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3,3’-Diindolylmethane alleviates acute atopic dermatitis by regulating T 
cell differentiation in a mouse model 
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A B S T R A C T   

Atopic dermatitis is a severe, chronic relapsing inflammatory disease of the skin with family clustering. It is 
characterized into acute phase, which is dominated by T helper 2-type immune responses, and chronic phase, 
which is dominated by T helper 1-type immune responses. Studies have shown that 3,3′-diindolylmethane not 
only has antitumor effects but also can relieve symptoms of inflammatory diseases by inhibiting the nuclear 
factor-κB signaling pathway and regulating T cell differentiation. To study the effect of 3,3′-diindolylmethane on 
atopic dermatitis and the underlying mechanism, a mouse model of acute atopic dermatitis was established using 
2,4-dinitrofluorobenzene. After intraperitoneal injection of 3,3′-diindolylmethane, skin erythema and edema in 
mice were significantly alleviated. Furthermore, 3,3′-diindolylmethane reduced immune activation, probably by 
inhibiting the secretion of thymic stromal lymphopoietin by keratinocytes. 3,3′-Diindolylmethane also promoted 
the differentiation of regulatory T cells and inhibited the activation of T helper 2 and T helper 17 cells to reduce 
atopic dermatitis-related immune responses. However, it showed no significant effect on the differentiation of T 
helper 1 cells. These results indicate that 3,3′-diindolylmethane has a significant inhibitory effect on T helper 2 
cells in the acute phase of atopic dermatitis. Our findings may provide not only more insights into the patho
logical mechanism of AD, but also a new candidate medicine for it.   

1. Introduction 

Atopic dermatitis (AD) is a serious, chronic relapsing inflammatory 
skin disorder involving severe pruritus, dryness, and clinical manifes
tations such as erythematous edema and lichenification of skin lesions 
(Peters and Peters, 2019). Epidemiological surveys have shown that 
approximately 5% of adults and 18% of children worldwide are AD 
patients, and the incidence of AD is increasing year by year (Nutten, 
2015). The pathogenesis of AD is extremely complicated; it is related to 
genetic factors, skin barrier destruction, immune system disorders and 
environmental changes (Nutten, 2015). At present, the treatment of AD 
employs traditional and novel methods. Traditional medications used 
are glucocorticoids (Ingawale and Mandlik, 2020), cyclosporine A 
(Carreras et al., 2020), and topical calcineurin inhibitors (TCIs), which 
includes topical tacrolimus ointment (Protopic®) (Nakahara et al., 
2018) and pimecrolimus cream (Elidel®) (Jensen et al., 2013). These 

medicines have good anti-inflammatory effects, but their long-term use 
may lead to many side effects, such as skin atrophy, and nephrotoxicity 
(Kusari et al., 2019). Novel medications include topical PDE4 inhibitors: 
Crisaborole (Eucrisa™) (Zebda and Paller, 2018) and systemic biolog
ical treatment: dupilumab (Dupixent®) (Seegraber et al., 2018). They 
are promising drugs with favorable results in clinical trials, however, 
with nearly unaffordable medication cost (Kusari et al., 2019). Novel, 
safe and cheap treatments are still urgently needed. 

Different from allergic contact dermatitis, the initial stage of AD is an 
inflammatory skin disease mainly caused by Th2 immune responses 
(Owen et al., 2018). When external allergens/antigens are taken up by 
Langerhans cells (LCs) in the epidermis, the activated LCs migrate to the 
draining lymph nodes, promoting the polarization of naïve T cells to Th2 
cells, with increased IL-4, IL-5, IL-10, and IL-13 production (Chu et al., 
2011; D’Auria et al., 2016). In the acute phase of AD, keratinocytes 
secrete thymic stromal lymphopoietin (TSLP), which activates LCs and 
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dermal dendritic cells, and aggravates the Th2-type response (Asahina 
and Maeda, 2017). The aggregation of FcεRI on inflammatory dendritic 
epidermal cells promotes the production of IL-12 and IL-18, thereby 
inducing a transition to a Th1-polarized environment, which is accom
panied by the secretion of IFN-γ by Th1 cells and transition to the 
chronic phase of AD. The dermis layer is thickened, and the skin grad
ually shows lichenification (Lee et al., 2015; Peters and Peters, 2019; 
Shin and Greer, 2015). AD was previously considered a Th2/Th1 
biphasic T cell-mediated immune disorder. With the deepening of 
research, the concepts of AD progresses have evolved to a 
Th17/Th22/Treg multiple-cytokine axes disorder (Malik et al., 2017). 
IL-17A is a pro-inflammatory cytokine and promotes the production of 
IL-8, TNF-α, and TSLP (Klonowska et al., 2018). It was also reported to 
infiltrate AD lesions, modify epithelial cells to produce inflammatory 
cytokines, and down-regulate the expression of epidermal barrier genes 
such as filaggrin (Malik et al., 2017). In addition, Treg cells have been 
reported to attenuate skin inflammation in AD mouse models (Malhotra 
et al., 2018; Shin et al., 2018; Van Gool et al., 2019). A recent study 
showed that introducing the same specific mutations in human FoxP3 
locus will lead to an uncontrolled Th2 response and cause obvious skin 
and lung inflammation (Van Gool et al., 2019). 

