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Abstract

Thioredoxin-interacting protein (TXNIP) plays a key role in diabetes development and prognosis through its role in pancreatic β-cell
dysfunction and death as well as in upregulating the inflammatory response in hyperglycemia. DNA methylation (DNAm) of TXNIP
(TXNIP-cg19693031) is associated with the prevalence and incidence of type 2 diabetes (T2D); however, its role in inflammation and its
relationship with T2D remain unclear. We aimed to investigate the epigenetic associations of TXNIP-cg19693031 with a panel of inflamma-
tory biomarkers and to examine whether these inflammatory biomarkers modify the association between TXNIP-cg19693031 methylation
and diabetes in 218 middle-aged male twins from the Emory Twin Study. We confirmed the association of TXNIP-cg19693031 DNAm with
T2D, as well as with HbA1c, insulin and fasting glucose. We found that hypomethylation at TXNIP-cg19693031 is strongly associated with
both type 2 diabetes and higher levels of inflammatory biomarkers (VCAM-1, ICAM-1, MMP-2, sRAGE and P-selectin); however, the rela-
tionship between TXNIP-cg19693031 and T2D is independent of the levels of these inflammatory biomarkers. Our results suggest that DNA
methylation of TXNIP is linked with multiple biological processes, through which the TXNIP may have broad influence on chronic disease
risk.
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Hyperglycemia is considered a primary risk factor for type 2 dia-
betes (T2D) and its complications (Chen et al., 2008;Mortuza et al.,
2013). The fundamental mechanism leading to diabetes is
increased metabolic input into cells and induction of oxidative
stress. This process occurs via increased formation of reactive oxy-
gen species (ROS; Mortuza et al., 2013), NLRP3 inflammasome
activity and apoptosis via mTOR — all pathways in which thiore-
doxin-interacting protein (TXNIP) plays a major role (Kumar &
Mittal, 2018). TXNIP is a ubiquitously expressed protein that
inhibits the major cellular antioxidant protein thioredoxin and
thus regulates redox-dependent signal pathways, mediates oxida-
tive stress, suppresses cell growth and induces cell apoptosis (Chen
et al., 2008). Upregulated TXNIP protein levels were found in pan-
creatic islets from diabetic mice (Minn et al., 2005) and have been
associated with pancreatic beta-cell apoptosis in a human islet
microarray study (Minn et al., 2005).TXNIP upregulation has been
demonstrated to contribute to the development of both type 1 dia-
betes and T2D in mice and human isolated islets (Chen et al., 2008;
Hui et al., 2008; Khodneva et al., 2016; Yin et al., 2017). Txnip
silencing in oxidative tissues (skeletal muscle and hearts) in a
mouse model led to improved insulin sensitivity and glucose tol-
erance (Hui et al., 2008) and attenuated hyperglycemia-induced
pancreatic beta-cell apoptosis (Chen et al., 2008). In human

studies, downregulation of TXNIP in human islets via administra-
tion of calcium channel blockers (Xu et al., 2012), such as the
widely used hypertension medication verapamil, was associated
with lower levels of fasting blood glucose in diabetic participants
(Khodneva et al., 2016; Xu et al., 2012) and significantly reduced
incidence of T2D in patients older than 65 years (Yin et al., 2017).

Several studies have reported that overexpression of TXNIP in
diabetic rat retinas was linked to inflammation of retinal cells and
development of diabetic retinopathy (Perrone et al., 2009; Singh
et al., 2017). Increased expression of TXNIP may also contribute
to endothelial inflammation and progression of diabetes
(Perrone et al., 2009). Recent studies have shown that TXNIP pro-
tein-activated gene expression of intercellular adhesion molecule 1
(ICAM-1) (Wongeakin et al., 2014), interleukin 6 (IL-6) and vas-
cular cell adhesion protein 1 (VCAM-1) (Nagai et al., 2007) con-
tribute to inflammation and the development of diabetes.

