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Background. Type 2 deiodinase (Dio2) is a selenoenzyme that is mainly expressed in the endoplasmic reticulum of the central
nervous system, brown adipose tissue, and placenta and is responsible for outer ring deiodination of thyroxine (T4) to form
biologically active triiodothyronine (T3). The Thr92Ala polymorphism of Dio2 has been found to be a potential risk factor for
various diseases beyond the hypothalamus-pituitary-thyroid (HPT) axis. Methods. We searched the relevant studies in the
PubMed, Embase, and Cochrane Library databases and Google Scholar. A systematic review and meta-analysis of studies on
the Thr92Ala polymorphism and metabolic parameters beyond the HPT axis (e.g., BMI, fasting glycemic traits, plasma lipid
levels, and hypertension risk) were performed. Results. Six eligible studies that analyzed the relationship between the Thr92Ala
polymorphism and metabolic parameters beyond the thyroid were identified. All selected studies excluded patients with
thyroid dysfunction, and diabetic patients were also excluded when fasting glucose and fasting insulin levels were meta-
analyzed. The Thr92Ala polymorphism was found to be a significant risk factor for higher BMI (Std. mean difference 0.31
(0.01, 0.60), p = 0:04) and higher fasting glucose levels (Std. mean difference 1.18 (0.05, 2.31), p = 0:04). However, fasting
insulin levels, plasma lipid levels, and hypertension risk showed a nonsignificant association with the Thr92Ala polymorphism.
Conclusion. Compared with euthyroid noncarriers (Thr/Thr), euthyroid Ala92-Dio2 carriers showed increased BMI levels, and
Ala92-Dio2 carriers also had higher fasting plasma glucose levels than matched euthyroid nondiabetic noncarriers.

1. Introduction

Thyroid hormones are indispensable for maintaining the
normal physiological function of various systems during
the lifetime [1] and mainly consist of thyroxine (T4) and tri-
iodothyronine (T3). Interestingly, approximately 80% of T3
in humans is not secreted by the thyroid itself but is formed
by the deiodination reaction of T4. Moreover, T3 is the bio-
logically active form of thyroid hormone, and its affinity
with receptors is ten times higher than that of T4 [2]. The
above evidence shows that deiodinase plays an important
role in maintaining the ratio of T3/T4 and the metabolic

function in humans, both generally and in local sites. Deio-
dinase is composed of three subtypes, namely, type 1
(Dio1), type 2 (Dio2), and type 3 (Dio3), and of these,
Dio1 and Dio2 are mainly responsible for catalyzing the
outer ring (5′) deiodination reaction of T4 to produce suffi-
cient T3. The different intracellular sites of Dio1 and Dio2
determine their different physiological functions. Dio1 is
located in the plasma membrane and is responsible for pro-
ducing circulating T3, whereas Dio2 is located in endoplas-
mic reticulum (ER) vesicles and catalyzes the local
production of T3 in specific cells [3]. Therefore, for tissues
with high expression of Dio2, such as the central nervous
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system, brown adipose tissue, placenta, and skeletal muscle,
the local metabolic function depends to a large extent on
the activity of Dio2.

The Thr92Ala polymorphism of Dio2 means a Thr92-
to-Ala substitution caused by a SNP (rs225014) that is prev-
alent in 12%-36% of the population [4] and is currently the
most widely studied polymorphic site of Dio2. Not surpris-
ingly, the Thr92-to-Ala substitution reduces the catalytic
efficiency of Dio2 and induces localized hypothyroidism
[5]. It has been demonstrated that hypothyroid carriers of
Ala92 gain little benefit from levothyroxine monotherapy,
even if their thyroid-stimulating hormone (TSH) levels
decrease to normal [6, 7]. Therefore, the Thr92-to-Ala sub-
stitution might predict a need for a higher levothyroxine
dose for hypothyroidism patients [8]. On the other hand,
studies have also found that Ala92 might play a protective
role for patients with Graves’ disease, and that the frequency
of disease development, the severity of clinical manifesta-
tions, and the risk of remission were much lower for Ala92
carriers than for noncarriers [9, 10].

