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Peripheral deiodinase activity:

A potential explanation for the
association between maternal weight
and gestational hyperglycemia
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Abstract

Background: High maternal weight is known to associate with both low free thyroxine and gestational diabetes mellitus. We explore a deiodinase-
related mechanism that may help explain these associations.

Methods: Among 108 women receiving routine oral glucose tolerance testing for gestational diabetes mellitus, we collected biophysical data and
measured free thyroxine and total triiodothyronine, using residual plasma samples.

Results: Fasting triiodothyronine/free thyroxine ratio and triiodothyronine were higher among women with gestational diabetes mellitus (p =0.02;
p =0.04). The triiodothyronine/free thyroxine ratio and triiodothyronine measurements at 2 h were associated with weight (r=20.20, p =0.04; r=0.22,
p=0.02); free thyroxine showed a non-significant inverse weight relationship (r=—0.06, p =0.55). Glucose at all four intervals was associated with
triiodothyronine/free thyroxine ratios, and triiodothyronine at 2 h. In stepwise regression, triiodothyronine/free thyroxine ratio predicted glucose more
strongly than did weight.

Conclusion: These relationships may be explained by higher maternal weight inducing peripheral deiodinase activity, resulting in higher plasma glucose

(via triiodothyronine stimulation) and thereby increasing gestational diabetes mellitus risk.
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Introduction

Between 2013 and 2016, we reported negative associations between free
thyroxine (fT4) and both maternal weight and gestational diabetes
mellitus (GDM) among euthyroid women and speculated that conver-
sion of fT4 to trilodothyronine (T3) via peripheral deiodinase activity
might explain the lower fT4 levels." * Recently, Yang et al. confirmed
the inverse relationship between fT4 and GDM and identified a GDM
prevalence of 17.25% in the lowest fT4 quintile, decreasing to 11.62%
in the highest fT4 quintile.”> Given its low hormonal activity, fT4 is
unlikely to influence plasma glucose directly. T3, the active metabolic
form of thyroid hormone, is a more likely candidate, as it induces
endogenous glycemic activity.® The present study focuses on a cohort
of pregnancies undergoing oral glucose tolerance testing (OGTT) at
24-28 weeks’ gestation, aimed at further exploring the above-described
thyroid hormone/glucose relationships. Our data confirm earlier specu-
lation that the T3/fT4 ratio (a measure of deiodinase activity) is dir-
ectly related to both maternal weight and glucose. We hypothesize that
weight-driven deiodinase activity may contribute to glycemic activity
via T3 stimulation.

Materials and methods
Study population

At Women and Infants Hospital (WIH), routine screening for gesta-
tional diabetes is initiated by measuring glucose in a non-fasting
(random) plasma sample between 24 and 28 weeks’ gestation.
Women with glucose levels >7.17mmol/L are recommended for
OGTT. To qualify for inclusion in the present study, each woman’s
serum screening records for Down syndrome needed to be available
within the Division of Medical Screening and Special Testing, as this

was to be the source for demographic data obtained at 11-14 weeks’
gestation (e.g. maternal ages, weights, gestational ages, singleton vs.
multiple gestations, and other demographic data). Exclusion criteria
included multiple pregnancies, pre-existing insulin dependent diabetes,
or a family history of aneuploidy. Pregnancy completion dates were
verified from existing hospital medical records.

Among 517 women meeting inclusion/exclusion criteria between
June and August 2013, 148 women with glucose concentrations at
7.17mmol/L or higher were identified as candidates for diagnostic
testing via OGTT (29%); 117 of these appeared for further testing at
WIH (79%). The OGTT protocol calls for measuring glucose in a
fasting plasma sample, followed by a 100g oral glucose challenge
and then measuring glucose in samples obtained at 1, 2, and 3h
post-challenge. Plasma glucose levels are considered within the
normal range at <5.28, <10, <8.61 and <7.78 mmol/L, respectively.
Sufficient residual plasma was available for measuring T3, fT4, thyroid
stimulating hormone (TSH), and insulin at all four intervals in 108 of
the 117 women (92%). Residual plasma samples were promptly
retrieved and stored at —20°C until all pregnancies had been delivered.

The Institutional Review Board (IRB) for Human Studies at WIH
waived the requirement for informed consent due to the study’s
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protocol being limited to use of residual plasma samples, in combin-
ation with existing demographic and related data previously recorded
in conjunction with interpretations of prenatal screening measure-
ments. The IRB required that all testing of residual samples for thyroid
hormones be delayed until all pregnancies had been completed and
that all data be de-identified.

