). In the LPS + TMF group, NF-κB expression 

Fig. 3.  Impact of TMF on the oxidant status of the small intestine in rats subjected to LPS-induced intestinal 
inflammation. (A) Jejunum; (B) ileum. MDA: malondialdehyde (nmol/mg/protein) (Aa and Ba); SOD: 
superoxide dismutase (U/mg/protein) (Ab and Bb); CAT: catalase (U/mg/protein) (Ac and Bc); GSH: 
glutathione (µmol/g/protein) (Ad and Bd); T-AOC: total antioxidant capacity (U/mg/protein) (Ae and Be). 
When n = 6, *p < 0.05 indicates a significant difference between the LPS and control groups. Likewise, @p < 0.05 
indicates a significant difference between the LPS and LPS + TMF groups.
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levels were markedly diminished in both jejunal and ileal tissues. Nuclear staining of NF-κB was significantly 
reduced, demonstrating that TMF effectively suppressed the activation and translocation of NF-κB into the 
nucleus. The overall staining intensity and number of positively stained cells were markedly lower than those in 
the LPS group (p < 0.001). The flavanone-alone group presented NF-κB expression levels comparable to those of 
the control group, with negligible nuclear staining, indicating that TMF does not activate NF-κB under normal 

Fig. 5.  Effect of TMF on the NFκB signaling pathway in the ileum. Western blot analysis of NFκB, IL-6, TNF-α 
and IL-1β in the ileum. When n = 6, *p < 0.05 indicates a significant difference between the LPS and control 
groups. Likewise, @p < 0.05 indicates a significant difference between the LPS and LPS + TMF groups.

 

Fig. 4.  Effect of TMF on NFκB signaling pathways in the jejunum. Western blot analysis of NFκB, IL-6, TNF-α 
and IL-1β in the jejunum. When n = 6, *p < 0.05 indicates a significant difference between the LPS and control 
groups. Likewise, @p < 0.05 indicates a significant difference between the LPS and LPS + TMF groups.
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physiological conditions. These results indicate that TMF markedly inhibits NF-κB activation in response to 
LPS-induced intestinal inflammation, as shown by the reduced nuclear localization and expression of NF-κB in 
jejunal and ileal tissues (Table 3).

Table 4 shows significant p-values (p < 0.001), indicating that there are statistically significant differences 
in NF-κB staining among the groups (Control, LPS, LPS + TMF, and TMF) in both Jejunum and Ileum. To 
assess differences among treatment groups, a non-parametric Kruskal–Wallis test was followed by post-hoc 
pairwise comparisons using Dunn’s test with Bonferroni correction for multiple testing. In Jejunum, pairwise 
comparisons between the LPS-treated group show significantly increased measured values compared to the 
Control (p < 0.001). The LPS + TMF group also showed significantly higher values compared to the Control 

Solvent/shift reagents λmax (nm)

MeOH
 + NaOMe
 + AlCl3
 + AlCl3 + HCl
 + NaOAc
 + NaOAc + H3BO3

283, 320
283, 330
283, 315
282, 315
283, 315, 372
283, 315, 372

Table 3.  λmax values of compound.

 

Fig. 6.  IHC staining of NFκB in the (A) jejunum and (B) ileum of experimental rats. Scale bar (50 µm). 
Magnification 40 × .
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(p < 0.001). No significant difference was found between Control and TMF alone (p = 1.00). LPS + TMF treatment 
significantly differed from LPS alone (p < 0.001), suggesting a modulatory effect of TMF. Both LPS and LPS + TMF 
differed significantly from TMF (p < 0.001). These findings indicate that LPS induces a measurable response 
that is attenuated, but not normalized, by TMF co-treatment. Similarly, in the ileum (Fig. 6 B), both LPS and 
LPS + TMF groups significantly differed from Control (p < 0.001). The TMF group alone was not significantly 
different from Control (p = 1.00). While LPS and LPS + TMF groups showed significant differences. To conclude 
it is evident that TMF alone does not alter baseline levels but significantly modulates the LPS-induced response.

