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Background

Imidazole propionate (IMP) is a histidine metabolite produced by some gut microorganisms in the human colon. Increased levels of IMP are associated with intestinal inflammation and the development and progression of cardiovascular disease and diabetes. However, the anti-inflammatory activity of IMP has not been investigated. This study aimed to elucidate the role of IMP in treating atopic dermatitis (AD). 





Methods

To understand how IMP mediates immunosuppression in AD, IMP was intraperitoneally injected into a Dermatophagoides farinae extract (DFE)/1-chloro-2,4 dinitrochlorobenzene (DNCB)-induced AD-like skin lesions mouse model. We also characterized the anti-inflammatory mechanism of IMP by inducing an AD response in keratinocytes through TNF-α/IFN-γ or IL-4 stimulation. 





Results

Contrary to the prevailing view that IMP is an unhealthy microbial metabolite, we found that IMP-treated AD-like skin lesions mice showed significant improvement in their clinical symptoms, including ear thickness, epidermal and dermal thickness, and IgE levels. Furthermore, IMP antagonized the expansion of myeloid (neutrophils, macrophages, eosinophils, and mast cells) and Th cells (Th1, Th2, and Th17) in mouse skin and prevented mitochondrial reactive oxygen species production by inhibiting mitochondrial energy production. Interestingly, we found that IMP inhibited AD by reducing glucose uptake in cells to suppress proinflammatory cytokines and chemokines in an AD-like in vitro model, sequentially downregulating the PI3K and mTORC2 signaling pathways centered on Akt, and upregulating DDIT4 and AMPK. 





Discussion

Our results suggest that IMP exerts anti-inflammatory effects through the metabolic reprogramming of skin inflammation, making it a promising therapeutic candidate for AD and related skin diseases.
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Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by severe itching, skin dryness, recurrent eczematous lesions, and high susceptibility to infection (1). The disease is accompanied by the activation of the skin’s innate immunity and exaggerated IgE sensitization to environmental allergens, and begins with a Th2 immune response that expands to adaptive immune responses involving Th1 and Th17 (2). The Th2 immune response is the primary cause of skin inflammation in AD (2). Blocking IL-4 and IL-13 receptors produced by Th2 cells has been clinically proven to be safe and effective, and is currently being applied as an alternative treatment for AD (3). Furthermore, phase II and III clinical trials of various biological and small-molecule antagonists targeting signal transduction pathways involved in the Th2 immune response are underway to develop therapies for AD (3).

Activation, proliferation, and differentiation of T helper cells are highly dependent on energy production and synthesis of metabolites (4). CD4+ T cells are characterized by a preference for energy production via the mitochondrial pathway (5). Th2 cell differentiation requires extensive metabolic reprogramming in response to changes in intracellular metabolic requirements and nutrient exposure, which are primarily regulated by the mammalian target of rapamycin (mTOR) signaling (6). The mTOR complex integrates cytokine receptor signaling while regulating glucose, amino acid, and lipid metabolism (6). This requires the upregulation of glucose uptake (6). Previous studies have highlighted the importance of mTOR complex 2 (mTORC2; an mTOR complex) in Th2 cell differentiation in allergic diseases (7). mTORC2 promotes Th2 cell differentiation through various mechanisms, and as the Th2 cells enter inflamed tissue sites, they continue to differentiate through exposure to various inflammatory cytokines in the tissues (6). It also regulates reactive oxygen species (ROS) production and respiration in mitochondria (8). However, it is not yet clear how mTORC2 deregulation affects AD.

The recent discovery of disease-associated small microbiome molecules has led to a growing interest in their potential role in pathogenesis and as therapeutics (9, 10). Imidazole propionate (IMP) is a histidine metabolite produced by the gut microbiota (11). Elevated IMP levels have been associated with intestinal inflammation, cardiovascular disease, and an impaired glucose response in individuals with type 2 diabetes (11). IMP is also associated with the inhibition of insulin signaling through mTORC1 in the mTOR complex in mice and humans (12). Accumulating evidence suggests that imidazole and its derivatives possess a variety of pharmacological properties, including antifungal, antibacterial, anti-inflammatory, antiviral, and anticancer properties (13). However, studies on IMP are limited, and its effects on skin diseases have not been studied.

In this study, we investigated whether IMP suppresses skin inflammation in AD by regulating mTORC2 signaling and mitochondrial ROS. We found that IMP attenuated AD-associated inflammation and severity in both in vivo and in vitro models. These results indicate that IMP represents a potentially useful candidate for the treatment of Th2-driven inflammatory diseases, in addition to AD.





