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Abstract: There is a correlation between the existence of type 2 diabetes mellitus (T2DM) and the
development of thyroid disorders. Prediabetes is a progressive state of moderate insulin resistance
that often precedes the onset of T2DM however the association between prediabetes and thyroid
function is unknown. This study assessed changes in markers of thyroid function in diet-induced
prediabetes. 12 male Sprague Dawley rats were randomly allocated into two groups. Rats in the
non-prediabetic (NPD) group were fed a standard rat diet while rats in the prediabetic (PD) were
fed a high-fat high carbohydrate diet for 20 weeks to induce prediabetes. Thereafter, fasting blood
glucose levels were measured. Plasma samples were assessed for triiodothyronine (T3), thyroxine
(T4), thyroxine peroxidase (TPO) antibody, insulin and glycated haemoglobin (HbAlc)
concentrations. The elevated blood glucose, HbAlc and plasma insulin levels coincided with
increased T3 and reduced T4 levels in the PD group when compared to the NPD group. There was
also an increase in the concentration of TPO antibodies in the PD group. Additionally, there was a
significant correlation between the thyroid hormone concentrations and HbAlc levels. In
conclusion, these results indicated that there is a positive association between thyroid dysfunction
and diet-induced prediabetes.

Keywords: thyroid hormone; prediabetes; triiodothyronine (T3); thyroxine (T4); thyroid disorder;
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1. Introduction

Type 2 diabetes mellitus (T2DM) is regarded as a metabolic disorder which occurs due to
impaired insulin action on target tissues, thus resulting in chronically elevated blood glucose
concentrations [1]. There are numerous long-term metabolic complications associated with T2DM [2].
However, several studies have shown that the onset of T2DM complications occurs during the
prediabetic state [3,4]. Prediabetes (PD) is regarded as a state of moderate hyperglycaemia during
which glycaemic indicators such as impaired fasting glucose, impaired glucose tolerance, elevated
glycated haemoglobin (HbAlc), as well as homeostasis model assessment (HOMA-IR) levels are
elevated above the normal range but are below the threshold for diagnosis of T2DM [5,6]. In
addition, studies have shown that the functions of some metabolic hormones such as insulin, ghrelin,
cortisol and aldosterone are impaired in the prediabetic state [7-9].

Thyroid hormones, triiodothyronine (T3) and thyroxine (T4), are regulatory hormones which
are primarily associated with metabolic function and energy expenditure [10]. These hormones, along
with thyroid peroxidase (TPO), are vital components of glucose homeostasis while the dysregulation
of thyroid hormones has been found to correlate with reduced insulin sensitivity, metabolic
dysfunction and T2DM [11,12]. Plasma creatine and insulin levels have also been used to assess
changes in metabolic functions which are associated with irregular thyroid hormone production [13].
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Studies have indicated that individuals diagnosed with T2DM are at a higher risk of developing
thyroid disorders [14,15]. Both hyperthyroidism and hypothyroidism have been associated with
diabetes mellitus, with the latter being the more prevalent diagnosis in T2DM [16]. Studies in our
laboratory using a diet-induced prediabetic animal model have shown that the genesis of various
endocrine disorders occurs during the prediabetic phase [8,9,17,18]. However, the association
between prediabetes and thyroid hormone function remains unknown. In this study, using a diet-
induced prediabetic rat model, we sought to determine the changes in some selected markers of
thyroid function in prediabetes.

2. Materials and Methods

Animals and Housing

Sprague Dawley male rats (150-180g) bred and housed in the Biomedical Research Unit (BRU)
of the University of Kwa-Zulu Natal were used in this study. The animals were kept under standard
environmental condition of constant temperature (22+2°C), relative humidity (55+5%), CO2 content
(<5000p.m) and illumination (12h light/dark cycle, with lights on at 7am). The level of noise was kept
below 65 decibels and the animals were acclimatized for a period of one week and fed standard chow
and water without restriction prior to the induction of prediabetes. All protocols and environmental
conditions were in accordance with the use of laboratory animals and approved by the Animal Ethics
Committee of the University of KwaZulu Natal (ethics number: AREC/026/017M).