Histological changes observed in the jejunum in control vs treated rats
The jejunum of the control animal displayed a normal histological structure, featuring well-organized, intact 
villi (V) and structurally conserved crypts (C) (Fig. 7). The epithelial lining was transparent and intact. After 

Fig. 7.  Impact of TMF on jejunum morphology in rats subjected to LPS-induced intestinal inflammation. 
Histopathological examination of the jejunum (H&E staining). Magnification 40 × . C-crypts of lieberkuhn; 
V-villi; IF-inflammatory cell infiltration; black arrows indicate destruction of crypts. *; congested blood vessels.

 

δ H (ppm) Signal assignment

7.18
6.61
6.12
5.95
5.26
4.09
3.90
3.74
2.89
2.81

2H, d, (J = 8.5 Hz) 2′, 6′ of ring B
2H, d, (J = 8.5 Hz) 3′, 5′ of ring B
1H, d, (J = 2.5 Hz) H-8 of ring A
1H, d, (J = 2.5 Hz) H-6 of ring A
1H, dd, (J = 13.0, 3.0 Hz) H-2 of ring C
3H, s Methoxyl Proton
3H, s Methoxyl Proton
3H, s Methoxyl Proton
1H, dd; (J = 17.0, 3.0 Hz) H-3 of ring C
1H, dd; (J = 17.0, 3.0 Hz) H-3 of ring C

Table 4.  1H-Data of Compound in CDCl3.
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treatment with LPS, the jejunum of the rats that were administered LPS exhibited significant inflammatory 
damage, encompassing severe inflammatory cell infiltration (IF), abnormal glandular formations, and crypt 
destruction (C). The villi displayed a loss of their distinctive columnar cell architecture, along with ulceration 
and mucosal erosion (V). Supplementary pathological alterations included vascular congestion, necrosis, and 
bleeding within the villi and crypts (blue arrows). The jejuna of the rats treated with TMF exhibited regenerative 
mucosa characterized by minor crypt distortion and considerable inflammatory cell infiltration in the lamina 
propria, suggesting partial healing. In the TMF-only-treated rats, the jejunum displayed a preserved mucosal 
structure, with little inflammatory cell infiltration in the lamina propria. The villi and crypts were well preserved 
in both dimensions and integrity, closely mirroring those of the control group.

Histological changes observed in the ileum in control vs treated rats
The control group displayed a typical histological architecture in the ileum, characterized by well-structured 
villi (V) and preserved crypts (C) (Fig. 8). The epithelial lining and lamina propria exhibited no evidence of 
inflammation or structural anomalies. Conversely, rats administered LPS exhibited notable architectural 
disruptions. The villous structures were irregular, exhibiting shorter and atrophic villi. The lamina propria 
exhibited a significant increase in inflammatory cell infiltration (IF). Furthermore, mucosal ulcers, crypt 
distortion, and bleeding were apparent. Additionally, blood vessels were engorged, and the crypts displayed 
irregularities, including branching, dilatation, and atrophy (black arrows). The coadministration of TMF 
conferred protective benefits against damage generated by LPS. The villous architecture was partially reinstated, 
whereas the mucosal layer, encompassing the epithelium, remained predominantly unaltered. Despite the 
presence of submucosal edema and modest inflammatory cell infiltration, the levels of overall structural 
integrity of the villi and crypts were markedly greater than those in the LPS-treated group. The rats that were 
administered TMF only presented a normal ileal histology, closely mirroring that of the control group. The villi 
(V) and crypts (C) exhibited excellent preservation in both dimensions and integrity, with no indications of 

Fig. 8.  Impact of TMF on ileum morphology in rats subjected to LPS-induced intestinal inflammation. 
Histopathological examination of the ileum (H&E staining). Magnification 40 × . C-crypts of Luberkhun; 
V-villi; IF-inflammatory cell infiltration; blue arrows indicate destruction of crypts.
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inflammatory cell infiltration or structural anomalies. The mucosa remained unblemished, further illustrating 
the protective function of TMF.