Results




IMP ameliorates the severity of AD-like skin lesions in a mouse model

In the present study, we investigated the potential therapeutic effects of IMP on AD-like skin inflammation using an AD-like skin lesion model. We used Dermatophagoides farinae extract (DFE) and 1-chloro-2,4 dinitrochlorobenzene (DNCB) to induce AD in the ear lobes of BALB/c mice by treating them for 28 days. Ear thickness was measured 24 h after the application of DFE or DNCB for AD-like skin lesions induction. IMP and Rapa were injected intraperitoneally every other day, three times a week, from day 7 to day 28 after induction of AD-like skin lesions. mTOR inhibitor Rapa was used as a positive control to investigate the possibility that IMP could inhibit the mTOR pathway in AD pathogenesis. The schematic diagram of AD-like skin lesions induction and IMP treatment are shown in Figure 1A. Disease severity was assessed by measuring the thickness, imaging, and histological analysis of the ear lobes. The ear thickness started to increase in the AD-like skin lesion mice 7 days after AD-like skin lesions induction, but was significantly reduced in the IMP-treated group (Figure 1B). The size and weight of the draining lymph nodes (auricular LNs) were also significantly reduced in the IMP-treated AD-like skin lesions group (Supplementary Figure S2). No change in body weight was observed in any of the groups following IMP administration (Figure 1C). Images of the mouse ears showed an inflammatory response with erythema, edema, keratinization, and scaling. These symptoms were ameliorated in the IMP-treated group (Figure 1D). Histopathological evaluation revealed significant thickening of the epidermis and dermis in AD-like skin lesion mice, which was significantly decreased in the AD-like skin lesion mice treated with IMP and Rapa (Figures 1E, F). In AD-like skin lesions, elevated IgE levels are associated with disease severity and IgE levels can be used to monitor treatment response (3). Our results showed that serum IgE levels were significantly lower in AD-like skin lesion mice treated with IMP (2 mg/mouse) than those in untreated AD-like skin lesion mice (Figure 1G). These findings suggest that IMP effectively mitigates the severity of AD-like skin lesions.




Figure 1 | IMP attenuates the clinical symptoms of AD-like skin lesions in a mouse model. BALB/c mice were induced with DNCB and DFE, and treated with IMP (1 or 2 mg/mouse) or Rapa (0.6 mg/mouse). (A) Experimental design for the induction of AD-like skin lesions. The mice (n = 4–6/group) were divided into five groups. (B) Ear thickness was measured 24 h after DNCB or DFE application using a dial thickness gauge. (C) Mouse body weight was calculated as a percentage of the initial weight. (D) Images of the mouse ears from each representative group on day 28. (E) Representative photomicrographs of ear sections stained with hematoxylin and eosin (H&E) (×100 magnification; scale bar = 20 µm). (F) Epidermal and dermal thicknesses were measured using microphotographs of H&E-stained ear tissues. (G) Serum IgE levels were analyzed using ELISA. Data are presented as the mean ± standard error of mean (SEM). ****p < 0.0001, **p < 0.01, and *p < 0.05 indicate significant reduction compared to the AD group. Ctrl, control; AD, atopic dermatitis; DNCB, 2,4-dinitrochlorobenzene; DFE, Dermatophagoides farina extract; IMP, imidazole propionate; Rapa, rapamycin. ns: no significant.







IMP suppresses the expansion of inflammatory myeloid cells in the skin of AD-like skin lesion mice

Although Th2 cell-driven inflammatory responses are important in AD, various immune cells other than Th2 cells participate in the pathophysiology of AD. Myeloid cells (neutrophils, macrophages, eosinophils, and mast cells) play crucial roles in pruritus, barrier damage, and inflammation in AD (14). These pro-inflammatory myeloid cells are rare in normal skin but increase during inflammation, and their inhibition is associated with disease resolution (15, 16). Therefore, we isolated skin cells from the ear tissues of AD-like skin lesion mice and determined the inhibitory effects of IMP and Rapa on myeloid cells. Flow cytometric analysis showed that the frequency of myeloid cell infiltration in the skin was significantly reduced in a dose-dependent manner by the recruitment of neutrophils with the CD11b+Ly6G+ phenotype and macrophages with the CD11b+F4/80+ phenotype in the IMP-treated AD-like skin lesion mice compared to that in the AD-like skin lesion mice. Moreover, significant inhibition of mast cell expansion, characterized by eosinophils with the single-F+CD11b+ phenotype and mast cells with c-kit+FcεRIA+ phenotype, was also observed in AD-like skin lesion mice treated with IMP and Rapa compared to that in the untreated AD-like skin lesion mice (Figure 2). These results suggest that IMP markedly inhibits inflammatory cell infiltration in skin tissue.




