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Abstract

Background: Thioredoxin Interacting Protein ( 7.X///P) functions as a master regulator for
glucose homeostasis. Hypomethylation at the 5’-cytosine-phosphate-guanine-3’ (CpG) site
cg19693031 of 7XN/P has been consistently related to islet dysfunction, hyperglycemia, and
type 2 diabetes. DNA methylation (DNAm) may reveal the missing mechanistic link between
obesity and type 2 diabetes. We hypothesize that baseline DNAm level at 7X/N/Pin blood may be
associated with glycemic traits and their changes in response to weight-loss diet interventions.

Methods: We included 639 adult participants with overweight or obesity, who participated in
a 2-year randomized weight-loss diet intervention. Baseline blood DNAm levels were profiled
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by high-resolution methylC-capture sequencing. We defined the regional DNAm level of 7XN/P
as the average methylation level over CpGs within 500 bp of cg19693031. Generalized linear
regression models were used for main analyses.

Results: We found that higher regional DNAm at 7.X/N/Pwas significantly correlated with lower
fasting glucose, HbAlc, and Homeostatic Model Assessment of Insulin Resistance (HOMA-IR)
at baseline (/£<0.05 for all). Significant interactions were observed between dietary protein intake
and DNAm on changes in insulin (P-interaction=0.007) and HOMA-IR (P-interaction=0.009) at

6 months. In participants with the highest tertile of regional DNAm at 7.X//P, average protein
(15%) intake was associated with a greater reduction in insulin (p: —0.14; 95% CI: -0.24, —0.03;
P=0.011) and HOMA-IR (B: —0.15; 95% CI: —-0.26, —0.03; £=0.014) than high protein (25%)
intake, whereas no significant associations were found in those with the lower tertiles (P>0.05).
The interaction was attenuated to be non-significant at 2 years, presumably related to decreasing
adherence to the diet intervention.

Conclusions: Our data indicate that higher regional DNAm level at 7XN/P was significantly
associated with better fasting glucose, HbAlc, and HOMA-IR; and people with higher regional
DNAm levels benefited more in insulin and HOMA-IR improvement by taking the average-protein
weight-loss diet.
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Introduction

Thioredoxin Interacting Protein, encoded by the 7XN/P gene, functions as a master
regulator for whole-body glucose homeostasis and regulates both p cell function and
survival.1:2 DNA methylation (DNAm) at the cytosine-guanine nucleotide pair (CpG)
controls gene expression without changing the DNA sequence and plays a pivotal role in
response to environmental stressors.2 In the epigenome-wide association studies (EWAS)
using peripheral blood samples, methylation of CpG ¢g19693031 at 7.XA/P has been most
robustly associated with T2D.4-6 Hypomethylation of DNA at the 7.X/Pgene in peripheral
blood, which leads to overexpression of the gene, has been consistently related to higher
risks of insulin resistance,” islet dysfunction,®9 hyperglycemia,® and T2D.510.11

Individuals with overweight and obesity have elevated risks of abnormal glucose metabolism
and T2D.12.13 A variety of low-calorie weight-loss diets have shown robust effects on
improving insulin sensitivity and glycemia.1-17 However, the mechanisms underlying such
observations are still elusive.1® Several lines of evidence has suggested the intrinsic role

for DNAm, such as that at 7.X/N/A in regulation gene expression on the obesity-related
glucose metabolism and development of T2D.18 To date, no study has investigated whether
the DNAm level at the 7.XA/P gene region is related to the longitudinal changes in insulin
sensitivity and glucose metabolism in response to weight-loss dietary interventions. DNAmM
acts at the interface between the environment and genetic function, and is responsive to

the modifications by environmental factors including diets. Therefore, we hypothesized that

Int J Obes (Lond). Author manuscript; available in PMC 2022 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 3

various weight-loss diets might modify the associations between baseline DNAm and the
dynamic changes in glycemic traits.

The Preventing Overweight Using Novel Dietary Strategies (POUNDS Lost) trial is one of
the largest and longest randomized diet interventions on weight loss to date. In the present
study, we assessed the relationship of DNAm levels at the 7.X/N/P gene region with changes
in the measures of insulin sensitivity and glucose metabolism over the 2-year intervention.
We particularly examined the interaction between the pre-treatment regional DNAm level at
TXNIP and weight-loss diets varying in macronutrients.