Effects of TMF on small intestine parameters
Analysis of the jejunum revealed notable differences in the villus height (VH), crypt depth (CD), and the VH/CD 
ratio among the various groups (Table 3). Compared with the control group (VH: 271 ± 5.25, CD: 60.20 ± 8.39), 
the LPS-treated group (VH: 408.62 ± 3.23, CD: 72.45 ± 4.24) presented significant reductions in villus height and 
crypt depth, suggesting inflammation-related structural damage. The LPS + TMF group exhibited significant 
recovery in both VH (383 ± 4.19) and CD (68.93 ± 4.12). The VH/CD ratio exhibited a comparable pattern, with 
the LPS group presenting the lowest value (4.5 ± 0.62), which significantly improved in the LPS + TMF group 
(5.56 ± 1.03). Table 5. Assessment of the ileum revealed changes in the villus height (VH), crypt depth (CD), and 
VH/CD ratio. Compared with the control group (VH: 382.26 ± 4.02, CD: 91.63 ± 8.41), the LPS group presented 
reductions in VH (354.72 ± 16.38) and CD (82.33 ± 2.93). Treatment with TMF improved these parameters in the 
LPS + TMF group (VH: 371.10 ± 12.32, CD: 87.46 ± 5.23). The TMF-only group presented marginally elevated 
values, indicating the protective potential of TMF. The VH/CD ratios were similar among the groups, with slight 
variations noted (Table 6).

Discussion
In the context of intestinal inflammation, particularly within the jejunum and ileum, the protective properties 
of flavanones are particularly vital. The jejunum and ileum are the principal locations for nutrient absorption in 
the small intestine and are crucial for preserving intestinal integrity, regulating immunity, and ensuring barrier 
function22. Inflammatory conditions, such as those triggered by LPS, can cause substantial disruption of the 
mucosal barrier, leading to villus atrophy, crypt hyperplasia, increased intestinal permeability, and immune cell 
infiltration. Inflammatory reactions are pivotal to the development of numerous gastrointestinal disorders, such 
as inflammatory bowel disease (IBD), Crohn’s disease, and ulcerative colitis23.

Flavonoids, which encompass various plant secondary metabolites, have been extensively researched for 
their significant anti-inflammatory, antioxidant, anticancer, and chemopreventive effects24–26. Among these, 
5,7,4'-trimethoxyflavanone, a type of flavonoid, has attracted interest for its ability to regulate inflammatory 
pathways and safeguard against tissue damage. Flavonoids have demonstrated potential in alleviating many 
forms of inflammation, especially in the gastrointestinal tract, by reducing the activation of proinflammatory 
cytokines and transcription factors, including NF-κB, TNF-α, IL-6, and IL-1β27,28.

LPS treatment commonly reduces animal body weight for numerous reasons. Inflammatory cytokines 
generated in response to LPS create anorexia, which reduces food intake and energy balance29,30. During the 
inflammatory response, the body increases energy consumption, and catabolic processes are activated to meet 
these energy needs, especially when the glucose stores are insufficient. This results in proteolysis and lipolysis 
to fuel immune functions and tissue repair31,32. Compared with control rats, LPS-treated rats lose weight faster 
because of lower intake and increased catabolism, a sign of systemic inflammation. Studies have shown that 
flavonoids can slow weight loss by reducing inflammation and metabolic effects33,34. To maintain metabolic 
health and prevent the negative consequences of systemic inflammatory responses, inflammation must be 
controlled. In this experimental study, TMF significantly reduced weight loss in experimental rats treated with 
these flavonoids compared with that in the LPS-treated group. TMF may lower the systemic inflammatory 

Control LPS LPS + TMF TMF

Jejunum

 VH (µm) 408.62 ± 3.23 271 ± 5.25* 383 ± 4.19# 415.65 ± 7.5

 CD (µm) 72.45 ± 4.24 60.20 ± 8.39* 68.93 ± 4.04# 75.32 ± 4.12

 VH/CD (µm) 5.64 ± 0.75 4.50 ± 0.62 5.56 ± 1.03 5.51 ± 1.83

Ileum

 VH (µm) 382.26 ± 4.02 354.72 ± 16.38* 371.1 ± 12.32# 387.71 ± 10.46

 CD (µm) 91.63 ± 9.41 82.33 ± 2.93* 87.46 ± 5.23# 91.41 ± 3.31

 VH/CD (µm) 4.17 ± 0.42 4.30 ± 5.59 4.24 ± 2.35 4.24 ± 3.15

Table 6.  Effects of TMF on intestinal mucosal morphology of Sprague Dawley rats in LPS induced 
inflammation. When (n = 6), *P < 0.05 indicates significant differences between the LPS group and the control 
group. Likewise, @ P < 0.05 indicates significant differences between the LPS group and the LPS + TMF group.

