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Abstract

Background Morphometric measurements and biomech anical tests are very crucial in determining the effects
of drugs and chemicals on bones. L-thyroxine is often used instead of thyroid hormone in research conducted

on experimental animals. The aim of the study is to examine the effects of L-thyroxine on the morphometric

and mechanical properties of rat bones. A total of 16 healthy male Wistar Albino rats were used, including control
and L-thyroxine groups. After the experimental process, the left/right humerus and femur were resected from all
animals. Morphometric measurements were performed on the bones. Then, three indices of the bones were calcu-
lated using the measurement results. Three-point bending was performed to determine the effect of L-thyroxine
on the mechanical properties of the bones.

Results Humerus maximum length and proximal width difference was determined. The maximum length and proxi-
mal width of the right humerus were lower in rats that received L-thyroxine. Differences were observed in the weight,
diaphysis diameter and weight/length index of the right femur. These parameters were higher in the control group.
No statistical difference was detected between L-thyroxine and control groups in mechanical properties. Maximum
loading, stiffness, strength and elastic modulus in the humerus were observed to be higher in the control group.
However, stiffness, strength and elastic modulus in the femur were determined to be higher in the L-thyroxine group.
According to the correlation between the mechanical properties of bones and conventional indices, a high correla-

of the body.

tion was found between elastic modulus and weight/length index in the humerus. In the femur, a high negative
correlation was observed between maximum loading and the weight/length index.

Conclusion This study showed that L-thyroxine had an effect on the morphometry of long bones in rats but did
not affect their mechanical properties. L-thyroxine has been observed to mainly affect the bones in the right side

Keywords Femur, Humerus, L-thyroxine, Rat, Three-point bending

Introduction

In scientific studies, rats constitute the majority of exper-
imental animals used in physiology, pharmacology and
many medical fields due to their rapid reproduction, ease
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of care and feeding [1, 2]. Rat models provide informa-
tion about bone metabolism and can also reveal the posi-
tive or negative effects of drugs. Fracture models of small
animals are also widely used to define routine or patho-
logical bone healing [3-6].

The thyroid is an endocrine gland composed of fol-
licular cells located in front of the trachea, the shape of
which varies depending on the animal species [7, 8]. In
skeletal development, the hypothalamic-pituitary-thy-
roid axis plays a key role in the acquisition of bone mass.
This axis is also responsible for regulating adult bone
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turnover. This is essential for optimum bone mineraliza-
tion and strength [9, 10]. During growth and adulthood,
thyroid hormones have widespread and complex effects
on nearly all tissues, including bone tissue [11-13]. Thy-
roid hormones play a role in skeletal muscle contraction,
metabolism, myogenesis, and muscle regeneration [14,
15]. L-thyroxine is used in experimental studies instead
of thyroid hormone produced in the thyroid gland. L-thy-
roxine can be supplied in tablet, capsule, or liquid form
for clinical applications [16, 17]. L-thyroxine is known
as the tetraiodo derivative of p-hydroxyphenyl ether of
tyrosine. It was observed that its use in rats caused a sig-
nificant increase in absolute and relative heart weight, a
significant decrease in absolute and relative thyroid gland
weight [18, 19].

Bone tissue, which is one of the passive elements of
the locomotor system, is composed of organic and inor-
ganic substances. Organic substances give flexibility to
the bone, while inorganic substances give hardness and
durability to the bone [8, 20]. The appendicular skel-
eton consists of two parts: the forelimb bones and the
hindlimb bones. In experimental studies, the humerus
and femur are frequently preferred among the forelimb
and hindlimb bones [3, 21-23].

