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Aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor whose
transcription activity is regulated by small compounds provided by diet, xenobiotics, and
metabolism. It has been proven to be involved in energy homeostasis and inflammation in
most recent years. Epidemiologically, exposure to xenobiotic AHR ligands contributes to
obesity and type 2 diabetes (T2D). AHR is also the critical transcription factor determining
the lineage commitment of pro-inflammatory Th17 and Th22 cells from naive CD4+ T
lymphocytes. It has been well-illustrated in animal models that IL-22, the major effector
cytokine of Th17 and Th22 cells, played a major role in the interaction of metabolism
and gut microbiota. But there were still missing links between gut microbiota, IL-22,
and metabolism in humans. Our previous findings indicated that elevated circulating
levels of IL-22 and frequencies of Th22 cells were associated with insulin resistance in
both patients with obesity and T2D. Additionally, the hyperactive Th17 and Th22 cells
phenotype also correlate with islets g-cell dysfunction in T2D. In this study, we made
efforts to determine AHR expressions in peripheral blood mononuclear cells (PBMCs)
from patients with T2D and metabolically healthy obesity (MHO). Correlation analyses
were conducted to assess the possible link between AHR and the metabolic and
inflammatory context. We revealed that mRNA expression of AHR was up-regulated and
correlated with the percentage of Th17, Th22 as well as Th1 cells. Elevated plasma levels
of IL-22 and IL-17 also correlated with increased AHR transcripts in PBMCs from both
MHO and T2D patients. The transcription factor AHR may thus have a plausible role
in the interaction between metabolism and pro-inflammatory status of patients in the
development of obesity and T2D.

Keywords: aryl hydrocarbon receptor, metabolically healthy obesity, type 2 diabetes, CD4+ T cells, metabolic
inflammation, gut microbiota
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INTRODUCTION

The prevalence of obesity, in parallel with type 2 diabetes (T2D),
has expanded immensely in recent years and has risen as a global
epidemic concern (1). Epidemiological and clinical insights offer
substantive clues in our understanding of molecular pathways
and physiologic systems underlying the regulation of metabolic
balance (2). Beside the long list of metabolic comorbidities,
obesity, and T2D have also been linked to chronic low-grade
systemic inflammation (meta-inflammation), which is postulated
to be causative in the development of both insulin resistance and
progression to diabetic complications (3-6). The study of how
metabolic stress impact the regulation of immune homeostasis
and how the immune imbalance triggers the meta-inflammation
in return are now topics of intensive investigation. Previous
works revealed that T cell subsets were important regulators
of meta-inflammation in both animal models and patients with
obesity and T2D (7). These studies identified an significant
elevation in the Th17 and Thl subsets together with a decrease
in the Treg subset (3, 4). Pro-inflammatory polarization of T
helper (Th) lymphocytes, with hyperactivated Interferon-y (IFN-
y) and interleukin-17 (IL-17) producing Th subsets (Thl and
Th17) and/or impaired regulatory T cells (Tregs), could directly
trigger the activation of the innate immunity, and subsequently
lead to meta-inflammation and insulin resistance in obesity and
T2D (8). We as well as other independent teams have even
identified Th22 as a novel potent participant in the development
of obesity and diabetes (9-11). Our previous finding indicated
that elevated serum IL-22 levels and Th22 frequencies were
associated with insulin resistance in both obesity and T2D
patients (9, 12). Additionally, the hyperactive Th17 and Th22
cell phenotype also correlate with islets B-cell dysfunction in T2D
(9). The notable correlation of pro-inflammatory Th subsets with
clinical parameters in patients implicate that the immunologic
disturbance may play more determinant roles in both insulin
resistance and B-cells dysfunction (9, 12-14). However, up until
recently, the specific immunologic sensors involved in response
to metabolic stress to produce such a state of immunologic
disturbance were not identified.

The aryl hydrocarbon receptor (AHR) is an evolutionarily
conservative ligand-activated transcription factor who was
first identified by its role in modulating the organism’s
response to xenobiotics (e.g., toxicants such as polycyclic
aromatic hydrocarbons and other environmental pollutants),
and physiological molecules such as dietary indoles (15).
It can be bound and activated by a wide range of small
compounds provided by intrinsic metabolites, commensal
microbiota, diet, and the environment (16). Upon ligand binding,
AHR translocates to the nucleus, prompts protein-protein
interactions with type 2 basic helix-loop-helix PER-ARNT-SIM
(bHLH-PAS) proteins (i.e., Arnt) and regulates the subsequent
transcriptional activity involved in detoxification (i.e., Cyplal),
NF-kB regulation, and immune modulation (17). In the past
decades, AHR has also been increasingly established as an
important modulator of disease, especially for its emerging
role in regulating immune responses and inflammation (18).
AHR has been proved to be the determinant transcription

factor driving the lineage commitment of Th22 from naive
CD4+ T cells (19). It has also been shown to regulate the
developmental programs of Tregs and Th17 cells (20). Moreover,
there is a reciprocal relationship between the activated AHR and
the molecular circadian clock activation (21). Epidemiological
evidence also revealed that exposure to xenobiotic AHR ligands
such as polycyclic aromatic hydrocarbons could contribute to
the incidence of obesity and T2D (22, 23). Taken together,
the multiplicity of AHR signaling may shed light on the
understanding of the integrated network of environmental
factors, immune response, and energy metabolism.