Figure 2 | IMP inhibits the inflammatory myeloid cells in the skin of AD mice. (A, B) Representative flow cytometry plots and bar charts show percentage of CD11b+Ly6G+ (neutrophils), F4/80+CD11b+ (macrophages), single-F+CD11b+ (eosinophils), and c-Kit+FcεRIA+ (mast cells) in the ear skin cells (n = 6/group). Data are presented as the mean ± SEM. ****p < 0.0001, ***p < 0.001, and **p < 0.01 indicate significant reduction compared to the AD group. AD, atopic dermatitis; IMP, imidazole propionate; Rapa, rapamycin. ns: no significant.







IMP inhibits the expansion of Th1/Th2/Th17 cell immune responses and induces the expression of Foxp3+ regulatory T cells in the skin of AD-like skin lesion mice

The acute onset of AD is characterized by infiltration of Th2 cells. In contrast, Th1 cells can be detected in chronic AD lesions as early as within an hour post-onset, alongside Th2 and Th17 cells (17). Therefore, CD4+ T helper cells are central to inducing AD, as highlighted in numerous studies, clinical trials, and mechanistic analyses, making them pivotal in the development of new therapeutic strategies (17). We isolated cells from the skin of AD and IMP-treated AD-like skin lesion mice, and investigated their antagonistic effects on Th1, Th2, and Th17 immune responses using intracellular cytokine staining. We found that the number of Th1 (CD4+IFN-γ+), Th2 (CD4+IL-4+), and Th17 (CD4+IL-17A+) cells were significantly reduced in the skin cells of both IMP- and Rapa-treated AD-like skin lesion mice, whereas this was not observed in AD-like skin lesion mice treated with Rapa alone (Figures 3A, B). We then analyzed the RNA expression of key cytokines produced by Th1, Th2, Th17, and Treg cells in the skin tissues. As predicted, the mRNA levels of cytokines produced by Th1 (Ifnγ), Th2 (Il4, Il5, Il13, and Il31), and Th17 (Il17a) were markedly reduced in the skin of IMP-treated AD-like skin lesion mice, providing clear evidence that IMP antagonizes T-cell responses during AD onset (Figure 3C). As Foxp3 has been reported to suppress T cell-mediated inflammatory responses in an AD-like skin lesions mouse model (18), we checked the RNA expression of Foxp3 to determine whether the IMP-mediated attenuation of Th1, Th2, and Th17 cells in AD was partially because of regulatory cells. We found that the expression of Foxp3 was increased in the IMP-treated AD-like skin lesions group (Figure 3C).




Figure 3 | IMP regulates the T cell immune response in the inflamed skin of AD mice. (A, B) Representative flow cytometry plots and bar graphs showing percent CD4+ T cells expressing IFN-γ, IL-4 or IL-17A in the ear skin cells (n = 6/group). (C) Gene expression of Th1 (Ifnγ), Th2 (Il4, Il5, Il13, and Il31), and Th17 (Il17a) cytokines and Treg (Foxp3) transcription factor in the ears of AD and IMP or Rapa-treated AD mice. To determine the cytokine expression in mice, the ears were excised on day 28. Gene expression was analyzed using real-time PCR (n = 4/group). The gene expression levels were normalized to that of β-actin. Data are presented as the mean ± SEM. ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 indicate significant reduction compared to the AD group. Ctrl, control; AD, atopic dermatitis; IMP, imidazole propionate; Rapa, rapamycin. ns: no significant.







IMP alters energy metabolism and inhibits the production of mitochondrial ROS in the skin of AD-like skin lesion mice

Several physiological factors are involved in the severity and progression of AD, and measurement of energy metabolism and oxidative stress in the inflamed skin represent important markers for assessing the inflammatory state (19). In human skin inflammation, energy metabolism is highly dependent on the oxidative phosphorylation (OXPHOS) pathway (19). In this study, we extracted mouse ear skin cells 28 days after AD induction and combined the cells to measure the OCR, a key OXPHOS parameter. We found that basal and maximal OCR, mitochondrial respiratory capacity, ATP production rate, and ATP synthesis efficiency via oxygen consumption (coupling efficiency) were reduced in IMP-treated AD-like skin lesion mice compared to those in untreated AD-like skin lesion mice (Figure 4A). To understand how the mitochondrial metabolic profile changes under the influence of IMP, we investigated mitochondrial function in AD-like skin lesions mouse skin cells using MitoTracker™. Accumulation of dysfunctional mitochondria was observed in AD-like skin lesions mouse skin without IMP treatment, but this was reduced in the IMP- and Rapa-treated groups (Figure 4B). MitoSOX™, a mitochondria-specific ROS indicator, was used to measure mitochondrial ROS levels, and the assay revealed that ROS levels were increased in AD-like skin lesion mice, but decreased in the IMP- and Rapa-treated AD-like skin lesion groups (Figure 4C). These results suggest that the activated state of skin inflammatory cells in AD is associated with changes in metabolic processes, and that IMP inhibits mitochondrial dysfunction and ROS production.