In addition to acting as a potential risk factor for abnor-
mal thyroid function and abnormal therapeutic effects of
thyroid medications, Thr92Ala might also correlate with
several diseases beyond the hypothalamus-pituitary-thyroid
(HPT) axis. It has been hypothesized that Thr92Ala is signif-
icantly associated with metabolic disorders such as type 2
diabetes [11], insulin resistance [12], hypertension [13],
and osteoporosis [14]. However, the endocrinology commu-
nity has not yet reached a consensus on the impact of the
Thr92Ala polymorphism on various metabolic disorders.
In a cross-sectional study in Denmark, 7,342 subjects were
genotyped, and no significant association was detected
between Thr92Ala and type 2 diabetes, insulin resistance,
and obesity [15]. The Amish Family Diabetes Study verified
that there was no significant difference in fasting glucose or
fasting insulin levels between different genotypes of
Thr92Ala; interestingly, the Ala92 allele was found to be
associated with increased insulin sensitivity with a glucose
tolerance test [16]. Wouters et al. compared several clinical
characteristics between different genotypes and found no
significant difference in blood pressure, plasma glucose
traits, plasma lipid levels, or BMI [17]. Therefore, the associ-
ation between Thr92Ala and various metabolic parameters
beyond the thyroid requires further integration and analysis.

The purpose of the present study was to explore the
association between Thr92Ala and metabolic phenotypes
such as BMI, fasting glycemic traits, plasma lipid levels,
and hypertension risk to provide more evidence to support
the association between the polymorphism or activity of
Dio2 and metabolic disorders beyond the HPT axis.

2. Materials and Methods

2.1. The Search Strategy for Studies. Two investigators inde-
pendently conducted the literature search in the PubMed,
Embase, and Cochrane Library databases and Google
Scholar in sequence until 8 December 2020. The keywords
“Thr92Ala,” “rs225014,” “Dio2 A/G,” and “deiodinase poly-
morphism” were used. Moreover, the references of all ini-

tially included articles, relevant reviews, and meta-analyses
were also manually screened by full-text examination. We
used PubMed as the main retrieval tool, supplemented by
other tools mentioned above and the reference lists of rele-
vant papers. The searching formula on PubMed was as fol-
lows: (((Thr92Ala[Title/Abstract]) OR
(rs225014[Title/Abstract])) OR (Dio2 A/G[Title/Abstract]))
OR (deiodinase polymorphism[Title/Abstract]).

2.2. Inclusion and Exclusion Criteria for Articles. The overall
process of searching the literature is shown in Figure 1. Arti-
cles were selected if they met all of the following criteria: (1)
observational study regarding Dio2 polymorphism; (2) met-
abolic indicators assessed, with one or more of the following:
BMI, fasting glucose level, fasting insulin level, total choles-
terol level, total triglyceride level, high-density lipoprotein
cholesterol level, low-density lipoprotein cholesterol level,
or hypertension prevalence; (3) subjects with thyroid dys-
function (hypo- or hyperthyroidism) excluded; and (4) for
studies analyzing fasting glycemic traits, subjects with a per-
sonal history of diabetes were excluded.

Articles were excluded if they met one of the following
criteria: (1) studies that did not detect Thr92Ala
(rs225014) specifically, (2) studies on pregnant women,
and (3) studies conducted among patients with particular
diseases (such as diabetes).

2.3. Data Extraction. As shown in Table 1, the relevant infor-
mation from all selected studies was extracted and recorded,
including the first author, publication year, age and sex dis-
tribution, sample size of each genotype, allele frequency of
alanine, and metabolic parameters. The specific values of
metabolic phenotypes (mean ± standard deviation for con-
tinuous variables and case numbers for dichotomous vari-
ables) were also recorded elsewhere.

2.4. Quality Assessment. Quality assessment was conducted
by two persons in parallel with the Newcastle-Ottawa scale
(NOS) for nonrandomized controlled trials (RCTs) [18].
Disagreement was resolved by a third person if different
scores were given. The maximum and minimum scores were
nine and zero, respectively. Studies with five stars or more
were ultimately included.