Assay measurements

Glucose was measured using the hexokinase method on the Architect
automated Aeroset immunoassay (Abbott Laboratory, Chicago, IL).
Levels of fT4, total T3, TSH, and insulin were measured on the auto-
mated Dxl instrument (Beckman Coulter, Brea, CA) Total T3 was
recommended as more reliable than free T3 for the current study (per-
sonal communication: Dr Francesco Celi), due to fT3 being an analog
assay which provides an estimate of the fT3. As an additional limita-
tion, fT3 is in lower concentration (2 orders of magnitude) than fT4,
hence more prone to imprecision. Commercial materials were used for
quality control of each immunoassay (BioRad, Hercules, CA).
Coeflicients of variation (CV) at all control levels were less than
6.5% for total T3, fT4, and TSH and less than 3.7% for insulin.
Testing was completed in 2015.

Statistical analyses

Analyses included descriptive statistics, analysis of variance
(ANOVA), Pearson correlation coefficients, 7-tests for continuous vari-
ables, and chi square tests for categorical variables. The T3/fT4 ratio
and weight underwent logarithmic transformation prior to analysis.
The T3 and fT4 measurements did not change over the four time
periods, differing only on the basis of assay variability. We arbitrarily
selected the T3 and fT4 measurements at 2h for comparison with
maternal weight, and also for comparison with glucose over all four
time periods. Linear stepwise regression was used to establish the rela-
tionships between thyroid hormones and glucose, and also between
thyroid hormones and maternal weight. Statistical analyses were per-
formed using SAS 9.4 (Cary, NC).

Results

Demographic and biochemical features among
108 women with and without GDM

Table 1 shows that the median maternal age of women having
OGTT was 31 years; 91% were Caucasian, and average weight was
68.9kg. These demographics did not differ significantly between the
79 women without GDM and 29 with GDM. Neither clinically signifi-
cant hypothyroidism nor thyrotoxicosis was present in this cohort.
Median fasting glucose was significantly higher among women with
GDM. The T3/fT4 ratio and T3 were significantly higher among
women with GDM. Thyroid hormone comparisons (no GDM vs.
GDM) were consistent when measured at all four time intervals
(data not shown).

Thyroid hormone measurements in the 108 women
before and after a 100 g glucose load

Table 2 shows that median TSH levels become significantly lower at 1,
2, and 3 h in comparison to 0 h, following oral administration of 100 g
glucose. In contrast, median T3, T4, and T3/fT4 ratios did not differ
significantly at any of the four time periods. CV for T3 and T4 were
<10% for 95% and 93% of the women, respectively, indicating both
satisfactory assay performance and absence of an effect after a glucose
load. In subsequent analyses (shown below), only results from the 2h

Table 1. Oral glucose tolerance testing (OGTT) following
random glucose screening for gestational diabetes (GDM):
demographic characteristics and thyroid relationships.

OGTT recommended
Characteristic Yes® GDM—no GDM—yes p°
Number of women 108 79 29
Age (years (SD)) 31 (5.5) 30 (5.5) 33 (5.0) 0.07
Race (% Caucasian) 91 9l 90 0.74
Weight (kg) (SD)) 68.9 (19) 68.2 (19) 71.8 (20) 0.15
Glucose (mmol/L)®  4.40 (0.55) 4.29 (0.43) 4.84 (0.63) <0.001
Insulin (pmol/L)° 25.0 (0.33) 23.6 (0.32) 34.7 (0.35) 0.10
T3 (nmol/L)* 2.19 (0.37)  2.15(0.35)  2.30 (0.41) 0.04
fT4 (pmol/L)° 798 (1.34) 8.11(1.38) 7.72 (1.16) 0.11
T3/fT4 ratio® 0.28 (0.11) 0.27 (0.11) 029 (0.11) 0.02
TSH (mIU/L)* 1.40 (0.29)  1.40 (0.25) 1.84 (0.39) 0.76

fT4: free thyroxine; T3: triiodothyronine; TSH: thyroid stimulating
hormone.

*Comparisons are for GDM no vs. GDM yes.

®Not shown—31 women who did not appear for oral glucose tolerance
testing (OGTT).

“Median (SD); measurements are fasting; insulin, T3/fT4 ratio, and TSH are
log SD.

samples are used for these hormone measurements. Plasma glucose and
insulin levels increase significantly after the glucose load, showing the
expected rapid rise and slow descent.

Maternal weight: Relationships with T3, fT4, and
T3/fT4 ratio

Figure 1 displays relationships between maternal weight and 2h T3
and fT4 measurements, as well as the T3/fT4 ratio. T3 and the T3/fT4
ratio are positively associated with weight (r=0.22, p=0.02; r=0.20,
p=0.04, respectively), while fT4 has no association (r=—0.06,
p=0.55).