3,3′-Diindolylmethane (DIM) is a natural compound formed during 
the autolysis of glucuronides in Brassica species, which include broccoli, 
cauliflower, cabbage and so on. It is currently commercialized as an 
immune enhancing dietary supplement. In recent studies, DIM was 
found to reduce lipopolysaccharide (LPS)-induced inflammatory re
sponses by inhibiting the NF-κB signaling pathway in cardiomyocytes 

(Luo et al., 2018). It has also been reported that DIM can inhibit colitis in 
mouse models by binding the aryl hydrocarbon receptor (AhR), followed 
by inhibition of Th2/Th17 differentiation and induction of Treg differ
entiation (Huang et al., 2013a). DIM has been studied in preclinic trials 
to treat hepatitis (Tomar et al., 2015), intestinal radiation injury (Lu 
et al., 2019), dermatological conditions (Hood and Miller, 2018) etc., 
and in clinical trials for prostate cancer (NCT00450229, phase II) and 
precancerous conditions (NCT00462813, phase III), but its efficacy 
against AD and the underlying mechanisms remain poorly understood. 
Therefore, in this study, we evaluated the therapeutic effect and studied 
the anti-inflammatory mechanism of DIM in a mouse model of AD. 

2. Materials and methods 

2.1. Materials 

2, 4-Dinitrofluorobenzene (DNFB) was purchased from Tokyo 
Chemical Industry Co., Ltd. (Tokyo, Japan). DIM (purity: >99%) and 
dexamethasone (Dex) were obtained from Shanghai Future Biochemical 
Reagent Industry Co., Ltd. (Shanghai, China). Cell Counting Kit-8 (CCK- 
8) was obtained from Dongren Chemical Technology (Kyushu Island, 
Japan). Enzyme-linked immunosorbent assay (ELISA) kits were pur
chased from 4A Biotech Co. Ltd. (Beijing, China). Poly (I: C), Dulbecco’s 
modified Eagle’s medium (DMEM), and RPMI 1640 were supplied by 
Invitrogen (Carlsbad, CA, USA). Taq enzyme, deoxy-ribonucleotide 
triphosphate (dNTP), Evagreen, and 10× buffer (Mg2+ plus) were ob
tained from TaKaRa (Tokyo, Japan). CD4 T cell magnetic beads, anti- 

Fig. 1. Therapeutic effects of DIM on the AD mouse model. (A) The protocol for induction and treatment of AD in BALB/c mice. (B) The thickness of mouse right ears 
was measured every day during the whole process (n = 6), Data are shown as mean ± SD values. Student’s t-test, *: p < 0.05; **: p < 0.01. (C) The representative 
images of the mice from control, AD, Dex-treated, DIM-treated, and solution-treated control groups were obtained on day 8 (n = 3). (D) Pathological tissue sections 
were detected on day 8 (n = 3); black arrows indicate the dermis. Scale bar = 100 μm. 
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CD3/CD28 antibody, and anti-IFN-γ and anti-IL-12 antibodies were 
obtained from BD Biosciences (San Jose, CA, USA). The HaCaT cell line 
was purchased from the Shanghai Library of Chinese Academy of Sci
ences (Shanghai, China). 2-Hydroxypropyl-β-cyclodextrin (2-HP-β-CD) 
and 6-diamidino-2-phenylindole (DAPI) were supplied by Sigma- 
Aldrich (Saint Louis, USA). Anti-mouse GATA3/estrogen receptor α 
(ERα)/forkhead box P3 (FoxP3) antibodies were obtained from Santa 
Cruz (Santa Cruz, CA, USA). NF-κB p65 antibody was purchased from 
Cell Signaling Technology (Danvers, MA, USA). Alexa Fluor 594-conju
gated donkey anti-rat IgG (H+L) and Alexa Fluor 488-conjugated 
donkey anti-rabbit IgG (H+L) antibodies were supplied by Life Tech
nologies (CA, USA). All other chemicals used were of analytical grade, 
and all solutions were prepared with Milli-Q water. 