2.5. Statistical Analysis. Data from the final included studies
were retrieved and annotated. The inverse variance method
and Mantel-Haenszel method were applied when analyzing
continuous variables and dichotomous variables, respec-
tively. For continuous variables such as BMI and fasting glu-
cose levels, the differences between different genotypes are
presented in the form of standardized mean differences
(SMDs). Moreover, dichotomous variables such as the
hypertension prevalence of each genotype were also dis-
played, and the corresponding odds ratio (OR) was meta-
analyzed.

The chi-squared-based Q test and I2 test were applied to
estimate the heterogeneity of the included studies, and 75%,
50%, and 25% were identified as high, moderate, and low
levels, respectively. A random-effects model was selected if
the included studies showed moderate or high heterogeneity;
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otherwise, a fixed-effects model was selected. Sensitivity
analysis was performed by sequential removal of each study.
Meta-analysis was conducted using Review Manager (Rev-
Man) [Computer program]. Version 5.4.1, The Cochrane Col-
laboration, 2020.

3. Results

3.1. Characteristics of Included Studies. As shown in Figure 1,
255 articles were initially found by database searching.
Thirty articles remained after examining the titles and
abstracts. Then, we assessed these articles in more detail by
careful full-text examination, and six articles (seven studies)
were ultimately included [13, 19–23], of which van der
Deure et al. analyzed the impact of Thr92Ala polymorphism
on hypertension risk in two separate populations [23].
Although Kang et al. compared the differences in fasting glu-
cose and fasting insulin levels between different genotypes,
we did not include the above data because diabetes patients
were not excluded. The detailed demographic information
of each study is displayed in Table 1.

3.2. Association between the Thr92Ala Polymorphism and
BMI. Four studies were included in the meta-analysis
between Thr92Ala and BMI [19–22]. In total, 2,254 subjects
with Thr/Thr, 3200 subjects with Thr/Ala, and 1148 subjects
with Ala/Ala were included. We compared the differences in
BMI between noncarrier subjects (Thr/Thr) and Ala carrier
subjects (Thr/Ala or Ala/Ala). As shown in Figure 2, the
results showed that although there was no significant differ-
ence in SMD within either subgroup (SMD 0.30 (-0.16, 0.77)
for Ala/Ala vs. Thr/Thr and SMD 0.31 (-0.08, 0.71) for

Thr/Ala vs. Thr/Thr), the overall BMI of noncarrier subjects
was significantly lower than that of carrier subjects (SMD
0.31 (0.01, 0.60), p = 0:04).

3.3. Association between the Thr92Ala Polymorphism and
Glycemic Traits. As shown in Figures 3 and 4, four [13, 19,
21, 22] studies were included when fasting glucose or fasting
insulin levels were analyzed.

A total of 368 subjects with Thr/Thr, 374 subjects with
Thr/Ala, and 124 subjects with Ala/Ala were included when
we compared the differences in fasting glucose levels. Similar
to the previous BMI results, when we calculated the SMD of
fasting glucose levels in pairs, no significant result was found
within the two subgroups (SMD 1.70 (-0.47, 3.88) for
Ala/Ala vs. Thr/Thr and SMD 0.99 (-0.33, 2.32) for Thr/Ala
vs. Thr/Thr). However, the overall fasting glucose levels of
carriers were significantly higher than those of noncarriers
(SMD 1.18 (0.05, 2.31), p = 0:04) (Figure 3).

However, the results of fasting insulin levels were some-
what different from those of fasting glucose levels (Figure 4).
There was no significant difference between 366 Thr/Thr
subjects and 123 Ala/Ala subjects (SMD 1.51 (-0.58, 3.59))
or between 366 Thr/Thr subjects and 366 Thr/Ala subjects
(SMD 0.46 (-0.12, 1.05)). Similarly, nonsignificant results
were shown when we meta-analyzed the above two sub-
groups of SMD (0.54 (-0.02, 1.09), p = 0:06), indicating that
the fasting insulin level of carrier subjects was comparable to
that of noncarrier subjects.