Epigenome-wide association studies (EWAS) of T2D and
hemoglobin A1c (HbA1c) have identified a strong association of
DNA methylation (DNAm) site cg1969031 on the TXNIP gene,
regardless of ethnic, social and environmental differences in study
populations (Chambers et al., 2015; Florath et al., 2016; Kulkarni
et al., 2015; Mathur et al., 2019; Meeks et al., 2019; Soriano-Tarraga
et al., 2016; Walaszczyk et al., 2018). TXNIP-cg19693031 is located
on chromosome 1, base pair position 145441552 (human genome
built hg19). Decreased methylation at TXNIP-cg19693031 in
peripheral blood was significantly associated with the development
of incident T2D: after 8 years of follow-up, the relative risk of
developing T2D was 1.09 (p value 1.2 × 10–17) per 1% decrease
in methylation for TXNIP-cg19693031 (Chambers et al., 2015).
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Little is known about how this TXNIP DNAm site affects inflam-
mation in relation to T2D. The present study investigated (1) the
epigenetic association of TXNIP-cg19693031 with levels of selected
inflammatory biomarkers and (2) whether the epigenetic associa-
tion of TXNIP-cg19693031 with T2D is influenced by adjusting
these inflammatory biomarkers in the model.

Materials and Methods

Study Sample

The Emory Twin Study consists of 283 middle-aged male
Caucasian monozygotic (MZ) and dizygotic (DZ) twin pairs from
the Vietnam Era Twin Registry (Goldberg et al., 2002) who were on
active duty in the US military during the Vietnam conflict era
(1964−1975; Vaccarino et al., 2008). Twins were examined in pairs
at the Emory University General Clinical Research Center at base-
line visits conducted between 2002 and 2010. Twins were given the
same diet the evening before the assessments and instructed to
refrain from smoking. All medications were held for approxi-
mately 24 h prior to testing. All measurements were performed
in the morning after an overnight fast, and both members of each
twin pair were examined at the same time. A medical history and a
physical examwere obtained from all twins. Venous blood samples
were drawn for the collection of plasma and peripheral blood leu-
kocytes (PBL) and stored at −80 °C. Biochemical assays for each
twin pair were processed in the same analytical run.
Information on zygosity was determined by DNA analysis. A sub-
group of 220 twins with sufficient amount of genomic DNA were
successfully epityped using the Illumina HumanMethylation450
(450K) Beadchip. The Emory Twin Study was approved by the
Emory Institutional Review Board, and all participants signed
an informed consent.

Phenotypes

Weight and height were measured and used to calculate body mass
index (BMI). Waist circumference was measured in centimeters at
the level of the umbilicus. Cigarette smoking status was self-
reported and dichotomized into current smokers versus noncur-
rent smokers (i.e. never or past smokers). As previously described,
physical activity was categorized as ‘no physical activity’, ‘moderate
physical activity’ and ‘vigorous physical activity’ (Vaccarino et al.,
2014). Plasma levels of VCAM-1, ICAM-1, interleukin 6 (IL-6),
soluble P-selectin, high-sensitivity c-reactive protein (hs-CRP),
matrix metalloproteinase-2 (MMP-2), matrix metalloproteinase-
9 (MMP-9), soluble RAGE (sRAGE) and fibrinogen were assessed
using commercially available ELISA kits from R and D Systems
(Minneapolis, Minnesota). Total triglycerides and cholesterol were
determined by enzymatic methods (Beckman Coulter Diagnostics,
Fullerton, CA). Levels of blood glucose, insulin and HbA1c in fast-
ing plasma were measured on the Beckman CX7 chemistry auto
analyzer (Beckman Coulter Diagnostics). Diabetes mellitus was
defined as having a fasting glucose level of >126 mg/dl or being
treated with antidiabetic medications.

DNA Methylation Profiling and Data Processing

As previously described, bisulfite convert genomic DNA samples
from PBLs were whole-genome amplified, enzymatically frag-
mented and purified. Following standard protocols, samples were
then hybridized to the 450K BeadChip, then fluorescently stained,
scanned and assessed for fluorescence intensities at each bead site
(Huang et al., 2018). Each DNAm site was quantified using probe

intensities and beta (β) values, which represent the ratio of fluores-
cence intensity of the methylated and unmethylated sites (ranging
from 0 to 1). Using the detection p-value threshold of .001, two
individual samples with a missing rate above 5% were excluded,
resulting in 218 eligible twins in the following analyses. We further
performed data normalization and batch effects correction using
the preprocessSWAN function of the ‘minfi’ package (Aryee et al.,
2014) available in R.

Statistical Analysis

To compare the characteristics of participants with and without
diabetes, generalized estimating equations (GEE) were applied to
adjust for the relatedness between co-twins with T2D status as
dichotomous dependent variable.