Experimental design

Experimental design

Male Sprague Dawley rats (150 -180g)

| | One week acclimatization

Group 1 Group 2

n=6 n=6

20 weeks HFHC diet + 15% fructose

{prediabetes induction)

20 weeks standard rat diet + water

Non-prediabetic group Prediabetic group
(NPD) (PD)

Induction of prediabetes

The induction of prediabetes in the male rats followed a previously described experimental
protocol [17]. The animals were assigned randomly into two groups (Group 1 and Group 2) and fed
their respective diets for duration of 20 weeks. Group 1, the non-prediabetic control group (NPD)
(n=6) were fed standard rat chow and water while Group 2, the prediabetic group (PD) (n=6) were
fed the high-fat high-carbohydrate (HFHC) diet supplemented with 15% fructose water. After the 20-
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week induction period, the American Diabetes Association criteria was used to diagnose prediabetes
in the animals. Briefly, animals were fasted for 18 hours before fasting glucose measurements were
taken. Animals with a fasting blood glucose concentration of 5.6-7.1 mmol/L, as well as a 2-hour
postprandial blood glucose concentration of 7.1- 11.1 mmol/L following an oral glucose tolerance test
were considered prediabetic while all measurements below the prediabetic threshold were
considered non-prediabetic.

Blood Collection

After the experimental period, all the animals were placed in a gas chamber (Biomedical
Resource Unit, UKZN, South Africa) which was anaesthetized with 100mg/kg of Isofor (Safeline
Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) for a duration of 3 minutes. Whilst in an
unconscious state, cardiac puncture was used to collect blood samples from the animals into separate
pre-cooled heparinized sample bottles. Other blood samples were collected into separate sample
heparinized bottles and centrifuged (Eppendorf centrifuge 5403, Germany) at 4°C, 503g for 15
minutes to obtain plasma. The plasma was then stored at -80°C in a Bio Ultra freezer (Snijers
Scientific, Holland) until biochemical analysis was conducted.

Biochemical Analysis

The blood glucose was measured by using One-Touch glucometer (Lifescan, Mosta, Malta,
United Kingdom) through the tail-prick method. The glycated haemoglobin (HbAlc), insulin,
thyroid stimulating hormone (TSH), thyroxine (T4) triiodothyronine (T3) and thyroid peroxidase
(TPO) antibody concentrations were determined by using their respective ELISA kits (Elabscience
Biotechnology Co., Ltd., Houston, TX, USA) as instructed by the manufacturer’s specifications.
Briefly, the ELISA kits contained micro-ELISA plates that were coated with antibodies according to
the standard experimental protocol. The plasma samples were pipetted into their specified wells and
the appropriate biotinylated detection antibody (50pl) was subsequently added. The samples were
then incubated at 37°C for a duration of 45 minutes, after which the unbound constituents were
removed using the wash buffer supplied. Post-washing, 100uL of Avidin-horseradish peroxidase
(HRP) was added to the micro-plates and incubated for 30 minutes at 37°C. A second wash step
removed the unbound constituents after which the substrate reagent (90ul) was added to the wells,
followed by an incubation period of 15 minutes at 37°C. Finally, a stop solution (50ul) was added to
the micro-wells to halt the reaction, so that the appropriate measurements could be taken. The optical
densities were measured spectrophotometrically at a wavelength of 450nm using a nano
spectrophotometer (BMG Labtech, Ortenburg, Germany). The concentrations of the plasma insulin,
TSH, T3, T4 and TPO antibodies within the samples were extrapolated from their respective standard
curves.

Statistical Analysis

All the data obtained from the experiment were expressed as means + SEM. Statistical
comparisons were performed by using Graph Pad In Stat Software (version 5.00, Graph Pad Software,
Inc., San Diego, California, USA). To determine the differences between the two groups, unpaired
independent t-tests were used. Pearson’s correlation analysis was used to determine the associations
between the glycated haemoglobin and triiodothyronine (T3)/ thyroxine (T4) hormones. A value of p
< 0.05 was considered statistically significant. A coefficient value between +0.5 and +1.0 was
considered significant.
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3. Results

Plasma Thyroid Stimulating Hormone (TSH)

At the end of the 20-week induction period, plasma thyroid stimulating hormone (TSH)
concentration was measured in the non-prediabetic (NPD) and prediabetic (PD) groups. The results
(Figure 1) showed that the PD group had a significantly (p=0.002) increased concentration of TSH
compared to the NPD group.
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Figure 1. Plasma thyroid stimulating hormone (TSH) concentration in the non-prediabetic group
(NPD) (n=6) and prediabetic group (PD)(n=6). Values are presented as mean + SEM.