Up to now, there is a growing body of evidence concerning
the role of AHR signaling in obesity and T2D (21, 24). It has
been well-illustrated in animal models that IL-22, the major
effector cytokine of Th17,Th22, and type 3 innate lymphoid cells
(ILC3), plays a critical role in the interaction of gut microbiota,
mucosal immunity and metabolism (25-27). Our previous data
add evidence to the pro-inflammatory Th polarization in obese
and T2D patients (9). However, to our knowledge, there was
no study present concerning the expression of the AHR gene
in patients with obesity or T2D. Since Th17 lineage, driven by
Retinoic acid receptor related orphan receptor gamma (RORC),
represents another source of IL-22, we made efforts to investigate
the expression of the transcription factor AHR, as well as
RORG, in peripheral blood mononuclear cells (PBMCs) from
patients with T2D and metabolically healthy obesity (MHO)
subjects. Correlation analyses were further conducted to assess
the possible link between the key transcription factors and
the metabolic and inflammatory parameters in different groups
of subjects.

MATERIALS AND METHODS

Subjects

Enrollment of participants took place from April, 2013 to
December, 2015 in Qilu Hospital, Shandong University, China.
Participants were generally arranged into three groups. The
T2D group was selected from clinically definite T2D inpatients
in the Department of Endocrinology & Metabolism, Qilu
Hospital. The age of the disease onset was above 35 year-old
for all participants. Serum levels of autoantibodies including
anti-islet cell antibody, anti-insulin antibody and anti-glutamic
acid decarboxylase antibody as well as anti-thyroid peroxidases
antibody were all negative. Detailed clinical records were kept for
all patient including the disease history, physical, and laboratory
findings, to exclude Type 1 diabetes and other autoimmune
disorders (e.g., autoimmune thyroid disease). Two control
groups were selected. The first included healthy subjects with
a normal Body Mass Index (BMI) referred to as the healthy
control (CTL) (BMI: 19-23.9 kg/m?), and the second included
subjects that fell into the category of metabolically healthy obesity
[MHO; which was defined as patients with a BMI > 30 kg/m2
and normal glucose tolerance and lipid profiles as previously
described (9)]. Subjects from both groups were selected
from age-matched healthy volunteers from local neighborhood
communities and hospital staff. All subjects from both control
groups were given a general medical examination including
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history of disease, physical, and laboratory examinations,
to exclude hyperglycemia, hyperlipidemia, hypertension, and
diagnosed autoimmune disorders. A total number of 80
participants, including twenty healthy control (CTL), thirty
MHO and thirty T2D patients, were consecutively enrolled
to guarantee the sufficient power (>0.80) for the study.
Exclusion criteria included any clues of other autoimmune
diseases, acute, and chronic infections (within the past 4 weeks),
fever of unknown origin, tumors, or significant elevation in
erythrocyte sedimentation rate etc. Participants should not use
immunomodulatory or immunosuppressive agents in the past
12 months prior to sampling. Our research was approved by
the Medical Ethical Committee of Qilu Hospital of Shandong
University [No0.2013(046)]. The investigation was performed
in a blinded manner. Consent forms were obtained from
all participants.

Sample Preparation

Samples for flow cytometric analysis were prepared as previously
reported (9). Briefly, fasting peripheral blood were obtained
from each donor at seven to nine a.m. Fresh samples were
processed within 2h after collection. Serum or plasma were
isolated, and sent for biochemical tests or stored at —80°C for
ELISA analysis immediately. Four hundred microliter of the
heparinized peripheral blood was diluted with 400 pL of RPMI
1640 (containing 50 ng/mL of phorbol-12-myristate-13-acetate,
2 pg/mL of ionomycin, and 3.4 ug/ml Monensin) and incubated
for 4.5h at 37°C, 5% CO; (all from Sigma, Saint Louis, USA) as
described before (9).

The rest of heparinized blood was diluted 1:1 with
saline at room temperature and centrifuged on Ficoll-
Paque gradients (TBD,Tianjin, China) at 450g for 20 min.
PBMCs from the interface were collected and washed twice
in cold phosphate buffer saline, and resuspended using
500 WL TRIzol® Reagent (Invitrogen, CA, USA) for total
RNA isolation.

Flow Cytometric Assay

Stimulated blood samples was further stained to determine
the cytokine-producing cells by flow cytometry. Generally,
after stimulation, whole blood samples were stained with
PerCP-Cy5.5 conjugated anti-human CD4 monoclonal
antibodies (Cat No. 85-45-0048-42) at room temperature
for 20min, and then incubated with an equal volume
of Fix-perm reagent A for 15min. After washing, Fix-
perm reagent B was added. The sample was subsequently
incubated with FITC-conjugated anti-IL-17A  monoclonal
antibodies (Cat No.85-11-7179-42), PE-conjugated anti-
IFN- monoclonal antibodies (Cat No. 85-11-7319-82), and
eFluro680-conjugated anti-IL22 monoclonal antibodies (Cat
No. 85-50-7229-42) for 20min at room temperature. Cat
No.Cat No.Cat No.Antibodies above were all purchased from
eBioscience, CA, USA. Fix-perm reagents were purchased from
Invitrogen (CA, USA). Samples were washed and immediately
detected by BD AccuriC6 Flow Cytometer. Isotopes were
applied as negative controls and. Data were analyzed using

FlowJo 7.6. Gating strategy could be referred to as previously
reported (9).