To understand the association between DNA methylation at
TXNIP-cg19693031 (the DNAm site) and phenotypes, we applied
two sets of regression analyses. We first modeled the fixed effects of
twin-pair average methylation level at the DNAm site (shared epi-
genetic association) and individual deviation from the twin-pair
average (i.e. the within twin-pair effect, representing the unshared
epigenetic association in co-twins; Carlin et al., 2005). The second
term also represents an association relating to individual specific
factors that vary between co-twins (i.e. different lifestyles; Carlin
et al., 2005). We then modeled the twins as individuals, accounting
for within-twin correlation, to examine overall epigenetic associa-
tions with the outcomes.

For each set of analyses, we fitted 13 linear mixed regression
models for twin study for four diabetes-related traits (HbA1c, fast-
ing glucose, insulin and waist circumference) and nine inflamma-
tory biomarkers as continuous dependent variables, respectively.
To understand the association between DNA methylation and
odds of T2D, we fitted one GEE model for T2D status as dichoto-
mous dependent variable. Age in years, current smoking status and
BMI were adjusted in all models as covariates. The linear mixed
model contained random effects to address the chip/batch effect
and the correlation within co-twins in linear mixed models, and
GEE model addressed the correlation within co-twin by fitting
exchangeable covariance matrix. DNAm was measured in PBL
samples, where varying proportions of leukocyte subtypes and dif-
ferential methylation in leukocyte subtypes may produce spurious
epigenetic associations (Baron et al., 2006). We therefore adjusted
for the proportions of PBL subtypes (B cells, granulocytes, mono-
cytes, NK cells and T cells) in both models using the method devel-
oped by Houseman et al (2012).

To examine the effects of inflammatory biomarkers on the asso-
ciation between theDNAm site andT2D,we added them stepwise to
a GEE model that accounted for correlations within twin pairs. We
used stepwise, linear mixed models to examine the effects of inflam-
matory biomarkers on the associations between the DNAm site and
diabetes-related traits (HbA1c, insulin, and glucose).

All analyses were conducted in R studio with R version 3.4.3. The
R packages nlme and geepack were used to implement linear mixed
effect models and GEE, respectively. To correct for multiple testing,
we established a Bonferroni threshold for statistical significance
(nominal p value < .004, correcting for 14 tested biomarkers).

Results

Table 1 summarizes the characteristics of 218 twin participants in
the present study, including 164 monozygotic and 54 dizygotic
twins (108 pairs and 2 singletons) stratified by the status of
T2D. The mean age of the T2D group (n= 24) was 56.1 years
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old, similar to the non-T2D group (n= 194, mean age of 55.5).
Compared to the non-T2D group, the T2D group had higher
BMI and waist circumference, as well as higher levels of diabe-
tes-related laboratory measures, including HbA1c, fasting glucose
and insulin. Participants with T2D had a higher prevalence of
coronary heart disease than did participants without T2D (33%
versus 16%). A higher level of inflammation biomarkers was
observed among patients with T2D, ICAM-1 (904 ng/ml versus
628 ng/ml), VCAM-1 (404 ng/ml versus 318 ng/ml) and MMP-
2 (189 ng/ml versus 166ng/ml). As observed in previous studies
(Chambers et al., 2015; Florath et al., 2016; Kulkarni et al., 2015;
Mathur et al., 2019; Meeks et al., 2019; Soriano-Tarraga et al.,
2016; Walaszczyk et al., 2018), participants with T2D had lower
DNAm level at TXNIP-cg19693031 (Table 1).

T2D-related traits — including HbA1c, fasting glucose and
insulin — were significantly associated with DNAm levels at
TXNIP-cg19693031 after correcting for multiple testing and
adjusting for age, BMI, current smoking status, proportions of
PBL subtypes and technical batch effects (Table 2). We modeled
the unshared association between co-twins by implementing the
within-pair association; we also examined twins as individuals
while accounting for co-twin correlations. Within twin pairs,