Plasma Thyroxine (T4) and Triiodothyronine (T3)

Plasma thyroxine (T4) and triiodothyronine (T3) hormone concentrations were analysed at the
end of the 20-week induction period in both the non-prediabetic (NPD) and the prediabetic (PD)
groups. The results (Figure 2) showed that the PD group had a significantly (p=0.001) lower T4
concentration in comparison to the NPD group while the T3 concentration in the PD group was
significantly (p=0.002)* higher in comparison to the NPD group.
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Figure 2. Plasma tetraiodothyronine (T4) (A) and plasma triiodothyronine (T3) (B) concentrations in
the non-prediabetic group (NPD) (n=6) and prediabetic group (PD)(n=6). Values are presented as
mean + SEM.

Plasma thyroid peroxidase (TPO) antibody

Plasma thyroid peroxidase (TPO) antibody concentrations were analyzed at the end of the 20-
week induction period in both the non-prediabetic control group (NPD) and the prediabetic group
(PD). The results (Figure 3) showed that the PD group had a significantly higher TPO antibody
concentration (p=0.001), in comparison to the NPD group.


https://doi.org/10.20944/preprints202307.0728.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2023 do0i:10.20944/preprints202307.0728.v1

o
g

p=0.001

e o 9
A .

Plasma TPO antibody
(IU/mL)
o

o
3

& e

Figure 3. Plasma thyroid peroxidase (TPO) antibody in both the non-prediabetic control group
(NPD)(n=6) and prediabetic group (PD)(n=6). Values are presented as mean + SEM.

Plasma Creatinine.

Plasma creatinine concentrations were analysed at the end of the 20-week induction period in
both the non-prediabetic control group (NPD) and the prediabetic group (PD). The results (Figure 4)
showed that the PD group had significantly (p=0.01) lower plasma creatinine concentration by
comparison to the NPD group.
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Figure 4. The plasma creatinine concentrations in both the non-prediabetic control group (ND)(n=6)
and pre-diabetic group (PD)(n=6). Values are presented as mean + SEM.

Plasma insulin and glycated hemoglobin

Plasma insulin concentrations and glycated hemoglobin (HbAlc) concentrations of non-
prediabetic control group (NPD) and pre-diabetic group (PD) were determined at the end of the
experimental period (Table 1). The insulin and HbAlc concentrations significantly increased in the
prediabetic group in comparison to the non-prediabetic group*.

Table 1. Plasma insulin concentrations (ng/ml) and glycated hemoglobin (HbAlc) concentrations
(%) of non-diabetic control group (ND) and prediabetic group (PD).

Group NPD PD p value

Plasma Insulin (ng/ml) 2.97 +£0.01 14.25 +0.12% p<0.0001
Blood Glucose (mmol/l) 4.62+0.11 6.25+0.11% p<0.001
HOMA-IR 0.61+0.01 3.96 £ 0.09% p<0.0001
HbAlc (%) 3.80+1.17 6.30 + 0.36% p<0.001

Body Weight (g) 368.71 +4.02 568.50 + 8.57% p<0.0001

*Denotes comparison with NPD group.


https://doi.org/10.20944/preprints202307.0728.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2023 do0i:10.20944/preprints202307.0728.v1

HbA1c and thyroid hormones (T3 and T4) correlation

As indicated in Table 2, HbAlc concentrations were shown to have a positive correlation (r =
0.8122) with T3 plasma concentration and a negative correlation (r = -0.8238) with T4 plasma
concentration in the prediabetic (PD) group. Therefore, as HbAlc concentration increased, the T3
plasma concentration increased while the T4 plasma concentration decreased. However, there was
insignificant correlation between HbAlc and T3 concentrations as well as the T4 concentration in
non-prediabetic (NPD) group*

Table 2. Correlation between glycated haemoglobin (HbAlc) and triiodothyronine (T3) as well as
tetraiodothyronine or thyroxine (T4) in non-prediabetic (NPD) and prediabetic (PD) rats. r =
Pearson’s correlation coefficient, n = sample size.

Groups Correlation Independent variable: Independent variable:
analysis HbA1c vs Dependent variable: T3 HbAlc vs Dependent variable: T4
r -0.0680 0.5016
NPD p value 0.8981Ns 0.3107Ns
N 6 6
r 0.8122 -0.8238
PD p value 0.0496* 0.0438*
n 6 6

NSNot significant.*p<0.05.