Figure 4 | IMP inhibits mitochondrial ROS production by altering the inflammatory metabolic profile in AD skin. (A) Real-time changes in the oxygen consumption rate (OCR) of skin cells in response to oligomycin, FCCP, and Rot/AA. The bar charts show the mitochondrial oxygen consumption, basal and maximal respiratory capacity, proton leak, ATP production rate and coupling efficiency. Representative histograms and bar graphs showing total mitochondrial mass (n = 3/group). (B) and mitochondrial ROS production (C). Mitochondrial mass and ROS were analyzed by flow cytometry in skin cells labeled with MitoTracker green or MitoSOX red (n = 6/group). Data are presented as the mean ± SEM. ***p < 0.001, **p < 0.01, and *p < 0.05 indicate significant reduction compared to the AD group. AD, atopic dermatitis; IMP, imidazole propionate; Rapa, rapamycin; OCR, oxygen consumption rate; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; Rot/AA, rotenone and antimycin A; ATP, adenosine triphosphate; ROS, reactive oxygen species. ns: no significant.







IMP inhibits glucose uptake in keratinocytes and regulates mTORC2 signaling to suppress inflammatory cytokines and chemokines

Next, we investigated the effects and mechanisms of IMP in an in vitro AD model. Keratinocytes in AD patients can amplify the recruitment and production of Th2 cell cytokines by releasing chemokines such as CCL17 and CCL22 (20). TNF-α has been reported to promote the production of CCL17 and CCL22 in keratinocytes, inducing features similar to atopic dermatitis (21, 22). In HaCaT cells, the levels of CCL17 and CCL22 are enhanced upon stimulation with TNF-α and IFN-γ (22, 23). Indeed, skin lesions in AD also show increased expression of CCL17 or CCL22 in response to elevated TNF-α and IFN-γ, and this has been used in numerous studies as an in vitro model mimicking AD (22, 24, 25). Based on these findings, we decided to apply this mechanism as an in vitro model for AD. Furthermore, we verified the efficacy of IMP in an AD environment in vitro using mouse primary keratinocytes induced with IL-4.

HaCaT cells were treated with different concentrations of IMP (5, 10, and 20 µg/mL) for 24 h to determine the effective concentration, and cell viability was measured using the MTT assay. The results showed that none of the concentrations of IMP tested affected the survival of HaCaT cells following 24 h of treatment (Supplementary Figure S3). Moreover, in the in vitro AD models using HaCaT cells or mouse primary keratinocytes stimulated with TNF-α/IFN-γ or IL-4, IMP treatment suppressed the gene expression of proinflammatory cytokines (TNF-α, IL-1β, and IL-6) and chemokines (CCL17 and CCL22) (Figure 5A and Supplementary Figure S4A). Based on the results of our in vivo experiments, we hypothesized that the inhibition of skin inflammation is related to glucose degradation. To test this hypothesis, HaCaT cells were stimulated with TNF-α/IFN-γ for 1, 3, and 6 h, and mouse primary keratinocytes were stimulated with IL-4 for 12, 24, and 48 h, respectively. Following treatment with IMPs, the intracellular glucose uptake status was determined by flow cytometry using the fluorescently-labeled glucose uptake molecule, 2-NBDG. The results showed an increase in glucose uptake at all time points for both TNF-α/IFN-γ-stimulated HaCaT cells and IL-4-stimulated mouse primary keratinocytes. In the IMP-treated group, glucose uptake was significantly reduced at all time points (Figure 5B, C and Supplementary Figures S4B, C). As an important metabolic regulator, mTOR significantly affects glucose metabolism (26). Therefore, we sought to determine whether IMP alters the global glucose metabolic pathway and modulates mTOR signaling. We found that IMP significantly inhibited the PI3Ks genes, Pik3b and Pik3r1, which encode transcription factors that mediate signals upstream of mTOR (Figure 5D). As inhibition of PI3K may affect mTOR signaling, we validated these results by analyzing the expression of downstream signaling targets of mTORC2, the mTOR complex related to the Th2 immune response, at various time points after treatment with IMP following stimulation with TNF-α/IFN-γ or IL-4 in HaCaT and mouse primary keratinocytes by western blotting. The results showed that TNF-α/IFN-γ stimulation increased the phosphorylation of mTOR, RICTOR, AKT, and FOXO3a, the downstream targets of mTORC2, whereas IMP impaired their activation (Figure 5E and Supplementary Figure S4D). AMPK and DDIT4 are negative regulators of mTORC2 and suppress Th2-mediated allergic immune responses (7, 27). Therefore, to investigate how IMP inhibits mTORC2 signaling, the activation status of AMPK and DDIT4 was determined by western blotting. We found that the phosphorylation of AMPK remained unchanged after 1 h of IMP treatment, but increased in the IMP-treated group, compared to TNF-α/IFN-γ alone, at 3 and 6 h. Similarly, activation of DDIT4 increased following 3 and 6 h of IMP-treatment (Figure 5F).