3.4. Association between Thr92Ala Polymorphism and
Plasma Lipid Levels. Two studies were included when the
difference in plasma lipid levels between different genotypes

Records identified through database
searching (N = 255)

Full-text articles assessed for more
detailed evaluation (N = 30)

Excluded articles on the basis of title or abstract not
fulfilling inclusion criteria (N = 225)

Full-text articles excluded: (N = 24)
8 studies without metabolic parameters such as BP, blood
lipids or glucose etc.

6 studies were conducted among diabetes patients

5 studies did not exclude subjects with thyroid
dysfunction (hypo-or hyperthyroidism)
5 studies conducted among patients with particular
disease or pregnant women

Studies included in meta-analysis (N = 6)

Figure 1: Flow diagram for the literature search.
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was analyzed [19, 20]. As shown in Supplementary Figure 1
to Supplementary Figure 3, within the two subgroups or in
general, the SMDs in total cholesterol (TC), total
triglyceride (TG), or high-density lipoprotein cholesterol
(HDL) levels all showed no significant differences (overall
p value: p for TC = 0:25, p for TG = 0:91, and p for HDL
= 0:60).

3.5. Association between the Thr92Ala Polymorphism and
Hypertension Risk. Two articles (three studies) were meta-
analyzed with regard to the impact of the Thr92Ala poly-
morphism on hypertension risk [13, 23]. We recalculated
the overall hypertension prevalence in the two carrier sub-
groups and compared it with the prevalence in the noncar-
rier subgroup. As shown in Supplementary Figure 4, there

Table 1: Characteristics of the selected studies.

Author
Published

year
Age

composition

Sex
composition
(%female)

Number
of Thr/
Thr

Number
of Thr/
Ala

Number
of Ala/Ala

Ala-allele
frequency

(%)
Metabolic parameters

Mentuccia 2002 42:3 ± 16:7 100.00% 52 66 17 37.04%
BMI, fasting glucose, fasting

insulin

Gumieniak 2007 18-65 43.60% 143 175 54 38.04%
Hypertension prevalence,

fasting glucose, fasting insulin

van der
Deure WM
(a)

2009 68:84 ± 7:57 60.66% 521 634 169 36.71% Hypertension prevalence

van der
Deure WM
(b)

2009 72:04 ± 7:33 50.65% 376 459 135 37.58% Hypertension prevalence

Butler 2010 18-65 60.00% 15 15 15 50.00%
BMI, fasting glucose, fasting

insulin, TC, TG, HDL

Sotak 2018 20-92 63.00% 196 152 52 32.00%
BMI, fasting glucose, fasting

insulin

Kang 2019 50-69 47.94% 1991 2967 1064 42.30% BMI, TC, TG, HDL

The studies of van der Deure WM (a) and (b) represent the Rotterdam Study and the Rotterdam Scan Study, respectively. Age composition is expressed as
mean ± standard deviation or age range. BMI, TC, TG, HDL, respectively, represent body mass index, total cholesterol, total triglyceride, and high-density
lipoprotein cholesterol.

Study or subgroup

BMI (Ala/Ala vs. �r/�r)

BMI (�r/Ala vs. �r/�r)

Butler 2010
Kang 2019
Mentuccia 2002
Sotak 2018
Subtotal (95% CI)
Heterogeneity: Tau2 = 0.17; Chi2 = 22.30, df = 3 (P < 0.0001); I2 = 87%
Test for overall effect: Z = 1.28 (P = 0.20)

Butler 2010
Kang 2019
Mentuccia 2002
Sotak 2018
Subtotal (95% CI)
Heterogeneity: Tau2 = 0.13; Chi2 = 31.07, df = 3 (P < 0.00001); I2 = 90%
Test for overall effect: Z = 1.56 (P = 0.12)

Ala/Ala vs. �r/�r
�r/Ala vs. �r/�r

Total (95% CI)
Heterogeneity: Chi2 = 0.00, df = 1 (P = 0.97); I2 = 0%
Test for overall effect: Z = 2.01 (P = 0.04)