Subjects and Methods

Study design and participants

The POUNDS Lost trial (clinical trial reg. no. NCT00072995, clinicaltrials.gov) is a two-
year randomized clinical trial aimed to compare the effects of 4 energy-reduced diets with
varying macronutrient compositions of fat, protein, and carbohydrate on weight change.
The study was conducted at two sites: the Harvard T.H. Chan School of Public Health

and Brigham and Women’s Hospital (BWH), Boston, MA, and the Pennington Biomedical
Research Center (PBRC) of the Lousiana State University System, Baton Rouge, LA from
October 2004 to December 2007. Briefly, a total of 811 participants with overweight or
obestiy were randomly assigned to 1 of 4 diets; the targeted percentage of energy derived
from fat, protein, and carbohydrates in the four diets were: 1) 20% fat (F), 15% protein (P),
and 65% carbohydrate (C); 2) 20% F, 25% P, and 55% C; 3) 40% F, 15% P, and 45% C;

and 4) 40% F, 25% P, and 35% C. The diets consist of similar foods and meet guidelines for
cardiovascular health. Two diets were low-fat (20%), and the other two diets were high-fat
(40%), and two diets were average-protein (15%), and the other two diets were high-protein
(25%), constituting a 2-by-2 factorial design. To assess the nutritional adherence, dietary
intake was assessed in a random sample of 50% of the total participants, by a review of

the 5-day diet record at baseline, and by 24-hour recall during a telephone interview on 3
nonconsecutive days at 6 months and 2 years. After 2 years, 80% of the participants (n=645)
had completed the trial. The primary outcome was changes in body weight after 2 years,
and the secondary outcome was changes in waist circumference.1® More details of the study
design and method have been described elsewhere.18 All the participants provided written
informed consent. The study was approved by the human subjects committee at the Harvard
School of Public Health and Brigham and Women’s Hospital, Boston, MA; the Pennington
Biomedical Research Center of the Louisiana State University, Baton Rouge, LA; and a data
and safety monitoring board appointed by the National Heart, Lung, and Blood Institute.

In the current analysis, we included 639 participants with complete information on regional
DNAm level at 7XN/P. Of the included 639 participants, 568 participants were followed up
to 6 months, and 516 participants had complete data at 2 years

Measurements

Blood samples were collected fasting and stored at —80°C. Baseline peripheral blood
samples were sequenced on the llluminaNovaSeq6000 platform by a high-resolution methyl-
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capture sequencing (MCC-Seq) approach at Children’s Mercy Research Institute (CMRI).19
The sequenced reads were trimmed for lllumina adapters and quality (phred33 >= 20) using
trimgalore v.0.4.2, a wrapper tool combining Cutadapt2? and FastQC. The trimmed reads
were then aligned to the bisulfite-converted Human reference genome build 37 (GRCh37)
using lllumina’s DRAGEN Bio-IT Platform v3.6 in paired end mode and the highest quality
unique alignment was retained. Duplicates were flagged using Picard Tool’s MarkDuplicates
v2.17.8. Methylation calls were extracted using Bismark’s bismark_methylation_extractor
v0.20.0. The resulting CpG sites were further filtered using BEDTool’s subtract v2.29.2 in
the following manner: 1) CpGs with total coverage <10 reads were discarded, 2) CpGs
overlapping an SNP from dbSNP build 151 were removed, and 3) CpGs overlapping

regions in the ENCODE Blacklist were also removed (http://hgwdev.cse.ucsc.edu/cgi-bin/
hgFileUi?db=hg19&g=wgEncodeMapability). Previous evidence has shown a stronger
association with T2D for regional DNAm than individual CPG site. Therefore, we extracted
neighboring CpGs centering the site cg19693031 within 500bp distance (chr1:145,441,302—
145,441,802). The regional DNAm level was calculated as the total number of pooled the
methylated reads over the total number of pooled sequenced reads covering CpGs within this
region.

Glycemic traits, including serum fasting glucose, insulin, hemoglobin Alc (HbAlc)

were measured by an immunoassay with chemiluminescent detection on an Immulite
analyzer (Diagnostic Products Corporation) at the Pennington Biomedical Research Center.
Homeostatic assessment models were used to estimate insulin resistance (HOMA-IR) by
the following equation: HOMA-IR= [fasting insulin (uU/mL)] x [fasting glucose (mg/dL)/
18.01]/22.5.21 The B-cell function was indicated by HOMA-B, which is calculated as
follows: [20 x fasting insulin (pU/mL)]/{[fasting glucose (mg/dL)/18.01]-3.5}.2 Body
weight and waist circumference were measured in the morning before breakfast on two days
at baseline, 6, 12, 18, and 24 months. Height was measured at the baseline examination.
Body mass index (BMI, kg/m2) was calculated as weight (kg) divided by the square of
height (m?).