Figure 5 | Induction of AMPK/DDIT4 by IMP inhibits mTORC2 signaling and reduces inflammatory cytokines and chemokines in AD in vitro. Human keratinocytes HaCaT cells were stimulated with TNF-α (10 ng/mL) and IFN-γ (10 ng/mL) in the presence or absence of IMP (10 or 20 µg/mL) for 6 h or indicated times (n = 3-4/group). (A) Gene expression of proinflammatory cytokines (Tnfα, Il1β, and Il6), and chemokines (Ccl17 and Ccl22) was analyzed using real-time PCR. (B, C) Representative histograms and bar graphs showing glucose uptake in HaCaT cells, which was determined by incubation with 2-NBDG for 2 h, followed by flow cytometry. (D) Gene expression of PI3K signaling molecules (Pik3cb and Pik3r1) was analyzed using real-time PCR. Protein expression of mTORC2 targets (E), and that of AMPK and DDIT4 (F) in HaCaT cells stimulated in the presence or absence of IMP (20 μg/mL) was determined by western blotting. Data are presented as the mean ± SEM. ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 indicate significant reduction compared to TNF-α/IFN-γ. IMP, imidazole propionate; 2-NBDG, 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose; mTOR, mammalian target of rapamycin; mTORC2, mammalian target of rapamycin complex 2; Rictor, rapamycin-insensitive companion of mammalian target of rapamycin; AKT, protein kinase B; FOXO3a, forkhead box O3a; AMPK, AMP-activated protein kinase; DDIT4, DNA-damage-inducible transcript 4.








Discussion

Microbial metabolites play key roles in various tissues and organs in the human body (28). These metabolites act on receptors at various sites, such as the intestine, liver, and central nervous system, and may contribute to metabolic diseases, such as obesity, type 2 diabetes, and cardiovascular disease (28). Microbially produced IMP has been found to be present at higher levels in the plasma of patients with prediabetes and type 2 diabetes. It acts as a negative regulator of type 2 diabetes through the p38/p62/mTORC1 pathway, and inhibits the glucose-lowering effects of metformin (12, 29). However, the role of IMP has not been investigated in skin diseases. In the present study, we found that IMP exerts anti-inflammatory effects on the skin, which is contrary to the findings of previous studies. Based on these findings, we sought to further investigate the role of IMP in skin inflammation, especially in AD, to evaluate the potential medical application of this microbial metabolite.

AD is characterized by intense pruritus, eczema, erythema, swelling, peeling, exudation, and scab formation on the skin, with epidermal barrier abnormalities, T cell-induced skin inflammation, and an increased IgE response in most patients (30). In contrast to the severe skin inflammation observed in AD mice, we found that AD mice treated with IMP showed attenuated disease severity, including inhibition of inflammatory cell infiltration in skin tissue and a significant reduction in serum IgE levels, suggesting that IMP attenuated the disease. AD is a chronic inflammatory skin disease caused by the complex interplay of immune responses (30). In particular, the interaction between myeloid and T cells has a major impact on the onset and progression of AD. In our study, we found that the expansion of neutrophils, macrophages, eosinophils, and mast cells was inhibited in the skin of AD-like skin lesion mice after IMP administration. This suggests that IMP reduces the ability of myeloid cells in the skin to present antigens to Th1/Th2/Th17 T cells, and inhibits T cell activation and subsequent cytokine production, which may impede the persistence and progression of AD inflammation. It is also worth noting that the suppression of Th1/Th2/Th17-produced cytokines and attenuation of inflammation in the skin tissues of IMP-treated AD-like skin lesion mice may also be correlated with the increased expression of Treg-expressing Foxp3 following IMP treatment.