Morphometric measurements performed on bones are
frequently preferred in defining changes in bones. Mor-
phometry is the totality of measurements performed to
reveal differences in structures such as length, width,
and thickness [24, 25]. Morphometric measurements
on bones are generally performed with digital calipers.
Additionally, morphometric measurements can be made
on two-dimensional images such as photographs and
x-rays [26—29]. In recent years, measurements have also
been carried out on three-dimensional models [30-32].
Experimental studies in rats reveal changes in bones
through morphometry. Audiogenic stress, Methenolone
Enanthate Supplement (MES), trenbolone and testoster-
one are known to affect bone morphometry in rats [22,
23, 33-35].

The use of biomechanical tests in the field of engineer-
ing is frequently used to measure bone tissue strength.
Tensile, torsional, compression, three-point bending, and
four-point bending tests are widely used among biome-
chanical tests. The three-point bending test is generally
preferred among biomechanical tests for rat bones. The
three-point bending test involves applying a force to a
bone by a mechanical testing device, which causes the
bones to fracture [36—41]. As a result of the mechani-
cal test performed, biomechanical parameters such as
deformation, stiffness, elastic modulus, and strength are
obtained [3, 6, 41-43].

The effects of various drugs, hormones, and bacterium
on rat bones were examined using morphometric and
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biomechanical measurements. The effects of melatonin,
bisphenol F and S, nesfatin-1 and sodium fluoride on rat
bones were investigated by biomechanical methods [6,
37-39, 44]. In addition to examining the effects of drugs,
surgical applications or treatment of fracture models are
evaluated using biomechanical methods [43, 45].

The motivation for the study is that information on
the effects of L-thyroxine, which is frequently used in
experimental studies, on bones is limited. The aim of
this study was to investigate the effects of L-thyroxine on
bones using morphometry and biomechanical methods.
In addition to morphometric changes in the bones, bone
mechanical properties were revealed by biomechanical
testing.

Material and methods

Animals collection

In the study, 16 healthy male Wistar Albino rats, 10-12
weeks old, weighing 220-250 g, were used. At the
Laboratory of the Department of Biochemistry, Fac-
ulty of Veterinary Medicine, Selguk University, bones
obtained from a study (titled Effects of Dill Application
on Experimentally Hyperthyroid Rats, numbered BAP-
SRPSU-21212063) were used in this study.

Rats were housed in polycarbonate cages at 55%
humidity and 24 °C temperature, 12 h night and 12
h day. A total of 16 rats were housed for 28 days. The rats
were divided into 2 different groups. Control group (n
=8) the feed and water needs of the animals were sup-
plied ad libitum during the experiment. The L-thyroxine
group (n =8) was fed ad libitum, and 100 pg/kg L-thy-
roxine (Sigma, USA) per day was administered by gavage
[46-48].

Extraction of biological material

All animals were given ad libitum feed for 28 days dur-
ing the experimental period. After the experimental pro-
cess, all animals were anesthetized (IP injection, Xylazine
5 mg/kg, Ketamine 95 mg/kg) and sacrificed by cervical
dislocation, and then the upper and lower limbs of the
animals were dissected. Left/right humerus (n =32) and
left/right femur (n =32) resected from all animals. Sub-
sequently, the skin and soft tissues (including muscles,
tendons, and ligaments) surrounding the bones were
carefully dissected [3, 39].

Morphometric measurement of bones

After removal of the skin and soft tissues, measurements
were made on the humerus and femur using a 0.01 mm
accuracy digital calliper. Morphometric measurements
(Maximum length, proximal width, distal width, and dia-
physis diameter) were made according to the reference
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measurement points applied in previous studies on ani-
mals [21-23, 49-51].

Morphometric measurements performed on the
humerus and femur are shown in Fig. 1. In measuring
the diaphysis diameter of the humerus, the lower border
of the tuberositas deltoidea was considered. Similarly, in
measuring the diaphysis diameter of the femur, the lower
border level of the trochanter tertius was considered.

Bone indices were calculated using the data obtained
from morphometric measurements. Index 1, robusticity
index, and bone weight/bone length index were calcu-
lated, the equations of which are given below [50, 52—56].