0.01 unit (1%) increase of DNAm beta values was associated with
0.0630 unit decrease in HbA1c (p value 9.84 × 10–4), as well as 24%
lower prevalence of T2D (OR= 0.761, 95% CI [0.608, 0.953]). In
the twin-as-individual analysis (which does not partition shared
and unshared associations in co-twins), an 0.01 unit (1%) increase
in DNAm beta value was independently associated with 0.05 unit
decrease in HbA1c (p value 9.92 × 10–5), as well as 20% lower
prevalence of T2D (OR= 0.802, 95% CI [0.708, 0.909]). Among
nine tested inflammatory biomarkers, VCAM-1, ICAM-1,
MMP-2 and P-selectin were significantly associated with DNAm
levels at TXNIP-cg19693031 (Table 2). For both models, increase
in DNAm beta value was associated with decrease in ICAM-1,
VCAM-1 and MMP-2, while the VCAM-1 had the largest effect
size. Within twin pairs, 0.01 unit increase in DNAm beta value
was associated with 36.0 ng/ml decrease in VCAM-1 (p value of
2.78 × 10–4). Without partitioning the shared and unshared asso-
ciations between co-twins (i.e. twin-as-individual analysis), a 1%
increase in beta values was independently associated with 26.7
ng/ml decrease in VCAM-1 (p value of 4.33 × 10–7). The decrease
in P-selectin was only associated with increase in DNAm in the
first model. Since some inflammatory biomarkers have moderately
skewed distribution, we also examined the log transformation of
the analysis. The results of VCAM-1, ICAM-1 and MMP-2 were
consistent (Supplementary Table S1). To further understand the
effect of unshared environmental factors on DNA methylation,
we repeated the analysis among a subset of monozygotic twins
(Table 3) who shared the same genetic profile in addition to other
demographic and familial factors. Comparing the results from all
twins (Table 2), the significant associations in twin-specific models
(i.e. HbA1c, insulin, ICAM-1 and P-selectin) and twins-as-individ-
ual models (i.e. HbA1c, insulin, glucose, ICAM-1, VCAM-1,
MMP-2 and sRAGE) showed similar effect sizes (Table 3) with
overlapping 95% confidence intervals. For instance, within twin
pairs, a 0.01 unit increase in DNAm beta value was associated with
36.0 ng/ml decrease in ICAM-1 among all twins (95% CI –20.13,
−7.47]) and the effect size was 9.27 ng/ml among monozygotic
twins (95% CI [–14.9, −3.64]), while the effect size for twin-as-
individual models was 8.02 ng/ml (95% CI [–11.69, −4.35]) and
7.05 ng/ml (95% CI [–10.6, −3.5]) among monozygotic twins.
We also observed the same overlaps among the effect sizes of dia-
betes-relevant traits. Within twin pairs, a 0.01 unit (1%) increase of
DNAm beta values was associated with 0.0630 unit decrease in
HbA1c (95% CI [–0.1, −0.03]) and the effect size was 0.0843 units
amongmonozygotic twins (95%CI [–0.13,−0.04]), while the effect
size for twin-as-individual models was 0.0469 units (95% CI
[–0.07, −0.02]) and 0.0568 units (95% CI [–0.08, −0.03]) among
monozygotic twins.

We then examined the effect of inflammatory biomarkers on
the association between DNAm at TXNIP-cg19693031 and T2D
using twin-specific GEE models for within-pair effects. Treating
T2D as the outcome, the basic model included age, BMI, current
smoking status and proportions of PBL subtypes as covariates.
Each of the four inflammatory biomarkers significantly associated
with DNAm at TXNIP-cg19693031(i.e. ICAM-1, VCAM-1, MMP-
2 and P-selectin) was added to the basic model separately. The
association of DNAm at TXNIP-cg19693031 with T2D was
unchanged after adjusting for plasma levels of individual inflam-
matory biomarkers (Table 4, Figure 1). Both the unshared
(within-pair) and overall (twin-as-individual) epigenetic associa-
tions remained significant, except in the model adjusting for
plasma level of VCAM-1. VCAM-1 was independently associated
with T2D (OR= 1.54, 95% CI [1.03, 2.31]), which slightly reduced

Table 1. Characteristics of study participants, stratified by type 2 diabetes
status (n= 218)