Extraction of Total RNA and Building of

cDNA Library by Reverse Transcription
Isolated PBMCs were resuspended using TRIzol® Reagent as
described previously. 0.2 ml of chloroform (Sigma-Aldrich, USA)
was added to a 500 pL homogenized sample and followed
by vigorous vortexing. The samples were centrifuged at 13,000
rpm for 10 min. The total RNA was then extracted from the
upper aqueous phase. Total RNA was washed and purified
for each sample (purity > 1.75) and synthesized immediately
into cDNA using RevertAid™ First Strand ¢cDNA Synthesis
Kit (Thermo Scientific, USA) following the instructions. Two
microliter of freshly isolated RNA was reverse transcribed in
a 20 uL system with 5 x Reaction Buffer, 100mM dNTP
Mix, RevertAid Reverse Transcriptase, oligo(dT)18 primerand
RiboLock RNase inhibitor. The reaction was performed in the
iCycler thermocycler (Bio-rad, Germany) at 42°C for 1h and
then at 70°C for 5 min.

Relative Quantification of the Expression
of AHR and RORC by Real-Time
Quantitative PCR

Real-time quantitative PCR was performed using an ABI Prism
7500 Real-time PCR system (Applied Biosystems, CA, USA).
The final volume of 20 pl system contained 1.8 pL of cDNA
sample, 10 pl of 2 x SYBR Green Master Mix (Toyobo, Japan),
0.2 pl of Taq polymerase, 7 pl of ddH,O and 0.5 pl of
the forward and reverse primers, respectively. The sequences
of primers were as follows, respectively: AHR Forward 5'-
CAA ATC CTT CCA AGC GGC ATA-3/, Reverse 5'-CGC
TGA GCC TAA GAA CTG AAA G-3. RORC Forward 5'-
CAA TGG AAG TGG TGC TGG TTA G-3/, Reverse 5'-
GGG AGT GGG AGA AGT CAA AGA T-3/; All tests were
conducted in triplicates with the following protocol: denaturation
at 95°C for 15s, annealing at 62°C for 15s, extension at
72°C for 45s. The PCR primers and protocols were primarily
testified by agarose gel electrophoresis to determine product sizes
and to confirm that no by-product was formed before real-
time quantification. And products were also analyzed by melt
curve analysis in the Real-time PCR system. The result was
expressed as a ratio relative to the number of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) transcripts used as an
internal control. GAPDH was analyzed using the following
primers: Forward 5-AAG GTG AAG GTC GGA GTC AAC-
3’, Reverse 5-GGG GTC ATT GAT GGC AAC AAT A-3.
Relative amounts of gene transcripts normalized to endogenous
reference gene was calculated using the comparative Ct method
formula 27A¢t,

Quantification of Plasma Cytokines by
ELISA

The plasma levels of Th1/Th17/Th22 cells predominantly effector
cytokines IFN-y, IL-17A, and IL-22 This was determined
with quantitative sandwich enzyme linked immunoassay e
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as per the manufacturer’s recommendations (Multisciences,
CN). The minimum detectable concentrations of IFN-y, IL-
17A, IL-22were 0.30, 0.55, 2.56 pg/ml, respectively. Leptin
levels were determined using a Leptin Human ELISA Kit
(Thermo Scientific, US) with the minimum detectable limit
of 15.60 pg/mL. The plasma levels of hypersensitive C-
reactive protein (hsCRP) were detected using a hypersensitive
latex-enhanced immunoturbidimetric assay by Roche Cobas
Integra 800 full-automated analyzer (Roche Diagnostics, North
America). The intra-assay and inter-assay coefficients of variation
were < 5 and 10%, respectively. The lower detecting limit
was 0.1 mg/L.

Statistical Analysis

All data were represented as the mean, = SD or median
(range) according to the data distribution. Differences
among 3 groups were determined by one-way ANOVA,
and differences between two groups were further determined
using the Newman-Keuls multiple comparison tests. Non-
normal data were analyzed using the Kruskal-Wallis test and
the Dunn test. Correlation was analyzed using Pearson or
Spearman correlation test depending on data distribution.
Partial correlation test was performed to eliminate interference
from age and sex. And multiple linear regression analysis
was conducted to further evaluate the relationship between
parameters. All tests were conducted by SPSS 18.0 or
GraphPad Prism 8.0 system. A P < 0.05 was considered
statistically significant.

RESULTS

Baseline Characteristics of Subjects

Significant differences were found in BMI, fasting insulin,
and IL-22 levels within each of the three cohorts as well as
between each group. The homeostasis model of assessment for
insulin resistance index (HOMA-IR) has been established as
an indicator of insulin resistance. Its nature logarithmic value
Ln (HOMA-IR) is an even more reliable parameter and was
used as a parameter reflecting basal insulin-secreting function
of B-cell in this study (28). Although we did not observe
significantly higher fasting glucose in MHO participants, there
were significant elevations in Ln (HOMA-IR) and serum levels of
leptin, insulin, TNFa, IL-22, and hsCRP compared with CTLs.
This is inconsistent with previous publications, and the data
indicated that obesity, either metabolically healthy or not, was
accompanied with hyperinsulinemia, leptinemia, and low-grade
inflammation. Ln (HOMA-IR) and serum levels of IL-17, IL-22
were even significantly higher in T2D patients compared with
the MHO group, indicating a decompensating inflammatory
status. Differences in age, sex, IFN-y, etc., might show a
remarkable tendency but did not show statistical significance in
our study. Since we did not ask our patients to stop necessary
hypoglycemic treatment (especially insulin preparations and
secretagogues) before sampling, the hypoglycemic treatment
had potential neglectable influences in insulin levels. The
insulin levels in these patients could not reflect the real § cell
function level. Therefore, the differences of fasting insulin in

T2D patients compared with CTLs and MHOs did not have
scientific value. The detailed parameters are demonstrated in
Table 1.