4. Discussion

The association between T2DM and thyroid dysfunction has been extensively studied[13].
Several studies have not only identified prediabetes as the period that precedes the onset of overt
type 2 diabetes but also a period where numerous complications associated with T2DM begin [3,19].
Thyroid hormones play a regulatory role in glucose homeostasis, metabolic function and energy
expenditure [10]. There have been several studies that have investigated changes in thyroid function
during T2DM [11,12]. However, no studies have been conducted to investigate thyroid function
during the prediabetic phase. In our laboratory, the HFHC diet-induced prediabetic rat model was
used to mimic the human prediabetic condition [17]. Using this animal model, we investigated
thyroid function during the prediabetic state.

The thyroid hormones, triiodothyronine (T3) and thyroxine (T4) have an imperative function in
both metabolic and protein synthesis pathways [20]. Previous studies have shown that individuals
diagnosed with T2DM often present with supraphysiological concentrations of insulin, coupled with
a dysregulation in the plasma levels of thyroid hormones [21]. The synthesis of thyroid hormones
requires the cumulative effort of the thyroid gland, regulated biochemical signaling cascades and
sufficient dietary iodine intake [22]. The hypothalamic-pituitary-thyroid axis (HPT-axis) is stimulated
to regulate the excitatory and inhibitory signals which trigger the production of the thyroid
hormones. Thyroid stimulating hormone (TSH), released from the anterior pituitary gland, is the
primary stimulator of thyroid hormone synthesis [23]. The release of TSH is stimulated by thyroid
releasing hormone (TRH) from the hypothalamus, both of which are regulated via the negative
feedback loops that acts on the HPT axis [24]. Studies have shown that impairment of these feedback
loops result in increased release of both T3 and T4 hormone production simultaneously [25,26]. In
this study, the T3 levels were found to be elevated in the prediabetic group whereas the T4 levels
were reduced. These findings were supported by previous literature which showed that a subsequent
increase in T3 hormone production coincided with a reduction in T4 production [27]. This imbalance
in hormone synthesis is suspected to arise from the thyroid gland itself rather than the HPT axis [27].
The synthesis of thyroid hormones requires a multi-step process along with vital metabolic and
cellular constituents. This intricate process is initiated by the binding of TSH to the TSH-receptor on
the surface of the follicular cell within the thyroid gland. Once the receptor-ligand complex has
formed, an intracellular signalling cascade is stimulated thus, leading to the synthesis of T3 and T4
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[28]. The major constituents of thyroid hormones are tyrosine and iodine. A key enzyme in the
synthesis of thyroid hormones is thyroid peroxidase (TPO) which has multiple functions in the
synthesis pathway. It is responsible for the formation of iodine by oxidizing the iodide ions as well
as initiating the formation of covalent bonds between the iodide and the thyroglobulin [29]. This
covalent bonding ultimately leads to the synthesis of monoiodotryrosine (MIT) and diiodotyrosine
(DIT), depending on their single or double iodinated state [30]. TPO then regulates the generation of
T4 by coupling two DIT residues or T3 by coupling a DIT with a MIT.

Studies have identified T4 as the more abundant thyroid hormone as TPO is predisposed to
promote the coupling of DIT-to-DIT residues rather than the alternative DIT to MIT [31]. Thus, a
reduction in T4 hormone production may be attributed to the simultaneous reduction in TPO enzyme
synthesis or function. Therefore, the results of this study corroborated with that of previous literature
as the plasma T4 levels were significantly reduced in the prediabetic group along with an increase in
TPO antibody production. TPO enzyme function is disrupted by the production of TPO antibodies
which are synthesized by the lymphocytes of the autoimmune system [32]. Thyrocyte destruction
precedes the action of TPO antibodies as they exert an intracellular inhibitory effect on the TPO
enzymes and their associated signalling cascade [33]. TPO antibodies competitively inhibit the action
of TPO enzyme activity by forming conformational isotopes of the enzymes which impede its
function in the thyroid hormone synthesis pathway. These antibodies also attribute to the fixation of
complement which results in the destruction of the thyroid gland [34]. In this study, we found
elevated levels of TPO antibody production in the prediabetic group as compared to the non-diabetic
group. A previous study has shown that there is dysregulation of immune function during the
prediabetic state leading to an elevation of lympohycytes [18]. We therefore speculate that the
reduction in TPO enzyme activity may be attributed to the increase in TPO antibody production, thus
the thyroid hormone synthesis pathways favored the deionization of T4 to T3 in response to the
diminished hormone production.