Characteristics T2D (n= 24)
Non-T2D
(n= 194) p value

Age (yrs) 56.1 (3.2) 55.5 (3.3) .52

Body mass index (kg/m2) 32.2 (3.79) 29.0 (4.54) .03

Waist circumference (cm) 108 (8.79) 98.3 (11.6) .001

HbA1c (%) 7.01 (1.29) 5.49 (0.51) <.001

Insulin (mIU/l) 21.1 (42.4) 8.47 (6.97) .05

Glucose (mg/dL) 132 (56.9) 99.2 (13.0) <.001

ICAM-1 (ng/ml) 904 (741) 628 (231) .003

VCAM-1 (ng/ml) 404 (254) 318 (104) <.001

IL-6 (pg/ml) 2.4 (2.17) 2.09 (2.15) .72

P-selectin (ng/ml) 98.5 (39.7) 101 (29.6) .81

High-sensitivity CRP (mg/l) 2.69 (2.65) 2.95 (6.02) .58

MMP-2 (ng/ml) 189 (61.9) 166 (29.0) .001

MMP-9(ng/ml) 337(157) 334 (181) .92

sRAGE (pg/ml) 996 (521) 976 (435) .86

Fibrinogen (mg/dl) 357 (77.5) 351 (88.0) .85

DNAm level at TXNIP-cg19693031 0.69 (0.06) 0.74 (0.05) <.001

Any medication for diabetes 21 (0.88) − −

Current smoker 8 (0.33) 56 (0.29) .48

History of coronary heart disease 8 (0.33) 31 (0.16) .10

Hypertension 8 (0.33) 64 (0.33) .44

Physical activity (3 categories) .71

No physical activity 2 (0.09) 24 (0.23)

Moderate physical activity 15 (0.62) 120 (0.62)

Vigorous physical activity 7 (0.29) 50 (0.26)

Note: T2D, type 2 diabetes. Data are shown as mean (SD) for continuous variables and as
number of individuals (proportions) for categorical variables. p values are calculated from
GEE models with occurrence of diabetes as the dependent variable. Bold type was used for
significant p values.
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the within-twin pair association to OR of 0.761 (95% CI [0.616,
1.03], p value .09). The analysis of diabetes-related traits
(HbA1c, insulin and glucose) and TXNIP-cg19693031 showed
consistent results (Table 4). The overall epigenetic associations
of TXNIP-cg19693031 with HbA1c, insulin and glucose were all

negative, indicating that lower levels of HbA1c and insulin and
glucose were associated with increase in DNA methylation of
TXNIP-cg19693031. The overall epigenetic associations of
TXNIP-cg19693031 with these three traits remained significant
after controlling for levels of inflammatory biomarkers.

Table 2. Association of methylation at TXNIP-cg19693031 with diabetes-related and inflammatory biomarkers. The associations were examined in twin-specific
models using individual deviation from the twin-pair average (within-pair effect) and twins-as-individual models

Phenotype Within-pair methylation Individual methylation

T2D-relevant traits N Beta SE p value Beta SE p value

HbA1c (%) 215 –0.0630 0.0185 9.84 × 10–4 –0.0469 0.0115 9.92 × 10–5

Insulin (mIU/L) 217 0.873 0.492 0.08 –0.567 0.234 0.02

Glucose(mg/dL) 217 0.574 0.640 0.37 –1.11 0.375 0.004

waist Circumference (cm) 217 –0.052 0.159 0.75 0.0150 0.0899 0.87

Inflammatory biomarkers p value* p value*

ICAM-1 (ng/ml) 215 –13.8 3.23 4.30 × 10–5 –8.02 1.87 4.25 × 10–5

VCAM-1 (ng/ml) 215 –36.0 9.55 2.78 × 10–4 –26.7 4.92 4.33 × 10–7

MMP-2 (ng/ml) 215 –2.97 0.870 9.52 × 10–4 –2.47 0.528 9.23 × 10–6

P-selectin (ng/ml) 215 –1.87 0.610 0.003 –1.20 0.445 0.008

IL-6 (pg/mL) 212 0.0960 0.07 0.15 0.0132 0.0337 0.70

High-sensitivity CRP (mg/L) 214 0.179 0.182 0.33 –0.00170 0.0883 0.99

sRAGE (pg/mL) 215 –9.67 9.93 0.33 –19.0 6.69 0.01

Fibrinogen (mg/dL) 198 –1.96 2.31 0.34 0.672 1.41 0.63

MMP-9 (ng/ml) 215 3.54 5.31 0.51 –2.31 2.77 0.41

Note: T2D, type 2 diabetes. *Bonferroni correction for multiple testing was used (p value <.005). Bold type was used for significant p values (<.05 for T2D-relevant traits and <.005 for
inflammatory biomarkers). The analysis of each diabetes-related trait and inflammatory biomarker is adjusted for BMI, current smoking status, age and proportions of PBL subtypes (B cells,
granulocytes, monocytes, NK cells and T cells). The table is sorted on within-pair comparison-associated p values in each category. The effect size is based on 0.01 unit (1%) difference in DNA
methylation.