2.2. Animals and treatments 

Thirty-six female BALB/c mice weighing 20 g (aged 6–8 weeks) were 
purchased from the experimental animal center of Nanjing Medical 
University and maintained under standardized specific pathogen-free 
conditions in the animal facility of the State Key Laboratory of Phar
maceutical Biotechnology, Nanjing University. Mice were housed in 
standard cages and provided free access to food and water. The animals 
were maintained at a constant temperature (20− 21 ◦C) and humidity 
(55 ± 5%), with a 12-h light/dark cycle. The animals were handled in 
accordance with the Helsinki Declaration of 1975 (as revised in 2008) 
concerning animal rights, and the protocols were approved by the 
Institutional Animal Care and Use Committee of Model Animal Research 
Center of Nanjing University. The mice were used for the induction of 
AD as previously described and the experimental procedure is shown 
schematically in Fig. 1A (Jin et al., 2009). Briefly, DNFB was diluted in a 
mixture of acetone and olive oil (3:1). One hundred microliters of 0.5% 
DNFB solution was applied to the shaved skin of the back of the mice and 
20 μL was applied on the right ear on day 1 and day 4. Being DIM is a 
poorly water-soluble compound, it was dispersed in 2-HP-β-CD to 
enhance its water-solubility as a hydrophilic formulation as previously 
described (Strickley, 2004). Two doses of DIM, 25 mg/kg or 50 mg/kg, 
based on previous studies, were administered to the mice via intraperi
toneal injection once per day from day 3 to day 7 (Dong et al., 2010). All 
animals were sacrificed on day 8, and the treated skin samples were 
maintained at 4 ◦C for further analysis. 

2.3. Histopathological examination 

The mice were euthanized by cervical dislocation on the 8th day after 
treatment. Skin samples of the back were obtained, fixed in Bouin’s 
buffer, paraffin-embedded, and sectioned. The sections were stained 
with hematoxylin-eosin (H&E) and analyzed using a microscope (Nikon 
TE2000-U; Tokyo, Japan) 

2.4. Cytokine analysis 

Approximately 100 mg of skin tissue from the treatment site was 
collected and rinsed in phosphate-buffered saline (PBS; at 1 mg/μL), 
precooled at 4 ◦C, and then homogenized on ice by using Lysing Matrix D 
tubes and Fast Prep-24 homogenizer (MP Biomedicals, Santa Ana, 
Canada). Supernatants were collected after centrifugation at 20879g for 
15 min at 4 ◦C. The concentrations of IL-4, IL-5, IL-13, IL-17A, and IFN-γ 
in the supernatant were determined using ELISA kits according to the 
manufacturer’s instructions. 

2.5. mRNA quantification 

The mRNA expression levels of ERα, GATA3, T-bet, RORγt, and 
FoxP3 in mouse skin tissue were evaluated with RT-PCR. Total RNA was 
extracted from naive T cells or the skin samples by using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA). The RNA concentration was 

determined using a NanoDrop Lite Spectrophotometer (Thermo Fisher 
Scientific, Rockford, IL, USA). A PrimeScript RT Reagent Kit (Takara, 
Shiga, Japan) was used for cDNA synthesis from total RNA. RT-PCR was 
performed with LightCycler FastStart DNA Master SYBR Green I (Roche 
Diagnostics, Indianapolis, IN, USA) on a StepOnePlus Real-Time PCR 
System (Thermo Fisher Scientific). The specificity of each reaction was 
verified by plotting a dissociation curve with continuous fluorescence 
measurements. CT values were determined using fixed threshold set
tings. The amount of mRNA relative to the internal control, β-actin, was 
calculated using the equation 2− △△CT (△△CT = △CTmRNA- △CTβ- 

actin). The primers used are shown in Table 1 (Huang et al., 2013a). 