Elevations of AHR mRNA Expressions
Were More Remarkable in PBMCs From
T2D Patients

Previously, we reported an significant increase in peripheral
Th22 cells together with Thl and Th17 cells in MHO and
T2D patients. There were also significant higher levels of
predominant cytokines in these subjects. Correlation analysis
was also performed in all subcohorts of plasma donors and
the agreement of elevated Th17, Th22 frequencies with IL-17
and IL-22 was further verified (9). It is well-known that AHR
acts as the determinant transcription factor which drives the
lineage commitment of Th22 from naive CD4+4 T cells and
RORC for Th17. Theoretically, increased peripheral Th22 and
Th17 cells could be promoted both/either/neither by AHR and/or
RORC signaling in T2D and/or obesity. However, there were
no relevant clinical data before. We thus tested whether there
were significances of both AHR and RORC expressions (relative
to GAPDH) in our case-controlled study. The relative mRNA
expressions of AHR (ratio normalized to endogenous control
gene) in PBMCs were significantly different among the three
subcohorts (***P < 0.0001), as shown in Figure 1A. Compared
with CTLs (0.0195 + 0.0106, n = 20), the relative mRNA
expressions of AHR (compared to GAPDH, same below) was
significantly increased, by 2.02- and 3.06-fold respectively, in
MHO (0.0394 = 0.0202, n = 30) (*P = 0.0145) and T2D (0.0596

TABLE 1 | Demographic characteristics of participants.

CTL MHO T2D
Number 20 30 30
BMI (kg/m2)  21.20 + 1.64 32.62 + 1.99* 24.87 + 3.87*#
Age (year) 47.10 + 8.53 46.07 + 8.66 50.37 £ 6.92
Sex 9/11 13/17 12/18
(female/male)
FBG (mM) 4.76 £ 0.31 529 £ 0.41 8.32 + 3.18"#
FINS (IU/mL)  5.20 +1.20 11.564 £ 4.19* 15.81 + 8.35*#
Duration of n.a. n.a. 6.34 + 3.63
illness (year)
IFN-y (pg/mL) 0.91 +0.89 1.84 +2.32 1.58 + 1.36
IL-17 (pg/ml)  2.11 + 0.60 2.87 +£2.07 4.77 +£1.95 4
IL-22 (pg/mL) 35.83 + 2.69 42.78 + 7.93* 51.55 +£ 9.73"#
TNFa (pg/mL) 12.20 (1.50-16.62) 30.38 (18.17-48.65)* 49.16 (26.77-91.81)
IL-6 (pg/mL)  7.355 (4.66-14.52) 10.86 (7.76-17.49) 16.95 (7.92-24.01)*
Leptin 3090 (1961-4873) 6078 (5230-9117)* 3338 (1979-4877)#
(Pg/mL)
hsCRP (mg/L) 0.320 (0.01-1.30)  1.620 (0.70-3.26)* 1.255 (0.85-4.36)*
Ln(HOMA-IR) 0.1290 +£ 0.1363  0.9413 £+ 0.3273* 1.562 + 0.5009*#
Ln(HOMA-B)  4.420 + 0.3978 4.835 + 0.4444 4.273 + 1.094#

FBG, Fasting blood glucose; FINS, fasting insulin level; HOMA-IR, The homeostasis
model of assessment for insulin resistance index; HOMA-B, The homeostasis model of
assessment for B-cell function; n.am not applicable; *P < 0.05 compared with CTL;
#P < 0.05 compared with MHO.
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FIGURE 1 | Comparison of Relative mRNA expressions of AHR and RORC. Relative mRNA expressions of AHR (A) and RORC (B) genes in PBMC (expressed as
ratio to GAPDH transcripts). Statistical analysis of the differences between each two groups was performed by Newman—Keuls multiple comparison tests (g-test).
P < 0.05 were considered significant. *P < 0.05, **P < 0.01, **P < 0.001.

£ 0.0322, n = 30) (**P < 0.0001) patients. An even higher
mRNA expressions of AHR were observed in T2D compared
with MHO subjects (**P = 0.0045).

However, no significant difference was found in the relative
mRNA expressions of RORC among the three subcohorts
(P = 0.2138). The average relative mRNA expressions of
RORC seemed higher in PBMCs of MHO (0.0246 £ 0.0108,
n = 30) and T2D patients (0.0275 £ 0.0129, n = 30)
compared with CTLs (0.0201 + 0.0177, n = 20). But our
present research failed to show statistically-significant difference
(Figure 1B).

Increased AHR mRNA Expressions
Correlated With BMI in PBMCs From

Non-diabetic Participants

There were no data concerning whether demographic
characteristics e.g., age, sex, BMI, and fasting glucose had an
influence on the level of AHR expression. Bivariate correlation
analysis was performed to check whether the relative AHR
expression level had any statistic connection with age, BMI,
and fasting blood glucose (FBG). As shown in Table2, a
significantly positive correlation of relative AHR expression was
only seen with FBG (r = 0.5015, *P < 0.0001, n = 80, Spearman
analysis) in all the subcohorts. In our present study, however,
AHR mRNA expression level showed no statistical correlation
with age or BMI. Likewise, RORC mRNA expression level did
not have statistical correlation with age, BMI or FBG (shown
in Table 3).