The robusticity index helps determine whether bones
are denser and more robust. The lower the index of
robusticity, the denser and more robust the bone [53, 54].
The bone weight/bone length index is a more straight-
forward index of bone density than the robusticity
index used by Seedor [55]. Subsequently, the bones were
wrapped in sterile gauze cloths moistened with saline and
stored in a freezer (—240C) until the biomechanical test
(38, 39, 44].

Diaphysis diameter

Index 1 = x 100

Maximum length

Maximum length

3/ Weight of bone

Weight of bone
Maximum length

Robusticity index =

Weight /length index =

Biomechanical test
The bones were thawed at room temperature before
the biomechanical test and subjected to a three-point
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bending using Shimadzu universal strength tester (Shi-
madzu Autograph AGS-X Series, Kyoto, Japan) [38, 39,
44]. The three-point bending test was performed at room
temperature to evaluate the material mechanical proper-
ties of the cortical bone corresponding to the mid-dia-
physis of the bone. When determining the span between
the support points, the length and diameter values of the
bones used in the study were taken into account. The
span for the humerus was determined as 15 mm and
for the femur as 20 mm. Force was applied to the bones
from the craniocaudal. A preload of 8 Newton (N) was
first applied. The load was applied at a rate of 5 mm/min
until the bones fractured. Linear regression of the force/
displacement graph using the software was obtained.
Thus, the maximum load (F) applied to the bones was
determined and recorded [3, 38, 39, 57, 58]. Three-point
bending was performed on 6 bones from each group.
Morphometric measurements and biomechanical tests
performed on the humerus and femur are presented in
Fig. 2.

Statistical analysis

The data obtained from morphometric measurements
and biomechanical tests were evaluated in the statis-
tical package program IBM SPSS Statistics Standard
Concurrent User V 22 (IBM Corp., Armonk, New York,
USA). The homogeneity of the variances was tested
using the Levene test. Normal distribution of the data
of numerical variables was evaluated with the Shapiro
Wilk normality test. Comparisons between control and
L-thyroxine groups were performed using Student’s
t-test for parametric variables and Mann—Whitney U
test for non-parametric variables. p < 0.05 was consid-
ered statistically significant. The relationship between

Fig. 1 Morphometric measurements of the humerus (A) and femur (B). Maximum length (1), proximal width (2), distal width (3), diaphysis diameter

)
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Fig. 2 Experimental setup for morphometric measurements and biomechanical tests

biomechanical parameters and indices was evaluated
with Pearson’s correlation coefficients.

Results

Morphometric measurement results

Morphometric measurements and calculated indices
were performed to determine the effect of L-thyroxine
on the humerus are presented in Table 1.

A statistical difference was found in maximum
length and proximal width in the right humerus. It was
observed that the bone maximum length and proximal
width were higher in the control group. No difference
was observed between the groups in other parameters
and indices.

Morphometric measurements and calculated indices
were performed to determine the effect of L-thyroxine on
the femur are presented in Table 2.

A statistical difference was found in the weight and dia-
physis diameter of the right femur. It was observed that
the right femur weights and diaphysis diameter were
higher in the control group. Additionally, a statistical dif-
ference was observed in the weight/length index in the
right femur. The weight/length index of the right femur
was higher in the control group.

Table 1 Morphometric measurements were obtained from the

humerus
Control L-thyroxine p
Mean +Std Mean +Std
Weight of bone (gr) left  044+001 042+003  0.141€
Right 044+002 042+004 0.123f
Maximum length (mm) Left 27864053 2729+071 0089
Right 2797+059 27.28+066 0045
Proximal width (mm) Left 586+0.12 581014  0458°
Right 584+0.13 554+028 0021
Distal width (mm) Left 7234025 717027  0650f
Right 7.24+020 7.17+022 0.533f
Diaphysis diameter (mm) Left 260+0.09 2.58+0.07 0.604*
Right 260+076 260+0.18  0986°
Index 1 Left 933031 945+032 0454
Right 9324038 954+062  0392°
Robusticity index Left 366+008 364+007 0721f
Right 3.69+005 3.65+006 0466
Weight/length index left  1587+055 1538+083 0.198¢
Right 1585+053 1536+1.04 0.345¢