Plasma glucose: Relationships with T3, fT4, and
T3/fT4 ratio among the 108 women

Figure 2 displays relationships between glucose and T3, fT4, and the
T3/fT4 ratio (all measured at 2h). T3 and the T3/fT4 ratio are posi-
tively associated with glucose (r=0.34, p<0.001; r=0.39, p<0.001,
respectively), while fT4 has a negative association with glucose
(r=-0.26, p=0.007). Table 3 compares correlations between glucose
at the four time periods with thyroid hormone measurements at 2 h.
Differences in these correlation coefficients are attributable to glucose
changes, as glucose measurements at 0, 1, 2, and 3h are being com-
pared with hormone measurements at 2 h. For T3 and the T3/fT4 ratio,
all correlations with glucose are positive and highly significant, with
the strongest found at 1 and 2 h. For T4, all associations with glucose
are negative, with the 2h fT4 association with glucose reaching signifi-
cance (r=—0.26, p<0.007).

In Table 4, we model the ability of maternal weight and the T3/fT4
ratio to predict the 2 h glucose level among the 108 pregnant women.
Stepwise linear regression shows that maternal weight (p =0.04) and
the T3/fT4 ratio (p<0.001) are independently associated with glucose
measurements. However, the T3/fT4 ratio is a stronger predictor of
glucose than weight, as shown by its higher partial +* value (15%) in
comparison to weight and glucose (4%).
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Table 2. Thyroid levels in 108 women undergoing glucose tolerance testing (OGTT) with associated glucose and
insulin measurements.

Time (h) since administration of 100g of glucose

Measurement Fasting (0) I 2 3 p*
T3 (nmol/L)® 2.19 (0.37) 2.16 (0.38) 2.14 (0.39) 2.18 (0.38) 0.97
(25th-75th) (1.90-2.41) (1.95-2.43) (1.92-2.46) (1.95-2.41)
T4 (pmol/L)® 7.98 (1.34) 8.11 (1.29) 8.24 (1.24) 8.11 (1.23) 0.87
(25th-75th) (7.21-8.88) (7.21-8.75) (7.21-8.75) (7.34-8.75)
T3/fT4 ratio® 0.28 (0.11) 0.27 (0.11) 0.27 (0.11) 0.27 (0.11) 0.98
(25th—75th) (0.23-0.32) (0.23-0.32) (0.23-0.32) (0.22-0.32)
TSH (mlU/L)® 1.40 (0.29) 1.13 (0.30) 1.09 (0.29) 1.04 (0.29) <0.001
(25th-75th) (0.93-2.04) (0.75-1.80) (0.67—-1.56) (0.66—1.59)
Glucose (mmol/L)® 4.40 (0.55) 8.36 (1.71) 7.86 (1.76) 5.94 (1.59) <0.001
(25th—75th) (4.01-4.73) (7.37-9.73) (6.43-9.24) (5.22-7.20)
Insulin (pmol/L)® 25.0 (0.33) 227.5 (0.40) 250.5 (0.39) 197.2 (0.42) <0.001
(25th—75th) (14.8-39.8) (131.1-350.3) (169.0476.4) (114.7-335.8)
fT4: free thyroxine; T3: triiodothyronine; TSH: thyroid stimulating hormone.
?Analysis of variance (ANOVA).
®Median (standard deviation).
“Median (log standard deviation).
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Figure | Scatterplots of T3 and fT4 measurements versus maternal weight in 108 women. T3 (a), fT4 (b), and T3/fT4 ratio (c) are
shown on the vertical axis and compared with maternal weight. T3 and fT4 levels for individual women are measured at 2 h, as described
in “Methods” section. Correlation coefficients and associated p values are shown in each figure. The line indicates results of a linear

regression analysis.

fT4: free thyroxine; T3: triiodothyronine.

Discussion

In our study, measurements of T3 and the T3/fT4 ratio but not fT4 are
significantly associated with GDM, maternal weight, and glucose. The
higher T3 and T3/fT4 ratio serve as indirect measures of increased

peripheral deiodinase activity. T3 is known to induce endogenous glu-
cose production.® This relationship is usually characterized as a thresh-
old effect, as when excess T3 attributable to thyrotoxicosis exacerbates
pre-existing diabetes but subsides when euthyroidism is achieved.®® By
contrast, the present data suggest a less extreme but continuous
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Figure 2. Scatterplots of T3 and fT4 measurements versus glucose in 108 women. T3 (a), fT4 (b), and T3/fT4 ratio (c) are shown on
the vertical axis and compared with glucose. T3, fT4, and glucose are measured at 2 h after OGTT. Correlation coefficients and
associated p values are shown in each figure. The line indicates results of linear regression analysis.

fT4: free thyroxine; OGTT: oral glucose tolerance testing; T3: triiodothyronine.