In AD, the inflammatory response of Th cells is activated compared with that of naïve T cells, and promotes the inflammatory response by distorting the direction of OXPHOS metabolism in the mitochondria (31). In our study, the treatment of AD-like skin lesion mice with IMP decreased the OXPHOS activity in the skin. These data suggest that IMP reverses inflammation-related intracellular metabolic programs in T cells. Thus, IMP treatment decreased cytokine expression in Th1, Th2, and Th17 cells, whereas it was associated with increased Foxp3 expression in regulatory T cells.

Mitochondria play a crucial role in skin physiology (31). Their metabolic activity regulates keratinocyte differentiation by generating ROS (31, 32). However, excessive ROS production leads to mitochondrial dysfunction due to an increase in silver mitochondrial mass, which is associated with inflammatory signal activation and cell death (33). We found that treatment with IMP or Rapa reduced the accumulation of dysfunctional mitochondria in skin cells of the AD-like skin lesions mouse model and inhibited ROS production in these mitochondria. These findings suggest that mitochondrial accumulation and ROS production in skin cells are associated with AD pathogenesis and that IMP may directly improve mitochondrial function in AD-induced skin inflammatory cells.

Proliferating cells are more dependent on glucose uptake for growth than quiescent cells (34). Impaired glucose uptake contributes to skin damage and inflammation-related inhibition of keratinocyte proliferation, and is considered a novel strategy for the treatment of skin diseases (34). Previous reports have shown that IMP is significantly increased in patients with type 2 diabetes and impairs glucose tolerance and insulin signaling when administered to mice, suggesting that it acts as a negative regulator (12). However, impaired glucose uptake in the inflamed skin environment is associated with suppression of inflammation (35). Our data showed that in an in vitro model of AD-like skin inflammation, IMP treatment resulted in reduced expression of Th2 recruitment chemokines and pro-inflammatory cytokines, and reduced glucose uptake levels (analyzed using 2-NBDG). These results demonstrate that IMP may inhibit inflammatory responses through impaired glucose binding in the AD skin inflammatory milieu, which is in contrast to the results of the limited studies on diseases associated with glucose tolerance and insulin resistance.

Our in vivo data showed that Rapa, used as a positive control, modulated mTOR phosphorylation to ameliorate clinical symptoms of AD by reducing epidermal and dermal thickness, inflammatory cell infiltration, and serum IgE and Th1/2 cytokine levels in the skin of AD-like skin lesion mice, which is consistent with previous studies (36). Furthermore, IMP showed similar effects as Rapa, suggesting that it may be directly involved in mTOR signaling in AD. Dysregulation of the PI3Kk/Akt/mTOR pathway is observed in skin cancer, psoriasis, and AD, and is associated with uncontrolled and excessive proliferation of inflammatory skin cells (37). mTOR forms two distinct protein complexes, mTORC1 and mTORC2, which play important roles in T-cell differentiation, skin morphology, and epidermal development (38). mTORC1 promotes Th17 differentiation, Foxp3 expression, and suppresses Treg cell status (39). mTORC2 (Rictor) is essential for Th1 and Th2 cell differentiation, and Akt activation (39). In T cells from pediatric AD patients, the PI3K/Akt pathway is abnormally activated (37). Rictor-deficient mice show filaggrin control of epidermal lipid synthesis and keratinization (40). mTORC2 regulates substrates such as forkhead box (Foxo) proteins O1 and O3 by targeting Akt, resulting in cell cycle suppression and regulation of Th1 transcription factors (38, 39). We found that the PI3K/Akt/mTOR pathway was activated in TNF-α/IFN-γ-stimulated HaCaT cells, an in vitro model of AD, and IMP-dependently inhibited mTOR, Rictor and Akt, and Forkhead box 3a phosphorylation. However, IMP did not affect the expression of the mTORC1 constituent protein Raptor and p70-S6K (Supplementary Figure S5). These results suggest that in skin inflammation, such as chronic AD with increased Th1/Th2 ratios, IMP may play an important role in maintaining immune cell homeostasis via the mTORC2 pathway. We further demonstrated that the activities of AMPK and DDIT4, which act as negative upstream regulators of AKT/mTOR, were increased by IMP. These results suggest that by upregulating AMPK and DDIT4, IMP may regulate the bioenergetic balance and overactivation of AD-associated skin inflammatory cells via mTORC2.