Table 3. Association of methylation at TXNIP-cg19693031 with diabetes-related and inflammatory biomarkers among monozygotic twins. The associations were
examined in twin-specific models using individual deviation from the twin-pair average (within-pair effect) and twins-as-individual models

Phenotype Within-pair methylation Individual methylation

T2D-relevant traits N Beta SE p value Beta SE p value

HbA1c (%) 162 –0.0843 0.0233 0.001 –0.0568 0.0142 1.57 × 10–4

Insulin (mIU/L) 163 1.42 0.658 0.04 –0.769 0.301 0.01

Glucose(mg/dL) 163 0.403 0.849 0.64 –1.55 0.466 0.001

waist Circumference (cm) 163 –0.188 0.183 0.31 –0.0236 0.102 0.82

Inflammatory biomarkers p value* p value*

ICAM-1 (ng/ml) 161 –9.27 2.87 0.002 –7.05 1.81 2.16 × 10–4

VCAM-1 (ng/ml) 161 –29.3 10.7 0.008 –26.6 5.15 2.13 × 10–6

MMP-2 (ng/ml) 161 –2.49 1.01 0.02 –2.47 0.584 7.14 × 10–5

P-selectin (ng/ml) 161 –2.13 0.687 0.003 –1.39 0.514 0.008

IL-6 (pg/mL) 158 –0.0162 0.0579 0.78 –0.0442 0.0314 0.16

High-sensitivity CRP (mg/L) 161 –0.0606 0.147 0.68 –0.0490 0.0634 0.44

sRAGE (pg/mL) 161 –15.4 9.87 0.12 –25.0 6.90 5.52 × 10–4

Fibrinogen (mg/dL) 152 –3.11 2.53 0.22 0.114 1.58 0.94

MMP-9 (ng/ml) 161 –5.22 4.59 0.26 –5.63 2.71 0.04

Note: T2D, type 2 diabetes. *Bonferroni correction for multiple testing was used (p value < .005). Bold type was used for significant p values (<.05 for T2D-relevant traits and <.005 for
inflammatory biomarkers). The analysis each diabetes-related trait and inflammatory biomarker is adjusted for BMI, current smoking status, age and proportions of PBL subtypes (B cells,
granulocytes, monocytes, NK cells and T cells). Phenotypes are displayed in the same order as in the Table 2. The effect size is based on 0.01 unit (1%) difference in DNA methylation.
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Discussion

Epigenetic variations can be influenced by genetic and environ-
mental factors. Previous studies have examined epigenetic modifi-
cation as a bridge between environmental exposures and human
diseases. In the present analysis, we took advantage of a twin study
population and a twin-specific statistical model to compare DNA
methylation levels both betweenmembers of twin pairs and among
all individuals in the study population. We used this approach to
consider how DNA methylation changes might reflect both
unshared and shared environmental or familial factors (Carlin
et al., 2005).

This study showed that hypomethylation at TXNIP-
cg19693031 is associated with higher odds of T2D and higher
plasma levels of four inflammatory biomarkers: VCAM-1,
ICAM-1, MMP-2 and P-selectin. Since some inflammatory bio-
markers have moderately skewed distribution, we also examined
the log transformation of the analysis. The result of VCAM-1,
ICAM-1 and MMP-2 were consistent (Supplementary Table S1).
The epigenetic associations we found for TXNIP-cg19693031 with
T2D and related traits (HbA1c, fasting glucose and insulin) are

consistent with previously reported findings (Chambers et al.,
2015; Meeks et al., 2019). Our discovery of epigenetic associations
of TXNIP-cg19693031 with inflammatory biomarkers suggests
possible epigenetic linkage of TXNIP with endothelial cell activa-
tion via VCAM-1, ICAM-1 and P-selectin. We found, however,
that levels of these inflammatory biomarkers did little to explain
the epigenetic association between TXNIP-cg19693031 and T2D.