Since the confounding factors such as glucose control
and hypoglycemic treatment affect body weight and the FBG
level directly, inclusion of T2D subcohort may exert more
misunderstanding rather than objective information. We

carried out the analyses excluding data from T2D patients
(seen in Table2. BMI1 and FBGI). Not surprisingly, the
results were quite opposite. This time the relative AHR
mRNA expression level showed no statistical correlation with
FBG (r = 0.1868, P = 0.1940, n = 50, Pearson analysis)
but had significant and remarkable positive correlation
with BMI (r = 0.4783, **P = 0.0004, n = 50, Pearson
analysis). The relative RORC mRNA expression level did
not have statistical correlation with age or BMI, but did
correlate positively with FBG (r = 0.3486, *P = 0.0131,
n = 50, Pearson analysis) in PBMCs from non-diabetic
participants (shown in Table 3). In an attempt to identify the
significance and dependency/independence of the association,
multiple linear regression analysis was conducted. The well-
established inflammatory marker, CRP, was specified as
dependent variable in the model. According to preliminary
correlation analyses, AHR, together with BMI, TNFa, IL-17,
IL-22, and Leptin were entered as independent variables.
AHR transcript (relative to that of GAPDH) turned out
to be the only independent risk factor of increased CRP
levels [B Coefficient: 55.04(18.65-91.43), P = 0.005**], even
after adjusting sex, age, disease status (diabetes duration,
and medications).

Increased Expressions of AHR Gene
Correlated With Pro-inflammatory
Polarization of Th Lymphocytes in Obesity

and T2D Patients

The plausible links of increased expressions of AHR and RORC
with pro-inflammatory Th subsets were verified by previous in
vitro studies or data from animal models. However, there is
still a lack of clinical data regarding whether expressions of the
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TABLE 2 | Bivariate correlation analysis of AHR expression with demographic characteristics.

AHR Age BMI FBG BMI1 FBG1

n 80 80 80 50 50

r value 0.0875 0.02768 0.5015 0.4783 0.1868
95% confidence interval —0.1348-0.3014 —0.1932-0.2459 0.3167-0.6496 0.2306-0.6677 —0.0966-0.4422
P value (two-tailed) 0.4403 0.807 <0.0001*** 0.0004*** 0.1940
BMI1 and FBGT1 represent analyses conducted in a subcohort of non-diabetic participants (n = 50) in our study. *P < 0.05, **P < 0.01, ***P < 0.001.

TABLE 3 | Bivariate correlation analysis of RORC expression with demographic characteristics.

RORC Age BMI FBG BMI1 FBG1

n 80 80 80 50 50
r-value —0.0704 —0.0660 0.1133 0.1638 0.3486
95% confidence interval —0.2857-0.1517 —0.2816-0.1560 —0.1092-0.3249 —0.1200-0.4229 0.07777-0.5715
P-value (two-tailed) 0.5350 0.5610 0.3172 0.2556 0.0131*

BMI1 and FBGT1 represent analyses conducted in a subcohort of non-diabetic participants (n = 50) in our study. *P < 0.05, **P < 0.01, ***P < 0.001.

transcription factors correlate with frequencies of corresponding
Th subsets in obesity and T2D patients. Notably, AHR also
played a role in Th17 differentiation (20). For further analysis
of the relationship between the expression of transcription
factors and corresponding Th cells frequencies, a correlation
study was performed in all subcohorts of participants (n =
80). In this study, both AHR and RORC transcript ratios
correlated significantly with their corresponding Th subsets.
Increased expressions of AHR mRNA matched significantly
with elevated Th22 frequency (r = 0.4995, Pearson analysis,
#*P < 0.0001) (Figure2C). Increased RORC transcripts
also matched significantly with Th17 frequency (r = 0.2592,
Pearson analysis, *P = 0.0203) (Figure 2E). Whats more,
unanticipated correlations of AHR transcripts with Thl (r
= 0.3573, Pearson analysis, **P = 0.0011) and Thl7(r
= 0.3780, Pearson analysis, **P = 0.0005) (Figures2A,B)
were revealed in our study. Although previous studies have
indicated a role of AHR signaling in Th17 differentiation, there
was no data showing its clinical relevancy with peripheral
Th17 frequency in diabetes or obesity. Even fewer studies
demonstrated the role of AHR in Thl polarization. Our data
indicated that a general increase in expression of the AHR
gene in PBMC not only correlated with the corresponding
Th22 lineage, but also correlated with overall pro-inflammatory
polarization of other Th subsets in obesity and T2D patients
as well. In contrast, correlation of RORC transcripts with
Thl and Th22 might show a remarkable tendency but did
not have statistical significance in this study (shown in
Figures 2D,F).