Metabolites are important molecules that drive energy production and conversion in vivo. Because of their reactivity, structural properties, and varying concentrations, they can change rapidly during metabolic processes in the body (4, 41). Therefore, some metabolites may participate in pro-inflammatory activities, whereas others may exhibit anti-inflammatory effects (41). Similarly, IMP may play a negative role in metabolic diseases associated with impaired glucose tolerance and insulin resistance; however, its anti-inflammatory effects remain unclear.

Our data revealed the regulatory capacity of IMP on mitochondrial function, ROS production, and mTORC2 activity, suggesting that IMP possesses anti-inflammatory effects and has potential as a novel alternative therapy for the treatment of AD, a T cell-mediated chronic skin inflammatory disease. Given these findings, further research is required to elucidate how metabolites, such as IMP, influence the interactions between the host and microbes in T-cell-driven skin diseases, and explore the potential to reverse their effects in specific disease contexts.





Materials and methods




Chemicals

The chemical structure of IMP is shown in Supplementary Figure S1. IMP and rapamycin (Rapa) were purchased from Sigma-Aldrich and Selleckchem, respectively.





Cell culture and stimulation

The human keratinocyte cell line HaCaT was purchased from the CLS Cell Line Service (Eppelheim, Germany). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin G and 100 μg/mL streptomycin) at 37°C with 5% CO2. To generate an in vitro AD model using the HaCaT cells, the cells were treated with 10 ng/mL each of recombinant human TNF-α and IFN-γ (both from R&D Systems). Simultaneously, the cells were treated with IMP (10 or 20 µg/mL).





Mice

Six-week-old female BALB/c mice were purchased from Narabiotec Co. Ltd. (Seoul, Korea) and housed at 23 ± 2°C and 50 ± 5% humidity. The animal experiments were approved by the Animal Care and Use Committee of Jeonbuk National University Medical School (JBNU 2021-0169) and were conducted in accordance with the institutional guidelines.





Induction of AD-like skin lesions in mouse ear

The mouse AD-like skin lesions model was induced according to the method described in our previous report (25). A schematic diagram of the experiment is shown in Figure 1A. The mice (n = 4 to 6) were randomly divided into five groups and the hair on the surfaces of both earlobes was stripped thrice using surgical tape (Nichiban, Tokyo, Japan). Then, 20 μL of 2,4-dinitrochlorobenzene (DNCB; 1% solution, dissolved in 1:3 acetone:olive oil, Sigma-Aldrich) was applied to both earlobes, followed by application of 20 μL of Dermatophagoides farinae extract (DFE; 10 mg/mL, dissolved in PBS plus 0.5% Tween 20, Greer Laboratory Inc.) three days later. One week after the DNCB/DFE induction, the mice were injected intraperitoneally with IMP (1 or 2 mg/mouse) or Rapa (0.6 mg/mouse) thrice/week. All groups except the IMP and Rapa groups were injected with PBS. The ear thickness was measured 24 h after DNCB/DFE application using a dial thickness gauge (Mitutoyo Co., Tokyo, Japan). All mice were euthanized with CO2 on day 28, and blood and tissue samples were collected and analyzed.





Histology

Ear tissue was fixed in 4% formalin and embedded in paraffin. Sections (4 μm thick) of the ear tissue were stained with hematoxylin and eosin (H&E). Epidermal and dermal thickness, as well as inflammatory cell infiltration, were observed under a microscope. The thickness of the epidermis and dermis were measured based on the H&E staining pattern at ×100 magnification.





Enzyme-linked immunosorbent assay

Serum IgE levels were measured on day 28 after the first induction using an IgE ELISA Kit (BD Biosciences, Franklin Lakes, NJ, USA) following the manufacturer’s instructions.