2.6. Immunofluorescent staining 

ER-α and GATA3 expression levels in skin tissue were measured 
using immunofluorescence staining. The tissue sections were blocked 
with bovine serum albumin for 1 h and incubated with a rabbit anti- 
mouse ER-α or GATA3 antibody overnight at 4℃. To detect infil
trating Treg cells in the skin tissue, the sections were stained with a 
rabbit anti-mouse CD4 antibody and a rat anti-mouse FoxP3 antibody 
under the same conditions. The secondary antibody, fluorescein iso
thiocyanate (FITC)-labeled goat anti-rabbit or tetra-methylrhodamine- 
5-(and-6)-isothiocyanate (TRITC)-labeled goat anti-rat antibody (KPL, 
Gaithersburg, MD, USA), was then added and incubation was performed 
at 37 ℃ for 1 h. After the nuclei were stained with DAPI, the sections 
were imaged using a fluorescent microscope (Nikon Ti-C2, Tokyo, 
Japan). 

2.7. Cell culture and extraction 

Spleens from treated mice were extracted and single-cell suspensions 
were prepared. Naive CD4+ T cells were sorted using anti-mouse CD4 
magnetic beads. Th2 cell differentiation was induced using 5 μg/mL CD3 
and CD28 antibodies, 20 ng/mL IL-2, 100 ng/mL IL-4, 10 μg/mL anti- 
IFN-γ, and 10 μg/mL anti-IL-12. The supernatant was collected after 
incubation with 4 μg/mL DIM for 72 h. The levels of IL-4, IL-5, and IL- 
17A were measured with ELISA. 

2.8. Cytotoxicity assay 

To detect the toxicity of DIM to HaCaT cells, an immortal human 
keratinocyte cell line from adult human skin, the cells were exposed to 1, 
2, 3, 4, 5, 10, and 20 μg/mL DIM and cultured at 37 ℃ for 24 h. Then the 
cells (passage 55–60) were co-cultured with 10 μL of CCK8 for 3 h. Cell 
viability was presented with optical absorbance at 540 nm. 

2.9. HaCaT cell stimulation 

Different concentrations of DIM (2, 3, 4, and 5 μg/mL) were co- 
cultured with HaCaT cells (passages 55–60) for 1 h, and then 20 ng/ 
mL TNF-α, 100 ng/mL IL-4 and 20 ng/mL poly (I: C) were added to 
stimulate cell secretion of TSLP. RNA was extracted after 6 h, and the 
culture supernatant was collected after 48 h and maintained at 4℃ for 
ELISA. 

Table 1 
Sequences of primers used for RT-PCR analysis of mouse ERα, GATA3, T-bet, 
RORγt and FoxP3 mRNAs.  

Target Forward primer (5′–3′) Reverse primer (5′–3′) 

T-bet TGCCAGGGAACCGCTTATAT GTTGGAAGCCCCCTTGTTGT 
GATA3 CGGGTTCGGATGTAAGTCG GTACCATCTCGCCGCCAC 
ER-α GCGGCATACGGAAAGACC CAAGGACAAGGCAGGGCTA 
RORγt CCAGGAGCAATGGAAGTCG CCGTGTAGAGGGCAATCTCA 
FoxP3 GCACCTTCTGCTGCCACTG GGCCTTGCCTTTCTCATCC 
β-actin GGTGTGATGGTGGGAATGGG ACGGTTGGCCTTAGGGTTCAG  
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Fig. 2. The effects of DIM on Th2 cytokines in AD mice after 5 days. The levels of (A) IL-4, (B) IL-5, and (C) IL-13 in the skin tissue at the treated site were determined 
using ELISA. Data are shown as mean + SD values, n = 6; Student’s t-test, *: p < 0.05; **: p < 0.01. 