Statistical analysis

The primary outcomes were changes in glycemic traits, including fasting glucose,

insulin, HbAlc, HOMA-IR, and HOMA-B. Insulin, HOMA-IR, and HOMA-B were
log-transformed to improve normality. F test with adjustment for age, race, and sex

for continuous variables, and chi-square test for categorical variables were performed

to compare the characteristics of the study participants by tertiles of regional DNAm

level at 7XNI/P. The cross-sectional association between the baseline blood DNAm level
and baseline glycemic traits were tested using generalized linear regression models, with
adjustment for age, race, sex, and diet intervention groups in model 1. We further adjusted
for baseline BMI in model 2. To examine the prospective association between baseline blood
regional DNAm level and the changes in glycemic traits, general linear regression models
were applied. In model 1, we controlled for age, race, sex, diet interventions, baseline BMI,
and baseline values of respective outcome traits. In model 2, we further adjusted for 6-month
weight loss, which was the period of greatest weight loss during the intervention. To test the
potential interaction between the blood regional DNAm level and diets, a DNAm-diet group
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product term was included in the above models. We used linear mixed models, with variance
component structure, to test the pre-treatment effect of blood DNAm on the trajectory of
changes in the outcomes according to diet group by including a DNAm-time interaction
term. Regional DNAm was analyzed continuously; for presentation purpose, we grouped it
into tertiles, similar as previous publications by us and others.22-24 All statistical analyses
were performed using SAS version 9.4 (SAS Institute). All-p values were 2-sided, and a
p-value <0.05 was considered statistically significant.

Baseline characteristics of the study participants according to the tertile categories of the
regional DNAm level at 7XN/Pare shown in Table 1. Women were more likely to have

a higher level of DNAm at 7XN/P, presumably due to lower BMI and better glycemic
profile among women. There were no significant differences in age, race, body weight, waist
circumference, BMI, blood pressure, or lipids profiles across the tertile categories of DNAm
at 7XNIP. Participants with a higher level of regional DNAm were more likely to have a
lower level of fasting glucose (P=0.01) and HbA1c (~=0.003) at baseline. Dietary intakes of
macronutrients were similar across the tertiles.

The nutrient intake and biomarkers of adherence are shown in Supplementary Table 1.
Consistent with the entire study population in POUNDS Lost, the reported dietary intake
and biomarkers of adherence confirmed that participants modified their macronutrient intake
in the direction of the intervention. Participants assigned to the high-protein diet reported
higher dietary protein intake and lower carbohydrate intake than those assigned to the
average-protein diet at 6 months; the adherence generally declined for both groups from 6
months to 2 years.

We observed significant associations between baseline blood regional DNAm level at
TXNIP and baseline levels of fasting glucose, HbAlc, and HOMA-IR after adjustment

for age, race, sex, diet intervention groups, and baseline BMI (Figure 1, Table 2, model

2). Higher regional DNAm at 7.XV/P was associated with lower fasting glucose (/£<0.001),
insulin (A<0.001), and HOMA-IR (P=0.03) at baseline. Compared to the lowest tertile group
(lower methylation), participants in the highest tertile (higher methylation) had 3.4 mg/dL
lower fasting glucose, 0.13 % lower HbAlc, and 0.10 lower HOMA-IR level (Figure 1).
When analyzing the association between regional DNAm level at 7.X/VV/Pand changes in
glycemic traits in participants from all the diet groups combined, we found no significant
associations between regional DNAm level at 7X//Pand changes in glycemic traits,
including fasting glucose, insulin, HbAlc, HOMA-IR, or HOMA-B.

We then analyzed the associations according to the diet intervention groups. We observed
significant interactions between the dietary protein intake and regional DNAm on changes
in insulin (P-interaction=0.007) and HOMA-IR (P-interaction=0.009) at 6 months after
multivariable adjustment (Figure 2). In the highest tertile of regional DNAm at 7XN/P,
average-protein intake was associated with a greater reduction in insulin (B: —0.14; 95%
Cl: -0.24, -0.03; P=0.011) and HOMA-IR (B: —0.15; 95% CI: —0.26, —0.03; P=0.014),
whereas no significant associations were found in lower tertiles (£>0.05). The interaction
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was attenuated to be non-significant at 2 years, presumably related to less adherence to the
intervention. Dietary fat/carbohydrate intake did not interact with regional DNAm in relation
to the glycemic changes.