 

C C–2 C–3 C–4 C–5 C–6 C–7 C–8 C–9 C–10

ppm 79.8 45.3 188.1 164.3 97.6 166.6 93.6 162.9 106.2

C C–1′ C–2′ C–3′ C–4′ C–5′ C–6′ OCH3 OCH3 OCH3

ppm 130.8 128.8 114.0 159.6 114.0 128.8 56.8 56.1 55.2

Table 5.  13C-NMR data compound in CDCl3.
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response and sustain energy balance in animals by maintaining metabolic stability during the inflammatory 
process because of its anti-inflammatory and antioxidant characteristics.

LPS causes strong gastrointestinal inflammation, especially in the jejunum and ileum. The NF-κB signaling 
system is crucial for initiating and sustaining inflammation35,36. Within the nucleus, NF-κB associates with 
distinct DNA sequences known as κB sites, which are located in the promoter regions of proinflammatory genes. 
The transcription of several genes linked to inflammation, including cytokines such as TNF-α, IL-6, and IL-
1β, is initiated by NF-κB. These inflammatory mediators enhance the immune response and attract additional 
immune cells to the site of inflammation, exacerbating intestinal tissue damage.

Our study revealed that LPS stimulation markedly elevated the serum concentrations of TNF-α, IL-6, and IL-
1β. We observed the same phenomenon when the tissue concentrations of TNF-α, IL-6, and IL-1β were assessed. 
This study demonstrated that TMF markedly decreased proinflammatory cytokine production by inhibiting NF-
κB in the jejunum and ileum of rats. These results support those of previous studies, which reported lower NF-
κB production following treatment with substances such as the citrus flavonoid naringenin37,38. Owing to the 
inhibition of NF-κB translocation, the levels of the proinflammatory cytokines TNF-α, IL-6, and IL-1β decreased 
following pretreatment with TMF, indicating the downregulation of IL-1β and TNF-α. These data corroborate 
the anti-inflammatory properties of TMF. Our study also corroborates the findings of previous studies, where 
flavanone has been reported to inhibit inflammation via the suppression of inflammatory cytokines in RAW 
264.7 cells39.

Elevated serum levels of DAO and D-LA are related to intestinal dysfunction. Concurrent with the above-
reported findings, serum D-LA and DAO levels were considerably reduced following dietary flavanone 
supplementation40. Likewise, Luo et al. (2023) reported that dietary flavanone supplementation reduced serum 
DAO activity41. These findings suggest that dietary TMF supplementation may effectively mitigate the intestinal 
barrier damage caused by LPS. LPS-induced tissue damage is characterized by an imbalance between oxidative 
and antioxidative components, resulting in excessive free radical generation and a reduction in antioxidants42. 
The concentrations of MDA, SOD, CAT, GSH, and T-AOC are critical indicators for evaluating oxidative damage 
in tissues caused by free radicals43.

Oxidative stress is caused by an imbalance between available antioxidants and reactive oxygen species. Both 
in vitro and in vivo, flavanones have shown antioxidant potential44,45. The liver, spleen, and kidneys of rats may 
experience less oxidative damage from heat stress if the rats consume dietary flavonoid supplements46. In this 
study, LPS decreased ileal mucosal GSH activity and jejunal mucosal CAT, GSH, and T-AOC activities while 
increasing mucosal MDA levels in the ileum and jejunum. MDA was used as a marker for oxidative stress; as 
expected, dietary TMF supplementation increased CAT and T-AOC activities in the duodenum, T-AOC activity 
in the jejunum, and GSH activity in the ileum mucosa while decreasing mucosal MDA levels in the ileum and 
jejunum. The reduced MDA levels and the elevated activities of T-AOC, GSH, and CAT in the small intestine 
indicated an improved antioxidant capability. These results indicate that dietary TMF supplementation may 
mitigate oxidative damage to the small intestinal mucosa caused by heat stress.