The reduction in the T4 hormone concentration leads to the reduced function of the thyroid
gland [35]. This leads to a reduction in circulating T4 levels resulting in diminished biological
function [36]. One such physiological function is that of protein synthesis. In a previous study,
elevated levels of thyroid hormone were found to correlate with the destruction of protein stores
from skeletal muscle [37]. Thus, an inference can be made regarding the reduced creatinine levels
which form as a by-product of protein degradation in the prediabetic group as the reduction in T4
would subsequently enhance the synthesis and degradation of proteins. A previously published
study showed no significant changes in glomerular filtration during the prediabetic state thus
eliminating hyperfiltration as a possible cause for the reduction in creatinine levels [38]. The reduced
plasma creatinine observed in the prediabetic group may therefore be an indicator of reduced protein
synthesis, preceded by the reduction in thyroid hormone activity [39].

Another imperative function of thyroid hormones is to facilitate the breakdown of insulin [21].
Previous studies have found a correlation between insulin resistance and thyroid disorders. Thyroid
hormones have been found to impede the action of insulin whilst stimulating the hepatic
gluconeogenesis [40,41]. The increase in plasma insulin observed in the prediabetic group may be
due to the diminished activity of the circulating thyroid hormones. Thus, there is hyperinsulinemia
as well as increased insulin half-life which promotes insulin resistance [12]. This may be a
compensatory mechanism that arises due to the cells’ failure to respond to insulin leading to a fall in
T4 concentrations thus ensuring higher insulin concentrations. Also, studies have found a positive
correlation between elevated T3 levels and insulin resistance [42]. T3 was found to be actively
involved in the regulation of metabolic transcription factors which are attributed to insulin resistance
[43,44]. In this study, we found elevated T3 levels in the prediabetic state. This suggests that thyroid
dysfunction in the prediabetic state may contribute to the progression of prediabetes to overt type 2
diabetes. Since T4 is the more abundant thyroid hormone, a reduction in its plasma concentration
may suggest the onset of a thyroid disorder. On the other hand, the increase in the biologically active
T3 hormone, may be due to the impediment of the TPO enzyme leading to the over activity of the
deiodinase system resulting in an increase in T3 production [45]. The interaction between the
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concentration of the thyroid hormones along with their downstream enzymes, metabolic and
biosynthetic pathways, attests to the importance of the thyroid and the consequences of its
dysfunction.

Moreover, in this study, there was increased glycated haemoglobin (HbAlc) in correlation with
increased T3 and decreased T4 concentration in prediabetic rats while this was not observed in non-
prediabetic rats. One of the characteristics of prediabetes is elevated HbAlc which has been
associated with insulin resistance. As discussed above, the increase in T3 or decrease in T4 production
may be a compensatory mechanism to alleviate insulin resistance in prediabetic condition. Therefore,
we may suggest that the compensatory mechanism engendered the observed positive correlation of
HbAlc with T3 and negative correlation of HbAlc with T4 in the prediabetic rats. However, the
limitation of this study is the absence of molecular and cellular changes that occur in the thyroid
gland following prediabetes, therefore, future studies are needed to be carried out in these areas.

5. Conclusions

In conclusion, previous studies had shown the associations between thyroid hormone
dysregulation in overt type 2 diabetes. This study has shown for the first time, using a diet-induced
prediabetic animal model, that these thyroid hormone dysregulations also occur in prediabetes, the
condition that often precedes the onset of type 2 diabetes. In this study, there was a positive
correlation between diet-induced prediabetes and thyroid dysfunction. This is evidenced by the
notable increase in triiodothyronine (T3) and subsequent decrease in thyroxine (T4) hormone
concentrations as HbAlc increase in the prediabetic state. This observed dysregulation of thyroid
hormones was further evidenced by the increased production of TPO antibodies. Taken together, the
finding of this study suggest that thyroid hormone homeostasis is disrupted during prediabetes and
this warrants more research on the thyroid hormone synthesis pathway within the thyroid gland.
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