TXNIP, as a regulator of the cellular redox state, responds to
high concentrations of glucose early in diabetes development.
TXNIP transcription is largely induced by glucose via the activa-
tion of carbohydrate response element-binding protein
(ChREBP), which binds to the TXNIP promotor (Cha-Molstad
et al., 2009). Overexpression of TXNIP subsequently upregulates
the oxidative stress response causing β-cell apoptosis (Minn et al.,
2005). A previous study showed that cg19693031 is located in the
3’UTR of TXNIP, a site associated with glucose import and protein
binding; methylation differences at this locus may affect the func-
tion of methylation-sensitive transcription regulators (Soriano-
Tarraga et al., 2016). This is consistent with the association
between T2D and hypomethylation at TXNIP-cg19693031 found
in our study.

Table 4. Summary of twin-as-individual association of TXNIP-cg19693031 methylation with T2D, HbA1c, insulin and glucose adjusted for levels of individual
inflammatory biomarkers

Models

T2D HbA1c Insulin Glucose

OR (95% CI) p value Beta (95% CI) p value Beta (95% CI) p value Beta (95% CI) p value

Basic model 0.802 (0.708, 0.909) 5.25 × 10–4 –0.0467 (–0.0698, −0.0235) 1.27 × 10–4 –0.571 (–1.03, −0.010) 1.81 × 10–2 –1.11 (–1.87, −0.36) 4.27 × 10–3

VCAM-1 0.824 (0.720, 0.954) 9.42 × 10–3 –0.0470 (–0.0718, −0.0223) 2.79 × 10–4 –0.633 (–1.16, −0.102) 2.0 × 10–2 –1.34 (–2.13, −0.53) 1.5 × 10–3

ICAM-1 0.815 (0.710, 0.934) 2.99 × 10–3 –0.0457 (–0.0699, −0.0214) 3.27 × 10–4 –0.575 (–1.06, −0.084) 2.22 × 10–2 –1.29 (–2.08, −0.50) 1.59 × 10–3

MMP-2 0.817 (0.707, 0.944) 6.02 × 10–3 –0.0468 (–0.0712, −0.0224) 2.52 × 10–4 –0.519 (–1.01, −0.030) 3.78 × 10–2 –1.24 (–2.04, −0.43) 2.98 × 10–3

P-selectin 0.797 (0.702, 0.904) 4.04 × 10–4 –0.0476 (–0.0710, −0.0241) 1.16 × 10–4 –0.565 (–1.04, −0.090) 2.02 × 10–2 –1.15 (–1.91, −0.38) 3.63 × 10–3

Note: T2D, type 2 diabetes; twin-as-individual, effect of overall measured influences; OR, odds ratio; beta, the coefficient estimates from the models; CI, confidence interval. In the basic model,
BMI, current smoking status, age and proportions of PBL subtypes (B cells, granulocytes, monocytes, NK cells and T cells) were included as covariates, with T2D, HbA1c, insulin and glucose
treated as the outcome, respectively. The other four models were constructed by adding corresponding inflammatory biomarkers one at a time into the basic model. Odds ratios of diabetes,
beta of HbA1c, beta of insulin and beta of glucose are per 1% increase in DNA methylation and per 1 unit of standard deviation increase in inflammatory biomarkers.

Fig. 1. Association of TXNIP-cg19693031methylation with type 2 diabetes (T2D, adjusted for levels of individual inflammatory biomarkers). Odds ratio is represented by a dot; 95%
CI is represented by each vertical line; lines that do not cross null effect (dashed line in grey) indicate statistically significant results; within-pair is the effect of nonsharedmeasured
influences; twin-as-individual is the effect of overall measured influences. In the basic model, BMI, current smoking status, age and proportions of PBL subtypes (B cells, gran-
ulocytes, monocytes, NK cells and T cells) were included as covariates, with T2D treated as the outcome. The other four models were constructed by adding inflammatory bio-
markers one at a time into the basic model. Odds ratios for diabetes are per 1% increase in DNA methylation.
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TXNIP also plays significant roles in inflammatory responses
(L. Li et al., 2019; Nagai et al., 2007; Perrone et al., 2009; Szpigel
et al., 2018;Wongeakin et al., 2014). In response to oxidative stress,
TXNIP can bind to NOD-like receptor family, pyrin domain con-
taining 3 (NLRP3) and activate the NLRP3-inflammasome to
regulate inflammation in peripheral blood mononuclear cells
(Szpigel et al., 2018) and in the cortex of postmortem human brain
samples (L. Li et al., 2019). In addition, TXNIP has been found to
induce NF-kB nuclear translocation and increase expression of
inflammatory gene COX2 in rat retinal endothelial cells in culture
(Perrone et al., 2009). NF-kB is also known to be involved in the
diabetes-induced retinal expression of ICAM-1 and VEGF (Nagai
et al., 2007). In the present study, we found that inflammatory bio-
markers VCAM-1, ICAM-1, MMP-2, sRAGE and P-selectin were
negatively associated with methylation at TXNIP-cg19693031.
Some inflammatory biomarkers are related to endothelial dysfunc-
tion, which is considered a major cause of diabetes complications.
Both ICAM-1 and VCAM-1 are pro-inflammatory markers
expressed on endothelial cells and upregulated in peripheral blood
during inflammation (X. Li et al., 2017). MMP-2 belongs to the
matrix metalloproteinase family responsible for cellular prolifera-
tion, angiogenesis and inflammation (Fingleton, 2017). P-selectin
initiates leukocyte recruitment corresponding to inflammatory
action (Varga-Szabo et al., 2008). Previous studies on TXNIP
and inflammatory biomarkers mainly focused on the protein level
and RNA level using in vivo experimental design. Our study was
the first to identify the epigenetic association between DNA
methylation of TXNIP and inflammatory biomarkers.