Numerical variables are given as mean *standard deviation. £ Student’s t-test, €
Mann-Whitney U test, * p < 0.05. In the index equations, the weight is taken as
milligrams
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Table 2 Morphometric measurements were obtained from the

femur
Control L-thyroxine p
Mean +Std Mean +Std
Weight of bone (gr) Left 100+007 093+007 0069
Right 1.00+005 093+006 0019
Maximum length (mm) Left 37004039 3652+084 0.159%
Right 37.06+045 3649+085 0.1 6
Proximal width (mm) Left 888+024 866+033 0.157F
Right 864+025 862+0.28 0.890*
Distal width (mm) Left  710+020 697 +021 0.255%
Right 7.05+025 7.03+0.18 0851f
Diaphysis diameter (mm) Left 463 +£0.21 445 +0.17 0.097¢
Right 4634019 438+0.16 0013
Index 1 Left 12504059 12214060 0336
Right 1250+054 12014059 0.106*
Robusticity index Left 370+008 374+006 0326
Right 3.71+006  3.74 +£0.05 0.529¢
Weight/length index Left 2706+173 2558+150 0088t
Right 27.04+1.16 2549+121 00215

Numerical variables are given as mean +standard deviation. £ Student’s t-test, €
Mann-Whitney U test, * p < 0.05. In the index equations, the weight is taken as
milligrams.

Biomechanical test results

The mechanical properties of the bones were determined
using the three-point bending test. The results obtained
from the humerus are presented in Table 3.

According to the three-point bending test results per-
formed on the humerus, no statistical differences were
observed in F, deformation, stiffness, strength, and elastic
modulus. Additionally, no difference was found between

Table 3 Diameters and biomechanical parameters obtained
from the humerus

Control (n:6) L-thyroxine (n:6) p

Mean + Std Mean +Std
ExtDj, (mm) 260+0.11 2,59 +0.06 0.810¢
ExtDc,cg(mm) 3194007 3.22+0.05 0437¢
IntDy, (mm) 143 +006 1.50 +£0.07 0.078*
IntD,cg(mm) 1.78 +0.21 1.84+0.06 1.000¢
F (N) 6859 +878 63.90 +11.61 0.448%
Deformation(mm) 0.61+0.19 0.67 £0.09 0.531%
Stiffness (N/mm) 26217 +11573 19923 +71.11 0.283%
Strength (MPa) 7428 +16.43 64.69 +15.34 0.321%
Elastic Modulus(MPa) ~ 894.24 +43148 65081 +221.05 0.247%

ExDy; medio-lateral external diamater; ExD,cy; cranio-caudal external
diamater; IntDy, ; medio-lateral internal diamater; IntDc,¢; cranio-caudal
internal; F; force. £ Student’s t-test, € Mann-Whitney U test, * p <0.05
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the diameters of the humerus. The results obtained from
the femur are presented in Table 4.

There was no statistical difference observed between
the biomechanical parameters and diameters obtained
from the femur. The correlation between traditional
indexes (Index 1, robusticity index, weight/length index)
calculated using morphometric measurements and
biomechanical parameters (F, deformation, stiffness,
strength, elastic modulus) was examined. The correlation
obtained from the measurements of the humerus is pre-
sented in Table 5.

According to the results obtained from the humerus, a
high correlation was found between elastic modulus and
weight/length index. The correlation obtained from the
femur measurements is presented in Table 6.

According to the results obtained from the femur, a
high negative correlation was observed between the F
applied to the bone and the weight/length index. No cor-
relation was detected between other values.