Increased Expressions of AHR Gene
Correlated With Elevated Serum
Pro-inflammatory Cytokines in Obesity and

T2D Patients
To further evaluate the potential role of AHR or RORC in
the aberrant Th function, we also assessed the relationship

between AHR or RORC transcripts and the downstream pro-
inflammatory cytokines in all subcohorts of participants (n =
80). Correlation analysis revealed significant relevancies of AHR
transcripts with levels of pro-inflammatory cytokines, including
IL-17 (r = 0.3804, **P = 0.0005, spearman analysis) IL-22 (r
= 0.4256, P < 0.0001, spearman analysis) as well as TNFa
(r = 0.4266, ***P < 0.0001, spearman analysis) and IL-6 (r =
0.3396, *P = 0.0021, spearman analysis) levels. There was also
a remarkable, though statistically non-significant, relevancy with
IFN-y levels (r = 0.1853, P = 0.0999, spearman analysis) (shown
in Figure3 and Supplementary Table 1). hsCRP is a well-
established marker for the meta-inflammatory status, especially
in obesity and diabetes. Here we also found a significantly positive
correlation of AHR transcripts with serum hsCRP levels (r =
0.4244, ***P < 0.0001, spearman analysis). To note, Th17, whose
differentiation is driven by ROR signaling, represents another
important source of IL-22. However, we failed to find statistically
significant relevance between expression of RORC with above
mentioned cytokines or markers (shown in Figure 3). Together
with the correlation analysis of Th lymphocyte polarization,
our data indicate that AHR, rather than ROR signaling, might
have closer ties with the pro-inflammatory status in T2D
and obesity.

Among the emerging mediators of inflammation, leptin,
a key controller of metabolic function, has been extensively
implicated in modulating immune responses and promoting
chronic inflammatory responses in peripheral tissues. In our
cohort, serum leptin levels also correlated significantly with BMI
(r=10.5887,***P < 0.0001, spearman analysis), FBG (r = 0.2862,
*P = 0.0439, spearman analysis) (n = 50, as T2D group was
excluded concerning BMI and FBG as mentioned above) and
hsCRP (r = 0.2912, *P = 0.0088, spearman analysis). However,
the present data did not establish significant correlation of AHR
(r=0.0709, P = 0.5321, spearman analysis) or RORC transcripts
(r =0.01201, P = 0.9157, spearman analysis) with serum leptin
levels (shown in Figure 3).
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Elevated AHR Expression Positively
Correlated With Both Insulin Resistance

and Islets g-Cell Function

We further studied the potential role of elevated AHR mRNA
expression in the development of insulin resistance. In our
study, the correlation analysis revealed notable relevance of
both elevated AHR (r = 0.6188, P < 0.0001, Pearson
analysis) and RORC (r = 0.2541, *P = 0.0289, Pearson
analysis) (relative to GAPDH) mRNA expression to increased
insulin resistance (Figure4). We further conducted multiple
linear regression analysis to rule out potential confounders in
association with HOMA index for insulin resistance. AHR,
together with RORC, BMI, TNFq, IL-6, IL-17, IL-22, and CRP
were entered as independent variables. AHR transcript (relative
to that of GAPDH) turned out to be an independent risk factor
of increased CRP levels [ Coefhicient: 9.25(0.46-18.03), P =
0.040*], even after adjusting sex, age, disease status (diabetes
duration and medications).

As an even more significant increase of AHR transcripts
was found in T2D patients compared with MHO, we tested
the assumption that whether the increase of AHR transcripts
in PBMCs correlated with the compensation of islet fB-cell
function. Since we did not request our patients to stop necessary
hypoglycemic treatment (especially insulin preparations and
secretagogues) before sampling, the treatment had potential
neglectable influences in insulin levels. The insulin levels in

these patients could not reflect the intrinsic B-cell function.
Therefore, the data from T2D groups were excluded in this
analysis. In subcohorts of CTL and MHO (n = 50), our research
demonstrated an unexpected significant positive correlation
between AHR transcripts and Ln (HOMA-B) values (r =
0.4765, **P = 0.0005, Pearson analysis) (see Figure4). No
significant correlation was identified between Ln (HOMA-
B) and that of RORC (r = —0.1182, P = 0.4138, Pearson
analysis). Moreover, in a multiple linear regression model with
AHR, BMI, TNFa, IL-17, IL-22, leptin, and CRP included
as independent variables, AHR transcript (relative to that of
GAPDH) also represented as an independent predictive factor
of increased Ln (HOMA-B) (B Coeflicient: 9.25(0.46-18.03), P
= 0.040*) in non-diabetic participants, even after adjusting age
and sex.

DISCUSSION

Obese individuals are typically accompanied by deleterious
metabolic profiles, especially Type 2 diabetes. But various
epidemiological studies have identified a subset of patients with
a normal metabolic phenotype referred to as the metabolically
healthy obesity (MHO) (29). MHO is a novel concept that
stratifies obese individuals according to their metabolic status
(30). Studies into MHO provide important implications for
both understanding of the disease progression and the targeted
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prevention of obesity related metabolic disorders (31). However,
there are conflicting evidences in the literature on this
topic regarding its risk profile. But generally, MHO show
a substantially increased risk of developing T2D compared
with metabolically healthy normal-weight adults (CTL) (32).
Insulin resistance is well-known as the dominant initiating
and persisting factor in obesity-associated metabolic disorders,
and decompensated p-cell function is the determinant process
distinguishing T2D from normoglycemic obesity (33). However,
the culprits for the deterioration and decompensation have
not been identified. In the past two decades, the chronic low-
grade inflammation, referred to as meta-inflammation, has been
established as the central link between obesity and T2D (3-5).
Moreover, emerging data revealed that meta-inflammation was
also present in MHO so that the “metabolically healthy” might
not represent a persistent favorable condition (4, 9, 29). However,
more studies are needed to evaluate the meta-inflammation
in obesity from two separate subcohorts (34). This study was
designed to include both T2D patients and MHO subjects, and

thus demonstrated more similarities as well as distinguishment
between MHO and T2D.