Fig. 3. The effects of DIM on Th2 cell- 
associated proteins in AD mice after 5 days. 
(A) mRNA levels of Th2 differentiation-related 
proteins, GATA3 and ERα, in skin tissue were 
measured using RT-PCR (n = 6). (B) & (C) 
Representative immunofluorescent staining 
images showing the expression of GATA3 and 
ERα in skin tissue. DAPI-labeled nuclei are 
stained blue, CD4 cells stained red, GATA3 or 
ERα stained green. Scale bar =100 μm (n = 3). 
Data shown as mean + SD values; Student’s t- 
test, *: p < 0.05; **: p < 0.01; ***: p < 0.001. 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
web version of this article.)   
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2.10. Statistical analysis 

Data were analyzed using Prism 6.0 (GraphPad, CA, USA). Com
parisons were performed using the Student’s t-test where suited as 
indicted for the differences between experimental groups and control 
groups. A p-value of less than 0.05 was considered statistically 
significant. 

3. Results 

3.1. Therapeutic effects of DIM on AD 

As shown in Fig. 1A, when DNFB was applied twice on the back and 
right ear of the mice with a 3-day interval, they developed AD pheno
types such as itching and erythema at the treated sites. Compared to that 
in the control group, the skin lesion condition alleviated after once per 
day treatment with 25 mg/kg or 50 mg/kg DIM for 5 days (Fig. 1C). 

As shown in Fig. 1B, after the application of DNFB, the ears of the 
mice swelled up and thickened. Compared to the solution-treated con
trol group and the untreated group, the thickness of the ear reduced 

Fig. 4. The effects of DIM on Th1/Th17 cell 
infiltration in AD mice after 5 days. (A) The 
levels of IL-17A in the skin tissue were detected 
using ELISA. (B) mRNA levels of Th17 
differentiation-related protein, RORγt, and (C) 
Treg differentiation-related protein, FoxP3, in 
skin tissue was measured using RT-PCR. (D) The 
numbers of CD4+FoxP3+ cells were counted. 
(E) Representative immunofluorescent staining 
images showing the expression of FoxP3 in skin 
tissue (n = 3). DAPI-labeled nuclei are stained 
blue, CD4+ cells stained red, and FoxP3+ Tregs 
stained green; scale bar =100 μm (n = 6). Data 
shown as mean + SD values; Student’s t-test, *: 
p < 0.05. (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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approximately 0.1 mm after treatment with DIM or Dex, indicating that 
DIM alleviated skin swelling. 

As can be seen from the pathological tissue sections of the mouse 
back (Fig. 1D), the structure of the normal skin was intact, while the skin 
of the animals in the DNFB group was severely damaged with compro
mised epidermal barrier. After treatment with DIM, compared to normal 
tissue, the dermis layer thickened, and the blood vessels showed 
increased nuclear density, probably due to angiectasis and increased 
inflammatory cell infiltration. DIM treatment can maintain the vascular 
morphology intact and the skin structure relatively complete, demon
strating its efficacy in the AD mouse model. 

3.2. Effects of DIM on T cell differentiation in the skin lesions of AD mice 

The levels of IL-4, IL-5 and IL-13 significantly increased after DNFB 
treatment. With 25 mg/kg DIM, the levels of the three cytokines 
significantly decreased compared to those in the DNFB group, while only 
IL-5 level significantly decreased in the 50 mg/kg DIM group (Fig. 2). 

DIM treatment significantly inhibited the expression of GATA3 and 
ERα mRNA in the skin (Fig. 3A). In addition, the numbers of 
CD4+GATA3+ and CD4+ERα+ T cells in the DIM-treated group, deter
mined using immunofluorescent staining, were significantly lower than 
those in the untreated group (Fig. 3B & C). In our study, T-bet expression 
in skin tissues significantly increased after DNFB treatment for 4 days. 
Furthermore, IFN-γ concentration in the skin increased slightly but not 
significantly. The mice were in the Th2-biased inflammatory phase, and 
the secretion of IL-4, IL-5, and IL-13 could inhibit the production of IFN- 
γ. At the same time, it was found that DIM did not have a significant 
effect on T-bet expression and IFN-γ secretion, and thus had no effect on 
the differentiation of Th1 cells (data not shown). 