We further evaluated the trajectory of changes in insulin and HOMA-IR over 2 years

in average- and high-protein group according to regional DNAm level at 7XN/P
(Supplementary Figure 1). In the highest tertile of regional DNAm at 7.XN/P, we found
significant interactions between the dietary protein and intervention time on changes in
insulin and HOMA-IR (P-interaction=0.024, and 0.038, respectively). Participants with the
highest tertile group of DNAm level at 7Z.XN/Pin the average-protein group showed a greater
reduction in insulin and HOMA-IR at 6 months, compared to those in the high-protein
group. Such difference converged to be similar from 6 months to 2 years, presumably related
to less adherence to the diet intervention. While among participants with the two lower
tertiles of DNAm, similar trajectories of insulin or HOMA-IR were observed between the
average- and high-protein group (#-interaction>0.05).

Discussion

In this 2-year weight-loss dietary intervention trial, we found that higher regional DNAm
level at 7XN/P was significantly associated with lower fasting glucose, HbAlc, and
HOMA-IR among participants who were overweight or obese. Moreover, we found that
dietary protein intakes significantly modified the relation between regional DNAm level at
TXNIPand changes in insulin and HOMA-IR at 6 months. Such effect modification became
non-significant at 2 years.

Our findings on the associations of the regional DNAm level at 7.XA/Pwith glucose and
HbA1c at baseline were directionally consistent with previous findings,>~7:9:25.26 which
confirms the validity of analyzing the regional DNAm level at 7Z.XN/Pin our study
population. Previous investigations combining human physiology, genome-wide expression
profiling, and cellular studies have shown that 7.X/A/Pwas an independent determinant of
glucose uptake in the human body.? It has also been demonstrated that 7.X//P expression
in human enhanced B cell apoptosis.28 Our findings, together with evidence from these
previous studies, support the functional link between 7.XN/Pand glucose metabolism in
humans.2’

Interestingly, we found that the pre-treatment DNAm level significantly interacted with
dietary protein intake on changes in insulin and HOMA-IR at 6 months, independent of
weight loss. Participants with the highest tertile of regional DNAm at 7.X///P benefited more
in insulin and HOMA-IR improvement by consuming an average-protein weight-loss diet.
It is well known that dietary intakes have indisputable impact on DNAmM.28 For example,
very low protein diets or malnutrition during gestation has been reported to result in both
hypomethylation and hypermethylation at specific genes in offspring.2-32 However, the
underlying mechanisms of the interaction between DNAmM at 7X/V/Pand dietary protein
intake on changes in insulin and HOMA-IR are still elusive. 7XN/Pis a critical component
of pancreatic p-cell biology, nutrient sensing, energy metabolism, and regulation of cellular
redox states.11:33 Previous studies in animal models reported that 7.X//P downregulation
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protected against obesity-induced diabetes by preventing p-cell apoptosis and preserving
B-cell mass.8 Downregulation of mediobasal hypothalamic 7XA/P expression was also
reported to prevent diet-induced obesity and insulin resistance.34 The observed interaction
was attenuated and became non-significant at 2 years, along with the diminished adherence
to macronutrient goals and weight regain from 6 months to 2 years, similar to other long-
term weight-loss dietary intervention trials.16:35

To the best of our knowledge, this is the first study to examine the regional DNAm level at
TXNIPon changes in glycemic traits in response to weight-loss dietary interventions. Our
study has several strengths. First, the high-resolution MCC-seq approach comprehensively
captured the DNAm profiles in the target region. Second, repeated measures of glucose
metabolism in POUNDS Lost allowed us to assess the relations between DNAm and
longitudinal changes in these markers. We also acknowledge several limitations. First, we
only measured DNAm levels in peripheral blood; DNAm levels in diabetes-related tissues,
such as pancreatic islets, liver, or adipose tissue, were not available. However, DNAm levels
in blood at 7XN/P have been consistently related to glycemic measures and T2D, and reflect
the methylation changes in the relevant tissues in previous studies.11:36:37 Chambers et al
reported a significant correlation between DNAm in peripheral blood and DNAm in the liver
at the 7XNIPlocus.11 Hypomethylation at the 7XN/P locus in pancreatic islets and skeletal
muscle was also found to be directionally consistent with DNAm in blood.37:38 Second, 80%
of our study population was white. Whether such findings are applicable to other ethnic
groups need to be further investigated. Third, we only measured the DNAm at baseline and
were unable to investigate whether the epigenetic changes responded to weight-loss dietary
interventions.

In conclusion, we found that the higher blood DNAm level at 7XN/Pwas significantly
related to lower fasting glucose, HbAlc, and HOMA-IR; and participants with higher
DNAm levels benefited more in insulin and HOMA-IR improvement by taking the average-
protein weight-loss diet, which was independent of weight loss. Our findings, together with
previous evidence, highlight DNAm at 7.XN/Pas a potential intervention target for obesity
management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Model was adjusted for age, race, sex, diet intervention groups, and baseline body mass

index.