Carriers
Mean SD Total Mean SD Total Weight

Noncarriers Std. mean difference
IV, Random, 95% CI

Std. mean difference
IV, Random, 95% CI

Study or subgroup SE Weight Std. mean difference
Std. mean difference IV, Fixed, 95% CI

Std. mean difference
IV, Fixed, 95% CI

24.3
24.69
27.6
27

3.8
3.07
1.4

6.76

15
1064

17
52

1148

3.9
3.14
0.8

4.21

15
1991

52
196

25.9
24.63
26.6
24.4

2254

18.1%
32.0%
21.6%
28.3%

100.0%

−0.40 [−1.13, 0.32]
0.02 [−0.06, 0.09]
1.01 [0.44, 1.59]
0.53 [0.23, 0.84]

0.30 [−0.16, 0.77]

26.2
24.59
27.4
25.1

5.0
3.06
0.7

3.87

15
2967

66
152

3200

3.9
3.14
0.8

4.21

15
1991

52
196

25.9
24.63
26.6
24.4

2254

15.5%
31.4%
24.2%
29.0%

100.0%

0.06 [−0.65, 0.78]

0.3 0.2347 41.8%
0.31 0.199 58.2%

100.0%
0.31 [−0.08, 0.70]

0.31 [−0.01, 0.60]

0.30 [−0.16, 0.76]

−0.01 [−0.07, 0.04]
1.07 [0.68, 1.45]

0.17 [−0.04, 0.38]
0.31 [−0.08, 0.71]

−1 −0.5

−0.5 −0.25

0

0

0.5

0.50.25

1

Figure 2: Pairwise comparison and standardized mean difference integration of the body mass index of different genotypes.
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Study or subgroup Carriers
Mean SD Total Mean SD Total Weight

Noncarriers Std. mean difference
IV, Random, 95% CI

Std. mean difference
IV, Random, 95% CI

Fasting insulin (Ala/Ala vs. �r/�r)

Fasting insulin (�r/Ala vs. �r/�r)

Butler 2010
Gumieniak 2007

Gumieniak 2007

Mentuccia 2002
Sotak 2018
Subtotal (95% CI)
Heterogeneity: Tau2 = 4.43; Chi2 = 178.59, df = 3 (P < 0.00001); I2 = 98%
Test for overall effect: Z = 1.41 (P = 0.16)

Butler 2010

Mentuccia 2002
Sotak 2018
Subtotal (95% CI)
Heterogeneity: Tau2 = 0.31; Chi2 = 36.71, df = 3 (P < 0.00001); I2 = 92%
Test for overall effect: Z = 1.55 (P = 0.12)

Ala/Ala vs. �r/�r
�r/Ala vs. �r/�r

Total (95% CI)
Heterogeneity: Chi2 = 0.90, df = 1 (P = 0.34); I2 = 0%
Test for overall effect: Z = 1.88 (P = 0.06)

Study or subgroup SE Weight Std. mean differenceStd. mean difference IV, Fixed, 95% CI
Std. mean difference

IV, Fixed, 95% CI

3.6 1.9 15 3.4 154.4 24.8% −0.28 [−1.00, 0.44]
10.7 1.1 40 0.4 1068.7 25.2% 2.98 [2.48, 3.49]

14.63 2.59 16 1.42 497.94 24.5% 3.73 [2.86, 4.60]
9.26 6.16 52 7.33 19611.8 25.4% −0.36 [−0.66, −0.05]

4.7 3.4 15 3.4 154.4 20.1% 0.09 [−0.63, 0.80]
8.8 0.4 143 0.4 1068.7 27.3% 0.25 [−0.00, 0.50]

10.03 1.34 56 1.42 497.94 24.8% 1.51 [1.07, 1.94]
11.95 12.76 152 7.33 19611.8 27.7% 0.01 [−0.20, 0.23]

366 366 100.0% 0.46 [−0.12, 1.05]

123 366 100.0% 1.51 [−0.58, 3.59]

1.51 1.0663 1.2% 1.51 [−0.58, 3.60]
0.46 0.2959 92.8% 0.46 [−0.12, 1.04]

100.0% 0.24 -=[−0.02, 1.09]

−4 −2 0 2 4

−2 −1 0 1 2

Figure 4: Pairwise comparison and standardized mean difference integration of the fasting insulin levels of different genotypes.