The present study demonstrated that TMF effectively inhibits NF-κB activation in LPS-induced intestinal 
injury, but the precise mechanism through which TMF exerts this effect remains to be fully elucidated. Given 
that many flavonoids exert their anti-inflammatory effects not only by directly targeting NF-κB but also through 
upstream regulatory pathways, such as the PI3K/AKT and MAPK pathways, it is plausible that TMF follows 
a similar mechanism. Previous studies on structurally related flavonoids have shown that they can modulate 
oxidative stress and cytokine production, thereby indirectly suppressing NF-κB activation47. However, our 
study focused primarily on the overall impact of TMF on NF-κB signaling rather than its direct molecular 
interactions with pathway components. Future studies employing pathway-specific inhibitors or molecular 
docking approaches could help determine whether TMF interacts directly with NF-κB subunits or modulates its 
activity via upstream regulators (Fig. 9).

Histological investigation of the jejunum and ileum in the LPS-treated groups revealed significant tissue 
damage, as evidenced by the shortening and blunting of villi, elongation of crypts, and pronounced infiltration 
of inflammatory cells into the mucosa and submucosa. These histological markers indicate an inflammatory 
milieu that alters the normal structure of the intestinal epithelium. Furthermore, the identified tissue damage 
corresponds with standard LPS-induced dysregulation, including oxidative stress, increased intestinal 
permeability, and subsequent bacterial translocation, all of which enhance the inflammatory environment. The 
preventive effects of TMF are due to its established anti-inflammatory and antioxidant capabilities. TMF is a 
flavonoid recognized for its ability to inhibit the NF-κB pathway, a key regulator of proinflammatory cytokines, 
including TNF-α, IL-6, and IL-1β. The histological enhancements observed in the TMF-treated groups aligned 
with the downregulation of inflammatory mediators, as indicated by decreased immune cell infiltration and 
maintenance of the mucosal barrier. Moreover, TMF may augment the antioxidant defense mechanism in 
intestinal tissues, thereby diminishing oxidative stress, a principal factor in tissue damage during LPS-induced 
intestinal inflammation. TMF alleviates oxidative damage to the intestinal epithelium, which is otherwise 
intensified by LPS, by scavenging ROS and upregulating endogenous antioxidant enzymes.

The histology data indicate that TMF has a substantial protective effect on the jejunum and ileum during LPS-
induced intestinal inflammation. TMF has potential as a therapeutic agent for regulating intestinal inflammation 
by preserving the villus architecture, diminishing inflammatory cell infiltration, and sustaining mucosal 
integrity. A limitation of this study is that it does not extensively examine the molecular mechanisms underlying 
TMF’s effects, particularly its role in modulating inflammatory signaling pathways, which warrants further 
investigation to fully understand its therapeutic potential in conditions such as IBD and other gastrointestinal 
inflammatory diseases.
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Conclusion
The findings of this study demonstrate that TMF effectively protects against LPS-induced inflammation in 
the jejunum and ileum. Treatment with TMF preserved the normal histological architecture of the intestinal 
tissue by reducing villus shrinkage, crypt overgrowth, and infiltration of inflammatory cells, highlighting its 
promise as a potent anti-inflammatory agent. These observations align with TMF’s known inhibitory effects on 
proinflammatory signaling pathways like NF-κB, as well as its role in enhancing the body’s natural antioxidant 
defenses. Consequently, TMF shows promise as a therapeutic option for conditions characterized by intestinal 
inflammation, such as inflammatory bowel disease, where preserving mucosal health is crucial for favorable 
clinical outcomes.

Future studies should focus on elucidating the precise mechanisms by which TMF functions as a strong 
anti-inflammatory and antioxidant agent, particularly in the context of chronic inflammation and oxidative 
stress. Investigating TMF’s influence on additional inflammatory pathways, such as MAPK and PI3K/AKT, 
will be important for understanding its role in maintaining intestinal homeostasis during prolonged treatment. 
Moreover, evaluating TMF in chemically induced colitis and autoimmune-driven IBD models could provide 
valuable insights into its broader therapeutic applications. To advance clinical development, pharmacokinetic 
studies are also needed to establish the optimal dosing and bioavailability of TMF for effective use in patients. 
Finally, clinical trials on the efficacy and safety of TMF in humans with gastrointestinal inflammation will help 
translate preclinical discoveries into therapeutic realities.
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All materials are available from the corresponding author.
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