Insulin, HOMA-IR was log transformed before analyses. HbAlc: hemoglobin Alc; HOMA-
IR: homeostatic model assessment of insulin resistance. Panel A: fasting glucose, panel B:

HbAlc, panel C: HOMA-IR.
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Changes in fasting insulin and HOMA-IR from baseline to 6 months according to tertiles of
regional DNAm level around 7.XA/Pin average- and high-protein diet groups.

Data are means + SE values after adjustment for age, race, sex, body mass index, log
transferred baseline values of respective outcome traits, and weight loss from baseline to 6
months. T1: lowest tertile; T3: highest tertile.
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Baseline characteristics of study population according to the tertiles of the blood DNAm level at TXN/P.

Table 1.

Tertilesof DNAm level at TXNIP

T1 T2 T3 p

Age, years 52.2 (9.5) 50.2 (8.7) 50.1 (9.4) .08
White 177 (83.9) 172 (81.0) 161 (74.9) 32
Female 104 (49.3) 135 (63.4) 152 (70.7)  <.001
Weight, kg 95.1 (15.6) 93 (15.9) 92.8 (15.1) 60
BMI, kg/m2 32.8 (3.8) 32.7 (3.9) 32.8 (4.0) 81
Waist circumference, cm 105.8 (13.0) 103.1 (13.3) 102.7 (12.9) .79
SBP, mmHg 121.3 (13.7) 119 (13.3) 118.7 (13.9) 78
DBP, mmHg 76.2 (10.0) 75.4 (9.1) 75.1(9.4) 88
LDL-c, mg/dL 125.7 (34.4) 125.3 (31.7) 128.1 (31.4) 76
HDL-c, mg/dL 47.4 (14.7) 47.7 (12.8) 50.8 (14.5) 16
Total cholesterol, mg/dL 203.2 (39.6) 201 (35.8) 204.1 (35.8) .55
Glucose, mg/dL 94.4 (14.4) 91.4 (10.0) 89.7 (9.9) 01
Insulin, pU/mL 11.5[9.3] 9.9 [7.1] 10.0 [7.9] 47
HbALc, % 5.4 (0.4) 5.4 (0.4) 5.3(0.3) .003
HOMA-IR 2.7[2.4] 2.2[1.9] 2.2[1.8] 26
HOMA-B 139.3[102.9]  127.3[91.1]  1315[101.1] .62
Diet group

High-fat diet 120 (56.9) 110 (51.6) 102 (47.4) 15

High-protein diet 110 (52.1) 98 (46.0) 111 (51.6) .37
Dietary intake per day

Energy, kcal 2004.4 (582.3) 1943.1(515.0) 19159 (548.8) .87

Fat, % of energy 445 (8.4) 45(7.2) 44.7 (7.3) 50

Protein, % of energy 36.7 (6.6) 36.5 (5.6) 37.3(6.0) .97

Carbohydrate, % of energy 18.2(3.2) 18.1(3.0) 18.2(3.7) 83

Data are mean (SD), median [IQR], or N (%).

P values were calculated by X2 test for categorical variables and an F test after adjusting for age, sex, and race for continuous variables.
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BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; LDL-c: low lipoprotein cholesterol; HDL-c: high lipoprotein

cholesterol; HOMA-IR: homeostatic model assessment of insulin resistance; HOMA-B: homeostatic model assessment of B-cell function.
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Association of blood DNA methylation level at 7XN/P with baseline glycemic traits.

Table 2.

Model 1 Model 2
B (SE) p B (SE) p
Fasting glucose, mg/dL  -8.70 (2.62) <0.001 -8.74 (2.59) <.001
Fasting insulin, yU/mL~ -0.19 (0.13) 0.15 -0.19 (0.12) .10
HbAlc, % -0.32(0.09) <0.001 -0.32(0.09) <.001
HOMA-IR -0.28(0.14)  0.05 -0.28(0.13) .03
HOMA-B 0.07(0.13)  0.60 0.06 (0.12) .61

Model 1 was adjusted for age, race, sex, diet intervention groups.

Model 2: model 1 + baseline body mass index.
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Insulin, HOMA-IR, and HOMA-B were log-transformed before analyses. HbAlc: hemoglobin Alc; HOMA-IR: homeostatic model assessment of
insulin resistance; HOMA-B: homeostatic model assessment of B-cell function
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