In addition, we found similar results to previous research that
found that T2D patients had a higher level of inflammatory bio-
markers, including ICAM-1, VCAM-1 and MMP-2. Serum levels
of CRP, IL-6, ICAM-1were positively associated with T2D in pre-
vious studies (Gu et al., 2012; Hegazy et al., 2020; Vinagre et al.,
2014). However, the association between MMPs and T2D is not
consistent in the literature, showing a mixture of lower or higher
concentration ofMMPs in T2D patients (Lewandowski et al., 2011;
Sampson et al., 2004), or no significant difference in MMPs con-
centration between T2D patients and controls (Papazafiropoulou
et al., 2010). In the present study, MMP-9 showed no association
with T2D while MMP-2 was positively associated with T2D.
DNAm at TXNIP-cg19693031 is strongly associated with plasma
levels of VCAM-1, ICAM-1, MMP-2 and P-selectin; however,
we found that adjusting for these inflammatory biomarkers had
little effect on the association of TXNIP-cg19693031 with T2D.
Thus, the epigenetic association between TXNIP-cg19693031
and T2D is unlikely mediated via inflammatory response.

In the present study, the power and precision of estimates was
limited by the small number of T2D cases. Homogeneity of the
study cohort — all middle-aged male veterans — limits the gen-
eralizability of our findings to other populations with different
characteristics. The present study used blood cells for DNAm
profiling, which may not accurately represent the epigenetic mod-
ifications in other tissues directly related to T2D (e.g. pancreatic
cells and adipose tissues) or inflammation (e.g. liver). Although
studies of other disease-related tissues would be ideal, they may
not be feasible. Large reference panels of epigenetic markers across
many different tissues or cell types from the same individuals may
help provide evidence for correlated epigenetic profiles across tis-
sues and improve interpretability of blood-based epigenetic studies
(Rivera & Ren, 2013). Finally, our data were cross-sectional and
thus could not be used to evaluate epigenetic and phenotypic
changes over time, including T2D incidence. The lack of

longitudinal data limits our ability to establish causal relationships
between DNAm, inflammation and T2D.

Epigenetics is an important molecular mechanism underlying
many aspects of disease development and etiology. Initial EWAS
of complex diseases, including T2D, have successfully identified
strong epigenetic associations with relatively small sample sizes,
compared with those required for genome-wide association stud-
ies. However, the molecular functions of the epigenetic markers
identified by such studies are mostly unknown, limiting their
potential contribution to understanding disease mechanisms
and their utility for risk assessment and disease prevention.
Therefore, it is important to conduct in-depth, follow-up studies
of epigenetic markers to understand their biological roles. Our
study of TXNIP-cg19693031 identified strong epigenetic associa-
tions with several inflammatory biomarkers related to endothelial
dysfunction; however, these biomarkers did not explain the asso-
ciation of TXNIP-cg19693031 with T2D. Our study showed that
epigenetic markers can be independently associated with different
phenotypes. Such an example may inspire more sophisticated
evaluation of multiple disease-related traits and risk factors in
future epigenetic epidemiologic studies of complex disease, to fully
understand the role of epigenetic regulations in human disease.

Supplementary Material. To view supplementary material for this article,
please visit https://doi.org/10.1017/thg.2021.42.
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