Study or subgroup Carriers
Mean SD Total Mean SD Total Weight

Noncarriers Std. mean difference
IV, Random, 95% CI

Std. mean difference
IV, Random, 95% CI

Fasting glucose (Ala/Ala vs. �r/�r)

Fasting glucose (�r/Ala vs. �r/�r)

Butler 2010
Gumieniak 2007

Gumieniak 2007

Mentuccia 2002
Sotak 2018
Subtotal (95% CI)
Heterogeneity: Tau2 = 4.83; Chi2 = 179.40, df = 3 (P < 0.00001); I2 = 98%
Test for overall effect: Z = 1.53 (P = 0.12)

Butler 2010

Mentuccia 2002
Sotak 2018
Subtotal (95% CI)
Heterogeneity: Tau2 = 1.78; Chi2 = 163.09, df = 3 (P < 0.00001); I2 = 98%
Test for overall effect: Z = 1.47 (P = 0.14)

77.3 9.3 15 6.5 1581.6 24.8% −0.52 [−1.25, 0.21]

82.7 9.9 15 6.5 1581.6 23.9% 0.13 [−0.59, 0.84]
91 1.1 143 1.1 10688 25.3% 2.72 [2.37, 3.07]

84.6 1.8 64 1.8 5182.8 25.2% 0.99 [0.60, 1.38]
90.72 16.92 152 12.06 19689.28 25.6% 0.10 [−0.11, 0.31]

374 368 100.0% 0.99 [−0.33, 2.32]

96 2.4 40 1.1 10688 24.9% 5.09 [4.40, 5.79]
86.4 1.8 17 1.8 5182.8 24.9% 1.98 [1.33, 2.62]

92.88 14.04 52
124

12.06 19689.28 25.4% 0.29 [−0.02, 0.59]
368 100.0% 1.70 [−0.47, 3.88]

Ala/Ala vs. �r/�r
�r/Ala vs. �r/�r

Total (95% CI)
Heterogeneity: Chi2 = 0.30, df = 1 (P = 0.58); I2 = 0%
Test for overall effect: Z = 2.05 (P = 0.04)

Study or subgroup SE Weight Std. mean differenceStd. mean difference IV, Fixed, 95% CI
Std. mean difference

IV, Fixed, 95% CI
1.7 1.1072 27.0% 1.70 [−0.47, 3.87]

0.99 0.6735 73.0% 0.99 [−0.33, 2.31]

100.0% 1.18 [0.05, 2.31]

−4 −2 0 2 4

−4 −2 0 2 4

Figure 3: Pairwise comparison and standardized mean difference integration of the fasting glucose levels of different genotypes.
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was no significant difference in prevalence between the
carriers and noncarriers (OR 1.14 (0.81, 1.61), p = 0:45).

4. Discussion

In the present meta-analysis, we found for the first time that
the Dio2 Thr92Ala polymorphism could lead to a significant
increase in BMI among euthyroid participants. Furthermore,
for subjects without diabetes or thyroid dysfunction, the
polymorphism could significantly induce elevated fasting
glucose levels. However, serum fasting insulin levels, serum
lipid levels, and hypertension risk showed no significant dif-
ference between the different genotypes.

As Dio2 is the key enzyme that determines the ratio of
T3/T4 in local tissues, its activity is essential for maintaining
the physiological metabolic function of specific sites, such as
the central nervous system, brown adipose tissue, and pla-
centa. Previous studies have confirmed that if the threonine
at position 92 of Dio2 is replaced by alanine, its catalytic
activity will be reduced [24]. This in turn affects the produc-
tion of bioactive T3 at local sites. A recent animal experi-
ment also found that the manifestations of hypothyroidism
in mice carrying the Ala92-Dio2 polymorphism were obvi-
ous in distinct brain areas. Acting as a cargo protein in ER
and Golgi complex vesicles, Ala92-Dio2 causes ER stress
and induces the unfolded protein response (UPR), and the
specific symptoms can be improved by agents eliminating
ER stress or the administration of LT3 [24]. Therefore, not
surprisingly, Thr92Ala was hypothesized to be significantly
associated with local T3 production in humans, thereby sig-
nificantly affecting neuropsychiatric and metabolic
functions.