Our study revealed significant elevation in Ln (HOMA-
IR) and serum levels of leptin, insulin, TNFa, IL-22, and
hsCRP in MHO compared with CTLs. The data indicated that
obesity, either metabolically healthy or not, was accompanied
with hyperinsulinemia, leptinemia, and low-grade inflammation.
Serum levels of pro-inflammatory cytokines including IL-17, IL-
22, and IL-6 were even significantly higher in T2D patients
compared with the MHO group, indicating an aggravated
inflammatory status. The persistent and progressive status of
meta-inflammation accompanies the whole trajectory of the two
diseases, from its pathogenesis to complication development
(35). Diabetic patients show an dysregulated number and
function of immune cells, of both innate and adaptive
immunity (4). Accumulating evidence established that immune
cells especially T lymphocyte alterations preceded the loss
of insulin sensitivity in adipose tissue and contribute to the
general pro-inflammatory drift observed in obesity and T2D
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(4, 7). Accumulating evidence identified an elevation of pro-
inflammatory subsets together with a significant decrease in
Tregs, which may directly evoke hyperactivation of innate
immunity and then meta-inflammation, which contributes
greatly to both insulin resistance and P-cell damage (10-
14). More thorough investigations are disclosing the possible
“triggers” of inflammatory responses, most of which are at the
crossroad of environmental signaling, metabolic sensing and
immune modulation, e.g., leptin (36). More recently, data on how
pro-inflammatory Th cells and/or effector cytokines affect energy
metabolism have been piling up. However, the primary adapter
which senses the environmental signals (e.g., dietary components
(37), daily schedule, gut microbiota, environmental pollutants
and endogenous metabolites etc.) and decodes them into
metabolic and immunologic disturbance still remains ill-defined.

A Dbiological entity that tightly links genes and the
environment is AHR, which is a nuclear receptor best
known for its role in xenobiotic metabolism. AHR is an
ancient transcription factor which was first identified with its
role in modulating the organism’s response to xenobiotics, e.g.,
polycyclic aromatic hydrocarbons (15). Previous work establishes
AHR as a pivotal environmental modifier that integrates
signals from chemical exposure in the regulation of lipid and
energy metabolism (16). With advances in the knowledge of
AHR physiology, constitutive AHR signaling driven by both
environmental signals and endogenous metabolites has been

deemed to be of crucial importance for the maintenance of AHR-
governed cellular processes, including hormone levels, circadian
clock, gastrointestinal homeostasis, immune regulation and cell
proliferation (16, 17). Upon ligand binding, the AHR translocates
to the nucleus, where it binds to forms a complex with the AHR
nuclear translocator (ARNT). The AHR/ARNT heterodimer
regulates the transcription of genes in the cytochrome P450
Cypl family and thousands of other genes (24) including other
nuclear receptors relevant to obesity (38).

Moreover, in the past decade, AHR has been increasingly
recognized as an important modulator in immune and
inflammatory responses (18). AHR has been proved to be the
determinant transcription factor driving the development of
Th22 (19). It has also been shown to regulate the differential
programs of Tregs and Thl7 cells (20). Moreover, AHR
signaling in other immune cell populations, e.g., monocytes, also
contributed to priming CD4+ T cells to skewed differentiation
(39). Our previous work added weight to the evidence that Th cell
polarization contributed to the pathogenesis of obesity and T2D.
Apart from evidence from animal models, correlation between
pro-inflammatory Th cells and metabolic parameters implied
that the imbalance of T cell subsets was responsible for the
pathogenesis of obesity and T2D in human (9, 14). We and others
also identified significantly elevated Th22 frequencies from
peripheral blood of both MHO and T2D patients, suggesting
the possible role of Th22 subsets in disease progression (9, 11).
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However, there was no human study present concerning the
potential triggers driving the pro-inflammatory polarization of
Th subsets. In this study, the relative amount of transcripts of
the transcription factors AHR and RORC in PBMCs responsible
for Th17 and Th22 differentiation were determined in obesity
and T2D patients. Our study first identified that AHR transcripts
(relative to GAPDH) were notably increased in the PBMCs
from both obesity and T2D patients compared with lean
healthy subjects with a normal BMI. Elevation of AHR mRNA
expression was even more remarkable in PBMCs of patients
with T2D compared to MHO patients. However, no significant
difference was found in the transcripts of RORC among the three
subcohorts. We further evaluated whether there was correlation
between the two transcription factors with the demographic
or basic clinical parameters. AHR transcripts only showed a
significant and remarkable positive correlation with BMI in the
subcohorts of non-diabetic participants. RORC transcripts did
not have statistical correlation with age or BMI but did correlate
positively with FBG in PBMCs from non-diabetic participants.
These data primarily established a link of AHR and RORC
expression with obesity and glucose intolerance. And the negative
findings between demographic parameters and AHR and RORC
expression also helped to distinguish the confounding factors in
the further analysis between subcohorts. Both AHR and RORC
transcripts correlated significantly with their corresponding Th
subsets, verifying the agreement of expressions of transcription
factors in PBMCs with corresponding Th cells frequencies. Since
AHR is well-established as the major driver of Th22 commitment,
our data explained at least partially for the increased Th22
cells in obesity and T2D. Moreover, unanticipated correlations
among AHR transcripts and Thl and Th17 cells were revealed
in our further analysis, indicating that increased expressions
of AHR gene may contribute to the overall pro-inflammatory
polarization of Th lymphocytes in obesity and T2D patients.
This observational study only revealed statistical correlations but
could not support a causal relationship. However, considering
its well-established transcription activity, AHR would more
likely to be an important regulator of immune response (18),
rather than consequence of Th polarization in MHO and T2D
(40). AHR expression in PBMCs would more likely to be a
causative factor in Th polarization, even though the intermediate
links and mechanisms are currently unknown. It is important
to note that the expressions of the transcription factors were
determined in PBMCs but not isolated T lymphocytes in
this study. Changes in the expressions of transcription factors
in PBMCs may be not only associated with changes in Th
cells, since other cell subpopulations, such as monocytes, also
demonstrate considerable AHR expression. Given that AHR
may not be involved in Thl polarization, it is quite possible
that Th polarization in obesity and T2D may be regulated, at
least partially, by expressions of AHR in other cell populations
(e.g., monocyte) other than CD44 T lymphocyte itself. In
contrast, correlation of RORC transcripts with Thl and Th22
might show a remarkable tendency but did not have statistical
significance in our study. To further evaluate the potential role
of AHR or RORC in the aberrant Th cell function, we also
assessed the relationship between AHR or RORC transcripts
and the corresponding cytokines in plasma of participants of all