Florescence-activated cell sorting analysis

To detect intracellular cytokines in the skin cells, the cells were stimulated with phorbol-12-myristate-13-acetate (PMA; 20 ng/mL)/ionomycin (1 μg/mL) and Golgi Plug (BD biosciences) for 4 h. After stimulation, the cells were stained with Live/Dead™ Fixable Dead Cell dye (Thermo Fisher Scientific; diluted in PBS) for 15 min at room temperature and washed twice with cold PBS. For myeloid cell surface staining, antibodies were diluted 1:200 and incubated for 20 min at 4°C. After incubation, the samples were washed twice and staining buffer (BD Bioscience) was added. For T cell-producing cytokines, CD4 surface staining was performed followed by fixation and permeabilization using a Foxp3 Staining Kit (Thermo Fisher) and staining with IFN-γ, IL-4, IL-17A, and Foxp3 antibodies according to the manufacturer’s protocol. The following antibodies were used: anti-mouse F4/80 (BD bioscience), anti-mouse CD11b (BD bioscience), anti-mouse Ly6G (BD bioscience), anti-mouse CD170 (Siglec-F) (Biolegend), anti-mouse CD117 (BD bioscience), anti-mouse FceR1a (BD bioscience), anti-mouse IFN-γ, anti-mouse IL-4, anti-mouse IL-17A, anti-mouse Foxp3 (Thermo), and isotype control (BD bioscience). All samples were collected using an Attune NxT acoustic focusing cytometer (Thermo Fisher Scientific). Live cells were gated based on FSC-A, SSC-A, and fixable viability live/dead dye, and then acquired with an Attune NxT acoustic focusing cytometer (Thermo Fisher). Data analysis was performed using the FlowJo (ver. 10.7.1) software.





Real-time quantitative PCR

Total RNA was extracted from cultured cells and frozen tissues using the RNAIso Plus Reagent (Takara, Tokyo, Japan) according to the manufacturer’s instructions. cDNA synthesis and RT-qPCR analyses were performed as described previously (42). The RNA samples were dissolved in RNase-free water (Thermo Fisher Scientific) and purified by phenol/chloroform extraction. The RevertAid™ First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was used for cDNA synthesis. The cDNA was then mixed with SYBR® Green PCR Master Mix (Applied Biosystems) along with the primers for qPCR. Gene expression of cytokines were analyzed using the StepOnePlus™ Real-Time PCR System (Thermo Fisher) according to the manufacturer-recommended PCR parameters. The primer sequences are listed Supplementary Table S1. Target gene expression was determined using the standard comparative ΔΔCt method and normalized to that of the housekeeping gene, β-actin.





Oxygen consumption rate

Tissue cells isolated from the ear skin were pre-cultured in Seahorse XF RPMI medium (containing 10 mM XF glucose, 2 mM XF glutamine, and 1 mM XF pyruvate) at a density of 5 × 105 cells/well in poly D-lysine-coated XFp cell culture miniplates. The OCR was assessed using the XFp Cell Mito Stress Test Kit (Agilent) following the manufacturer’s instructions and measured using a Seahorse XFp Analyzer (Agilent).





Glucose uptake assay

Tissue cells from mouse ear skin (5 × 105 cells/well) were seeded in a 96-well plate and incubated with 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG, 0.01 mg/mL, Thermo Fisher) at 37°C for 30 min. Following incubation, the cells were washed twice with PBS and stained for 15 min at room temperature with Live/Dead™ Fixable Dead Cell dye (Thermo Fisher) to specifically detect the viable cells. The samples were analyzed using an Attune NxT acoustic focusing cytometer (Thermo Fisher).





Western blotting

Cell lysates were prepared and western blotting was performed as described previously (42). Proteins were separated using 6%, 10%, or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were detected using the following primary antibodies: anti-phospho-AMPKα (Cell Signaling Technology, clone 40H9), anti-AMPKα (Cell Signaling Technology), anti-phospho-mTOR (Cell Signaling Technology, clone D9C2), anti-mTOR (Cell Signaling Technology, clone 7C10), anti-β-actin (Cell Signaling Technology, clone 13E5), anti-DDIT4 (Proteintech), anti-phospho-Rictor (Cell Signaling Technology, clone D30A3), anti-Rictor (Cell Signaling Technology, clone 53A2), anti-phospho-FoxO3a (Cell Signaling Technology, clone D18H8), anti-FoxO3a (Cell Signaling Technology, clone D19A7), anti-phospho-AKT (Cell Signaling Technology, clone Ser473), anti-AKT (Cell Signaling Technology, clone Ser473), anti-phospho-p70 S6 Kinase (Thr389) (Cell Signaling Technology, 9205S), anti p70 S6 Kinase (Cell Signaling Technology.9202S), anti-phospho-Raptor(Ser792) (Cell Signaling Technology, 2083S), and Raptor (24C12) (Cell Signaling Technology.2280S) antibodies. After the incubating with the corresponding secondary antibody, the ECL substrate (Thermo Fisher) signals were detected using an Amersham Imager 600 (Cytiva Life Sciences, GE HealthCare).





Statistical analysis

Statistical analyses were performed using GraphPad Prism software (version 10.0). One-way analysis of variance (ANOVA) was used for the Holm-Šídák post-hoc test. Data are presented as mean ± standard error of the mean (SEM). Significance is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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