Discussion

The hypothalamic-pituitary-thyroid axis plays an essen-
tial role in skeletal development and the acquisition of
bone mineralization, strength, and mass [11-13]. Thy-
roid hormones are also effective in skeletal muscle con-
traction, myogenesis and muscle regeneration [14, 15].
L-thyroxine is often used instead of thyroid hormone
in experimental studies [16, 17]. It is known to cause a
significant increase in absolute and relative heart weight
and a significant decrease in absolute and relative thyroid
gland weight in rats [19]. However, data on how L-thy-
roxine affects bone morphometry and mechanical prop-
erties are limited.

Table 4 Diameters and biomechanical parameters obtained
from the femur

Control(n:6) L-thyroxine (n:6) p

Mean +Std Mean +Std
ExtD,, (mm) 4534013 444+0.14 0.247¢
ExtD¢,cq(mm) 336+0.09 335+009 0781%
IntD,, (mm) 276+008 2.80+005 0.233f
IntD¢,cq(mm) 195+0.14 1.88+0.04 0423¢
F(N) 1222141057  121.76 1554 0.955¢
Deformation(mm) 0.96 +0.19 0.98+027 0.894¢
Stiffness (N/mm) 3343314324 34223 16864 0932¢
Strength (MPa) 85.77 +16.96 86.30 +£23.33 0.965¢
Elastic Modulus(MPa) ~ 807.60 +33455  846.34 +429.88 0631¢

ExD,,, medio-lateral external diamater; ExD¢,¢, cranio-caudal external diamater;
IntD,y, medio-lateral internal diamater; IntD,4 cranio-caudal internal; F force

£ Student’s t-test, € Mann-Whitney U test, * p <0.05



Aydogdu et al. BMC Veterinary Research (2025) 21:358

Page 6 of 8

Table 5 Correlation between indexes and the biomechanical parameters on humerus

Index 1 Robusticity index Weight/length index

r p r p r p
F -0.105 0.745 -0.101 0.755 0.146 0.651
Deformation 0.116 0.720 -0.090 0.780 -0415 0.179
Stiffness 0.009 0.978 -0.147 0.649 0.559 0.59
Strength -0.009 0978 -0.147 0.649 0472 0.122
Elastic Modulus 0078 0.810 —-0.223 0485 0.580 0.048"

r, correlation coefficient. * p < 0.05

Table 6 Correlation between indexes and the biomechanical parameters on femur

Index 1 Robusticity index Weight/length index

r p r p r p
F 0.130 0.688 0.257 0420 —0.608 0036
Deformation -0.077 0.811 -0.060 0.852 -0.115 0.722
Stiffness 0.077 0813 0.094 0.772 0.016 0.961
Strength 0.165 0.607 0.066 0.838 —-0.050 0.877
Elastic Modulus 0.068 0.833 0.076 0.814 0.030 0.926

r, correlation coefficient. * p < 0.05

Studies have shown that drugs, experimental mod-
els, chemicals and supplements affect bone morphom-
etry and mechanical properties in rats [22, 23, 33-35,
37-39].

It has been determined that long bone development
is negatively affected in rats exposed to audiogenic
stress. Similarly, it was observed that the length of the
humerus and femur decreased significantly in rats that
were administered MES together with exercise [33, 35].
In this study, it was observed that the maximum length
of the right humerus decreased in rats given L-thyrox-
ine. In another study using Methenolone Enanthate, it
was reported that it positively affected the femur length
in adolescent female rats [34]. In the study using male
rats, it was determined that L-thyroxine had no effect
on femur length. It is thought that this difference is due
to the experimental model, drugs used, and the age and
gender of the rats in the studies.