There are currently several studies on the associations
between the Thr92Ala polymorphism and BMI or obesity.
From a basic perspective, a decrease in Dio2 activity would
decrease the production of Dio2-generated T3 in various
organs, inhibiting energy utilization and probably inducing
a higher BMI. However, positive conclusions have rarely
been drawn in epidemiological studies. In a case-control
study conducted by Heemstra et al., it was demonstrated
that among patients with Hashimoto thyroiditis, mean
BMI was significantly elevated with the increase in Ala92
frequency [25]. However, another case-control study with
362 obesity patients and 127 controls found that none of
the representative SNPs in the Dio2 gene were associated
with obesity or BMI, including Thr92Ala [26], which was
further verified in three other studies among diabetes
patients [12, 27, 28] and one among thyroidectomized
patients [8]. Similarly, none of the studies included in our
meta-analysis can confirm the exact association between
the Thr92Ala polymorphism and BMI alone. However, the
results after integration suggested that among individuals
without thyroid dysfunction, subjects carrying Thr92Ala
had a significantly higher BMI than Thr/Thr subjects. In
the future, we need more similar epidemiologic studies to
verify the exact association between the two.

Among a series of metabolic disorders beyond the HPT
axis, studies on the Thr92Ala polymorphism and type 2 dia-
betes are currently the most common. It has been indicated

that a reduction in T3 production in skeletal muscle or the
liver might induce local hypothyroidism and inhibit glucose
disposal. In addition, the decreased level of Dio2-generated
T3 might also inhibit the transcription of GLUT4 in
insulin-sensitive tissues, such as adipose tissue or skeletal
muscle, which could lead to insulin resistance [29]. We
found in the present meta-analysis that the occurrence of
Ala92-Dio2 was significantly associated with higher fasting
glucose levels for nondiabetic euthyroid subjects, while fast-
ing insulin levels were comparable by pairwise comparison
or after integration. Therefore, although Ala92-Dio2 carriers
generally have higher fasting glucose levels, whether the
Thr92Ala polymorphism is associated with insulin resis-
tance or diabetes risk remains to be explored. In contrast
to our findings, another small-scale study showed that
Ala92 frequency was not associated with fasting or 2-hour
glycemic traits, but the hyperinsulinemic euglycemic clamp
test indicated a lower insulin sensitivity for Ala92 carriers
[26]. In addition, Estivalet et al. and Canini et al. demon-
strated that fasting insulin levels in diabetic Ala/Ala subjects
were significantly higher than that in subjects with the other
two genotypes, whereas the difference in fasting glucose
levels was nonsignificant between the three genotypes;
accordingly, diabetic Ala/Ala carriers were likely to have a
more pronounced homeostasis model assessment (HOMA)
index [12, 27]. Nevertheless, in another study conducted
by Peeters et al., Ala92 carriers showed an increased trend
of fasting glucose levels, fasting insulin levels, and HOMA
index, but none of the above trends reached statistical signif-
icance [30]. In general, most relevant studies suggest that
Ala92 carriers have worse glycemic control [31], an
increased risk of type 2 diabetes [11], or decreased insulin
sensitivity [12, 21, 26, 27]. However, there is still insufficient
evidence supporting the particular association between the
Thr92Ala polymorphism and fasting glucose levels, espe-
cially among nondiabetic euthyroid subjects, which requires
more research for confirmation.