Table 3. Correlations between 2 h triiodothyronine (T3) and
thyroxine (fT4) measurements and glucose at four time points.

Table 4. Comparative strength of associations: glucose and
T3/fT4 ratio vs. glucose and weight among 108 pregnant women.

T3 T4 T3/T4 Univariate linear regression (glucose =by+ b, x)
r p r b r b X Step bo b, p value r
Glucose: log (T3/fT4) | 11.4378 6.2946 <0.001 0.15
Oh 027 0.005 —0.15 0.13 027 0005  |og (weight) | 14428  3.4326 0.04 0.04
I'h 0.40 <0.001 —0.17 0.07 0.38 <0.001 o ) )
2h 033 <0001 026 0.006 038 <0001 Multivariate stepwise regression (glucose =bo+ b, x| + b, x3)
3h 026 0007  -0.18 007 027 0.005 X Step by by by Cum r*
log (T3/fT4) | 11.4378 6.2946 0.150
log (weight) 2 7.4079 5.8976 2.0436 0.163

relationship between T3 and glucose that might be explained by
normal variations in deiodinase activity, attributable to a weight-asso-
ciated influence.

Overfeeding and calorie restriction studies that have been carried
out by other investigators in non-pregnant adults demonstrate that T3
levels respond to variations in caloric intake, with caloric excess indu-
cing higher T3 levels and caloric reduction resulting in lower T3
levels.'>"® While it is not feasible to measure deiodinase activity dir-
ectly in humans via biopsies in liver or other organs, an overfeeding
(high fat) study in wild-type mice induced not only higher T3 and lower
T4 levels in serum, but also higher hepatic deiodinase-1 activity and
mRNA." Overfeeding and calorie restriction studies to date have not
included the T3/glucose relationship explored in our study.

Several authors have presented cross-sectional data similar to ours,
including negative fT4 and positive fT3 correlations with weight' and
higher fT3/fT4 ratios with maternal obesity.'® Similar relationships
that include not only fT4 and fT3/fT4 ratios with weight, but glucose,
as well, have been reported during the past several years.'”'® In these
studies, the highest fT3/fT4 ratio quintile and the lowest fT4 quintile

Glucose was measured in the sample taken 2 h after the oral glucose tol-
erance test.

were associated with the highest BMI, highest 1h post-load glucose,
highest hemoglobin Alc (HbAlc), and highest fasting plasma insulin.
Similarities between thyroid hormone relationships with glucose and
type 2 diabetes have also been reported recently in an ongoing study
involving healthy middle aged subjects."

Our data suggest that higher T3 levels associated with higher
weight (as a measure of fat) may be responsible for a modest upward
shift in glucose levels. We hypothesize that this occurs as a result of
increased deiodinase activity during pregnancy. Such a shift could con-
tribute independently to the best understood causal pathway: ectopic
accumulation of intracellular lipid in muscle or liver, resulting in acti-
vation of protein kinase C by diacylglycerols.?® 2>

In the present study, median plasma glucose levels at 1, 2, and 3h
follow anticipated patterns after administration of a 100 g glucose load.
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When compared with the fasting state, median TSH levels are lower at
all three time periods, a pattern variously attributed to either a glucose
load®*** or diurnal Variability.zs’27 Unlike TSH, T3, and fT4 do not
vary significantly among the four OGTT time periods, again support-
ing observations by others.”?’ While serving to verify the historical
integrity of these measurements, the analyses of greatest interest
involve relationships between glucose, weight, T3, and fT4, thereby
offering the prospect of gaining insight into another facet of glucose
metabolism.

Our opportunistic study design has both advantages and shortcom-
ings. In addition to evaluating categorical T3 and fT4 relationships
based on the presence or absence of GDM, it is also an advantage to
be able to compare T3 and fT4 relationships with maternal weight and
glucose measurements, irrespective of GDM classification. As a short-
coming, OGTT measurements are available only from a subset of
screened women, precluding determination of thyroid hormone rela-
tionships with weight and glucose in the population as a whole. Due to
the cross-sectional nature of the study design, we were not able to
evaluate trends in weight gain and in potential changes in thyroid
hormone measurements over time which might alter relationships
with glucose. Our protocol did not include rT3, thyroid antibodies,
or thyroxine binding globulin, which could provide further insights.

In summary, we conclude that higher maternal weight induces deio-
dinase activity (as indicated by higher T3 and a higher T3/fT4 ratio).
Higher deiodinase activity, in turn, is associated with higher plasma
glucose. We propose that the known association between higher mater-
nal weight and gestational hyperglycemia (or GDM) can be explained
by enhanced endogenous glucose activity attributable to T3.
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