Fig. 4A and B show that DIM can inhibit the expression of IL-17A and 
RORγt mRNA, thereby inhibiting the differentiation of Th17 cells. As 
shown in Fig. 4C, the expression of FoxP3 in the skin of mice with DNFB- 
induced AD was also inhibited, indicating that Treg cells were unable to 
exert normal immunomodulatory functions. After DIM treatment, the 
expression of FoxP3 in the skin increased significantly, suggesting that 
DIM can promote the differentiation of Treg cells in inflammation, 
thereby affording an anti-inflammatory effect. In addition, the effect of 
DIM on the differentiation of Treg cells was further confirmed by 
immunofluorescent staining. The number of CD4+FoxP3+ T cells in the 
skin tissue significantly increased after DIM treatment (Fig. 4D & E). 

3.3. Effects of DIM on T cell differentiation in vitro 

DIM treatment resulted in a significant inhibitory effect on Th2 dif
ferentiation in vivo in AD mice. The effects of DIM were further explored 
in vitro in naïve mouse CD4+ T cells. After inducing Th2 differentiation 
and co-cultured with 4 μg/mL DIM for 72 h, the concentrations of IL-4 
and IL-5 decreased significantly, indicating that DIM can inhibit the 

differentiation of Th2 cells (Fig. 5A & B). In addition, the expression of 
IL-17A decreased after the addition of DIM (Fig. 5C). The inhibitory 
effects of DIM on Th2 and Th17 inflammatory responses were confirmed 
at the cellular level. 

3.4. Effect of DIM on the secretion of TSLP in HaCaT cells and in vivo 

The level of TSLP in skin tissue was determined after DIM treatment 
for 5 days. It was found that DIM inhibited the expression of TSLP in skin 
tissue (Fig. 6A). 

To evaluate cytotoxicity, different concentrations of DIM (1− 20 μg/ 
mL) were co-cultured with HaCaT cells for 24 h and the cell viability was 
measured (Fig. 6B). At DIM concentrations less than 4 μg/mL, 100 % cell 
viability could be guaranteed. The levels of TSLP in the supernatant and 
its mRNA in the cells were examined after cell culture. As shown in 
Fig. 6C and D, poly (I: C) promoted the secretion of TSLP by HaCaT cells. 
When DIM was added, a significant decrease was detected in both pro
tein and mRNA levels of TSLP. 

In normal cells, inactivated NF-κB dimers (p50 and p65) bind IκB in 
the cytoplasm. After being stimulated, IκB is degraded by ubiquitination. 
The NF-κB dimers are translocated in the nucleus and bind DNA to 
perform transcriptional functions. After the addition of poly (I: C), p65, 
the NF-κB subunit labeled with green fluorescence, increased in the 
nucleus (Fig. 6E). Treatment with DIM resulted in p65 being located 
more in the cytoplasm. Therefore, it was concluded that DIM can inhibit 
TSLP secretion and prevent p65 from entering the nucleus, thereby 
slowing down the progression of AD. 

4. Discussion 

In this study, the possible therapeutic effect of DIM on AD and the 
underlying mechanisms were studied in a mouse model of DNFB- 
induced AD and HaCaT cells. It was found that DIM reduced the con
centrations of IL-4, IL-5, and IL-13, and suppressed the expression of ERα 
and GATA3. It also downregulated the expression of IL-17A and RORγt. 
Meanwhile, DIM upregulated the level of FoxP3 and promoted the dif
ferentiation of Treg cells, thereby exerting anti-inflammatory effects. 
These data indicate that DIM has anti-inflammatory and anti-AD activ
ities. Subsequently, based on previous data in our lab (Huang et al., 
2013a), we confirmed in vitro that DIM may regulate T cell differentia
tion by binding to AhR and the possible mechanisms are depicted in 
Fig. 7. 

AhR is a member of the basic helix-loop-helix/Per-Arnt-Sim (bHLH/ 
PAS) transcription factor family, which is essential for adaptive immune 
responses to xenobiotics (Hao and Whitelaw, 2013). A large amount of 
experimental data indicate that AhR ligands can induce or aggravate 
inflammatory diseases by stimulating the production of inflammatory 
factors. However, studies have shown that some ligands of AhR, such as 
DIM, have opposite effects on inflammatory responses when binding 

Fig. 5. The effect of DIM on the levels of Th2 differentiation-related cytokines in vitro. (A) Data from the control, AD, Dex-treated, DIM-treated, and solution-treated 
control groups. The levels of IL-4 were detected with ELISA after 72 h. (B) The levels of IL-5 after 72 h. (C) The levels of IL-17 after 72 h (n = 6). Data shown as mean 
+ SD values; Student’s t-test, *: p < 0.05; ***: p < 0.001. 
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AhR (Dong et al., 2010; Rouse et al., 2014). DIM alleviated experimental 
arthritis and osteoclastogenesis by inhibiting the expression of receptor 
activator for nuclear factor κB ligand (RANKL) (Dong et al., 2010). 
Similarly, in this study, DIM attenuates DNFB-induced AD by down
regulating Th2/Th17 and upregulating Treg cell-associated factors. 