Trenbolone and testosterone have been reported to
negatively affect the development of the humerus and
femur in rats. It has been reported that the humerus and
femur lengths in rats administered both anabolic andro-
genic steroids were shorter than in healthy rats [22, 23].
It has been established that L-thyroxine has a negative
impact on specific morphometric parameters in rats.
L-thyroxine was observed to negatively affect the maxi-
mum length of the right humerus. In addition, it was
found that the proximal width of the right humerus and

the weight of bone, diaphysis diameter and weight/length
index of the right femur were lower.

Various biomechanical tests are used to determine the
mechanical properties of bones. One of the tests gener-
ally preferred in experimental studies conducted on rats
is the three-point bending test. In this test, the maximum
force applied to the bone, deformation, stiffness, strength
and elastic modulus are determined. In general, bone is
not a very ductile material. Therefore, the ability to sus-
tain postyield deformation is very low [3, 38, 57]. In the
present study, similarly, while the bones in both groups
had elastic strain region, the ability of the bones to yield
plastic strain region (post-yield displacement) was very
low.

In the study examining melatonin’s protective role
against Bisphenol F and S, a difference was detected
between the melatonin-treated groups and the control
group. According to the mechanical tests results, signifi-
cant differences were observed in deformation and elas-
tic modulus. Three-point bending tests were performed
on the tibia in ovariectomized rats treated with sodium
fluoride. Stiffness and strength were found to be low in
rats treated with sodium fluoride. It was determined that
spirulina platensis and different doses of sodium fluoride
changed the mechanical properties of bones in healthy
rats. Tibiae and ulna were used to determine the mechan-
ical properties of the bones [6, 37, 39, 44]. In the present
study, no difference was observed in the bone mechanical



Aydogdu et al. BMC Veterinary Research (2025) 21:358

properties of L-thyroxine. This difference is thought to be
due to variations in experimental models, gender, and the
type of bones used in mechanical tests in the studies.

The effect of nesfatin-1, one of the adipokines, on the
mechanical properties of rat humerus was investigated. A
difference was found in maximum loading between rats
receiving nesfatin-1 after ovariectomy and the control
group. It has been reported that the maximum loading
applied to rats receiving Nesfatin-1 was higher [38]. In
this study, no statistical difference was observed between
the L-thyroxine and control groups in terms of maxi-
mum loading. This difference is thought to be due to the
therapeutic use of Nesfatin-1 and its effect on the healing
process.

It was observed that the maximum loading and defor-
mation obtained from the three-point bending test per-
formed on the humerus and femur were consistent with
the literature in terms of the age and gender of the rats
used in the study [3, 38, 39]. It was understood that the
average maximum loading value increased in studies
using male and older age rats (older than 10-12 weeks)
[3, 39]. It is thought that the effects of age and gender
factors should be taken into consideration in addition to
experimental application in the response of bone tissue.

This investigation has some limitations. Studies con-
ducted on laboratory animals using L-thyroxine have pri-
marily focused on the effects on organs and biochemical
parameters [19, 59, 60]. The effects of thyroid hormones
on bones are known. Morphometry and biomechanics
are frequently preferred methods in bone studies [9, 10].
L-thyroxine is frequently used instead of thyroid hor-
mone in experimental studies. In studies using L-thyrox-
ine, the focus on organs other than bone tissue and the
consideration of different parameters create limitations
in the discussion of existing study data.

Conclusion

The current study, the effect of L-thyroxine, which is
frequently used in experimental studies, on the mor-
phometric and mechanical properties of bones was
investigated. It was observed that L-thyroxine affected
the morphometric properties of the humerus and femur
of long bones, but had no effect on their mechanical
properties. It has been determined that it has an effect,
especially on the bones on the right side of the body. It
has been observed that it negatively affects the maximum
length and proximal width of the humerus and the weight
of bone, diaphysis diameter and weight/length index of
the femur. The results obtained reveal that the effects of
L-thyroxine on bones should be taken into consideration
in experimental studies with L-thyroxine. It is thought
that these findings will contribute to the literature by cor-
relating the results obtained from different disciplines.
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