subcohorts. The present data revealed remarkable relevancies of
AHR transcripts with not only IL-22, but also IFN-vy, IL-17 as well
as TNFa and IL-6 levels. To note, Th17, whose differentiation is
driven by ROR signaling, represents another important source
of IL-22 (19). However, we failed to find statistically significant
relevance between expressions of RORC with relevant cytokines
or markers. Taken together, our data indicate that AHR, rather
than ROR signaling, might have a more important role in the
pro-inflammatory status in individuals with T2D and obesity.
With a significant positively correlation with serum hsCRP levels,
AHR transcripts in PBMCs may represent as a novel mediator of
the immune disturbance and meta-inflammation in obesity and
T2D patients, independent of leptin, the previously-known key
metabolic controller and immune modulator (36). What’s more,
it is quite possible that the overall pro-inflammatory status in
T2D and MHO may be associated to a general increase in AHR
levels in PBMCs, which is at least partially, independent from Th
cell polarization.

Up to now, there is a growing body of evidence concerning
the role of the AHR signaling in obesity and T2D. Studies
have shown that the toxicant-activated AHR may disrupt fat
metabolism and contribute to obesity. Adipocyte AHR has
been proved responsible for pollutants (e.g., biphenyls) induced
adipose inflammation and impairment of glucose homeostasis
in mice (41). AHR overactivation directly promotes obesity,
hepatic steatosis and insulin resistance under HFD exposure
(21, 24). More recently, AHR was even proven to be the major
adapter integrating signals from gut microbiota alternation (42)
and circadian clock disruption (21) with metabolic dysfunction.
Taken together, AHR signaling established a critical role
in obesity and glucose intolerance in animal models. Our
work provided clinical data verifying the alternations in AHR
expression in PBMCs of both patients with obesity and T2D
patients. We further studied the possible role of elevated
AHR transcripts in the pathogenesis of insulin resistance. The
present data showed a remarkable linear correlation of AHR
transcripts with Ln (HOMA-IR), indicating that AHR signaling
may contribute greatly to insulin resistance. What's more, an
unanticipated positive relevancy of AHR transcripts with basal
B-cell function was revealed. Different with previous work
demonstrating a remarkable negative correlation between Th22
frequencies and Ln (HOMA-P) in drug-naive T2D patients
(9), the present data showed a positive correlation of AHR
transcripts with Ln (HOMA-B) in non-diabetic participants.
Previous study indicated peripheral Th22 cell frequencies might
be associated with decompensation of p cell function in T2D
patients. However, in this study, the correlation of AHR
transcripts with Ln (HOMA-B) may indicated a possible role
of compensated insulin secretion in health donors and more
especially in MHO individuals. These findings may not support
the contention that the possible influence of AHR expressions in
PBMC on f cell compensation or dysfunction in obesity and T2D
depend totally on Th22 cells. Moreover, IL-22 secreting ILC3s,
whose differentiation was also driven by AHR transcription
activity, were proved more recently to be potentially protective
in maintaining immunologic and metabolic homeostasis (43,
44). However, circulating IL-22 producing Th subsets or even
neutrophils had deteriorating role in immunologic and metabolic
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disturbance (45). As reported in animal models, AHR signaling,
together with IL-22, may exert a double-sided effect in fB-cell
dysfunction and compensation (44, 46). Therefore, intrinsic
increase in AHR expression, together with environmental factors
influencing AHR signaling (such as endogenous or exogenous
ligands), may exert multifaceted influence in the pathophysiology
of the metabolic disorders.

Collectively, we identified for the first time significant elevated
AHR transcripts from peripheral blood of both MHO and T2D
patients. Increased expressions of the AHR gene may contribute
to the overall pro-inflammatory polarization of Th lymphocytes
in obesity and T2D patients. Our data preliminarily suggest that
AHR signaling might have a dual role in both development
of insulin resistance and compensated B-cells function. In
context of the emerging multidisciplinary research about AHR
signaling, further understanding of the mechanisms underlying
may provide a novel therapeutic target for obesity and its related
metabolic disorders.
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