DIM is reported to exert its anti-inflammatory functions by binding 
AhR to regulate the differentiation of T cells (Gutierrez-Vazquez and 
Quintana, 2018) and inhibiting NF-κB signaling pathway (Kim et al., 
2014). In the acute phase of AD, abnormal keratinocytes overexpress 
TSLP and promote the differentiation of naive CD4+ T lymphocytes into 
Th2 cells (Wang et al., 2015). TSLP secretion can be induced by Poly (I: 
C), and DIM can suppress it via inhibition of the NF-κB signaling 

pathway (Kitagaki et al., 1997). NF-κB is related to inflammatory dis
eases and plays multiple roles in transcription (Liu et al., 2017). When 
NF-κB is translocated into the nucleus, a nuclear localization signal is 
observed, and it activates various inflammatory signaling pathways 
(Hung et al., 2018). In our study, DIM was found to reduce the expres
sion of TSLP and block the translocation of p65 into the nucleus. 
Considering these findings and those reported by Pan et al., we speculate 
that DIM may reduce the expression of TSLP by hindering p65 from 
entering the nucleus, thereby preventing the activation of the NF-κB 
signaling pathway and slowing down the progression of AD (Pan et al., 
2018). 

In previous studies conducted in our laboratory, it was found that 50 

Fig. 6. The effects of DIM on TSLP secretion 
and p65 translocation in the skin of AD mice 
and HaCaT cells. (A) The expression of TSLP in 
skin tissue from the control, AD, Dex-treated, 
DIM-treated, and solution-treated control 
groups was detected with ELISA after 5 days (n 
= 6). (B) HaCaT cell viability was examined 
with CCK-8 after co-culture with different con
centrations of DIM (1-20 μg/mL) after 24 h (n =
3). (C) TSLP concentrations in the supernatant 
of poly (I: C)-stimulated HaCaT cells were 
measured with ELISA after co-culture with DIM 
for 48 h (n = 3). (D) The TSLP mRNA of poly (I: 
C)-stimulated HaCaT cells was measured with 
RT-PCR after co-culture with DIM for 6 h (n =
3). (E) The accumulation of p65 in the nucleus 
of HaCaT cells affected by DIM was examined 
with an immunofluorescence assay (represen
tative images from three experiments. Scale bar 
=20 μm. Data shown as mean + SD values; 
Student’s t-test, *: p < 0.05; **: p < 0.01; ***: p 
< 0.001.   
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mg/kg DIM was more effective in treating colitis and arthritis in mice 
than was 10 mg/kg (Dong et al., 2010; Huang et al., 2013b). Therefore, 
we selected the doses of 25 and 50 mg/kg for AD treatment and found 
the efficacy of 25 mg/kg dose superior. In our study, DIM was dispersed 
in 2-HP-β-CD and administered via intraperitoneal injection for the 
convenience of operation and rapid drug absorption. However, a case 
report from Le et al. mentioned a severe drug reaction using DIM as a 
dietary supplement (Le et al., 2016). The dose-efficacy relationship of 
DIM on AD requires further investigation and clarification. As AD is 
usually accompanied by a compromised skin barrier, restoring the bar
rier function is considered beneficial in relieving the symptoms. DIM 
may be formulated into creams or lotions for topical application to 
further optimize the therapeutic efficacy and reduce potential systemic 
toxicity. 

In conclusion, we have demonstrated the therapeutic effect of DIM 
against DNFB-induced AD in mice. This effect is exerted via the sup
pression of Th2-/Th17-type immune reactions, promotion of Treg dif
ferentiation, and inhibition of the NF-κB signaling pathway. Therefore, 
DIM can be a potential candidate medicine for AD treatment. 
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