In the present meta-analysis, we did not conclude a sig-
nificant association between the Thr92Ala polymorphism
and plasma lipid levels. Since there was no previous study
that specifically analyzed the relationship between the two,
the selected studies did not exclude subjects who took
lipid-lowering treatments or had a personal history of dys-
lipidemia, which might have a certain bias on the results.
In addition to the studies included in the present meta-
analysis [19, 20], we did not find significant evidence indi-
cating a strong link between the Thr92Ala polymorphism
and serum lipid levels [12, 15, 17, 27, 28]. Therefore, we
speculate that Ala92 does not cause significant alterations
in plasma lipid levels. Based on the above evidence, we need
to restrict the screening criteria for participants in future
studies to specifically evaluate the association between the
Thr92Ala polymorphism and serum lipid levels among
euthyroid subjects without dyslipidemia.

Regarding the association between the Thr92Ala poly-
morphism and blood pressure value or hypertension risk,
previous studies have reported positive conclusions. Studies
have found a larger proportion of Ala92 carriers among
hypertensive subjects than among normotensive subjects,
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and the Thr92Ala polymorphism could be regarded as a sig-
nificant risk factor for hypertension after adjusting for con-
founding factors, especially in Black populations [13]. This
study, which reported a positive conclusion, was also
included in the present meta-analysis. Moreover, an earlier
study by the same group found that normotensive subjects
with a family history of hypertension generally had higher
TSH levels than healthy controls [32]. The difference in
genetic background may explain this finding. However,
apart from the abovementioned evidence, we have not found
a definitive conclusion for the association between Thr92Ala
and blood pressure value or hypertension in previous studies
[12, 17, 23, 27, 33]. Although all of the selected studies in the
meta-analysis excluded subjects recently taking antihyper-
tensive medications, Thr92Ala showed no significant associ-
ation with hypertension risk, either within the pairwise
comparison or in general. Currently, there are few studies
on the issue regarding Dio2 polymorphism and hyperten-
sion risk; thus, our findings should be considered prelimi-
nary and require confirmation.

Heterogeneity is one of the unavoidable problems in
meta-analysis, and this study is no exception. It is worth
noting that this meta-analysis covers six countries or
regions, including Slovakia, the United States, and South
Korea. Therefore, geographic and ethnic heterogeneity
may have an impact on the conclusions. There is inherent
heterogeneity in the genetic background of the subjects. In
addition, the diagnostic criteria for thyroid diseases are
also heterogeneous. Although all studies have excluded
patients with thyroid disease, only Butler et al. [19], Men-
tuccia et al. [21], and van der Deure et al. [23] evaluated
the thyroid disease based on serum biochemical indicators,
and Butler et al. [19] even further excluded patients with
positive thyroid autoantibodies. The reference intervals
for TSH and FT4 are also different, and these factors
may all contribute to the heterogeneity. Therefore, when
analyzing several metabolic indicators (i.e., BMI, fasting
glucose level, fasting insulin level, and hypertension), we
chose a random-effects model to obtain a wider confidence
interval and relatively reliable conclusions. However, the
related research currently has a small sample size, and it
is inappropriate to conduct subgroup analysis based on
characteristics such as age or gender. Therefore, the con-
clusion of this meta-analysis needs to be confirmed by
more large sample surveys.

The limitations of the present meta-analysis are as fol-
lows. First, the elevation of various metabolic parameters
beyond the thyroid is actually determined by multiple fac-
tors, and the proportion of genetic factors is still
unknown. Second, we did not consider the impact of
lipid-lowering treatments or personal history of dyslipid-
emia when analyzing plasma lipid levels, which might bias
the final conclusion. Third, as mentioned above, the rele-
vant studies have a relatively small sample size, and the
heterogeneities of ethnicity, excluding criteria for thyroid
patients, and reference interval for TSH all might induce
the bias. More research is needed since genetic association
research should recruit a large population to ensure con-
vincible conclusions.

5. Conclusions

To the authors’ knowledge, the present meta-analysis is the
first study that clearly demonstrated the significant positive
association between the Thr92Ala polymorphism and BMI
among euthyroid subjects. For nondiabetic euthyroid sub-
jects, the Thr92Ala polymorphism could also induce a
higher fasting glucose level. However, fasting insulin levels,
serum lipid levels, and hypertension risk showed no signifi-
cant association with the Thr92Ala polymorphism.
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