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Abstract

This study assessed the effects of thyroid hormones on the enzymes involved in L-arginine metabolism and the metabolites
generated by the different metabolic pathways. Compounds of L-arginine metabolism were measured in the kidney, heart, aorta,
and liver of euthyroid, hyperthyroid, and hypothyroid rats after 6 weeks of treatment. Enzymes studied were NOS isoforms
(neuronal [NNOS], inducible [iNOS], and endothelial [eNOS]), arginases | and I, ornithine decarboxylase (ODC), ornithine amino-
transferase (OAT), and L-arginine decarboxylase (ADC). Metabolites studied were L-arginine, L-citrulline, spermidine, spermine,
and L-proline. Kidney heart and aorta levels of eNOS and iNOS were augmented and reduced (P < 0.05, for each tissue and
enzyme) in hyper- and hypothyroid rats, respectively. Arginase | abundance in aorta, heart, and kidney was increased (P < 0.05, for
each tissue) in hyperthyroid rats and was decreased in kidney and aorta of hypothyroid rats (P < 0.05, for each tissue). Arginase Il
was augmented in aorta and kidney (P < 0.05, for each tissue) of hyperthyroid rats and remained unchanged in all organs of
hypothyroid rats. The substrate for these enzymes, L-arginine, was reduced (P < 0.05, for all tissues) in hyperthyroid rats. Levels of
ODC and spermidine, its product, were increased and decreased (P < 0.05) in hyper- and hypothyroid rats, respectively, in all
organs studied. OAT and proline levels were positively modulated by thyroid hormones in liver but not in the other tissues. ADC
protein levels were positively modulated by thyroid hormones in all tissues. According to these findings, thyroid hormone treat-
ment positively modulates different L-arginine metabolic pathways. The changes recorded in the abundance of eNOS, arginases |
and Il, and ADC protein in renal and cardiovascular tissues may play a role in the hemodynamic and renal manifestations observed
in thyroid disorders. Furthermore, the changes in ODC and spermidine might contribute to the changes in cardiac and renal mass
observed in thyroid disorders.
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Introduction

L-Arginine and its metabolites are at the center of various
metabolic pathways. L-Arginine is the main source of nitric
oxide (NO) generation via NO synthase (NOS).! All three
NOS isoforms (neuronal [nNOS], inducible [iNOS], and
endothelial [eNOS]) are present in tissues related to cardio-
vascular regulation and in renal tissue, and all play a role in
cardiovascular and renal physiology.>”

Arginases are responsible for the hydrolysis of arginine
into ornithine and urea.* There are two distinct isoforms of
mammalian arginase, arginases I and II. Arginase I
(Al cytosolic enzyme) is highly expressed in the liver and
to a much lesser extent in a few other cell types, whereas the
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expression of arginase II (All, mitochondrial enzyme) is
found in the kidney where it is more widely distributed.”®
Both arginase isoforms are expressed in endothelial and
smooth muscle cells of the vascular wall.”®

Arginases compete with arginine for NO synthesis.
Although the K,, for arginine is in the uM range for NOS
isozymes and in the mM range for arginases, the V. of
arginases is more than 1000-fold higher than that of NOS
isozymes. Hence, high levels of arginases can limit the avail-
ability of arginine for NO synthesis by intact cells.’

L-Ornithine is precursor in the synthesis in mammalian
cells of the polyamines putrescine, spermidine, and sperm-
ine via the enzyme ornithine decarboxylase (ODC).!
Increased activity of this enzyme is essential for cell
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proliferation and tissue repair."' L-Ornithine is also the sub-
strate for ornithine aminotransferase (OAT), which gener-
ates L-proline, required for collagen production.'

Another L-arginine metabolizing enzyme, L-arginine
decarboxylase (ADC), is responsible for the generation of
agmatine, which is elevated in the normal kidney'> and
might contribute to the biological effects of L-arginine
supplementation.

In hyperthyroid rats, plasma nitrite/nitrate levels are
augmented'* and NOS activity is upregulated in tissues
primarily related to blood pressure control.'” Our group
previously reported that blood pressure was increased in
thyroxine-treated rats by oral administration of the non-
specific NO inhibitor N®-nitro-L-arginine methyl ester
(L-NAME) and of the iNOS inhibitor aminoguanidine at
doses without pressor activity in normal rats."*'® These
reports all evidence an association between the hyperdy-
namic circulation of hyperthyroidism and an increase in
NO production.

With this background, we performed the first investiga-
tion in the metabolism of L-arginine in kidney, heart, and
aorta in thyroid disorders. The aim is to analyze the effects
of excesses and deficits in thyroid hormone levels on the
protein abundance of the enzymes involved in L-arginine
metabolism and on the amount of metabolites generated by
different metabolic pathways.

Materials and methods
Animals

Male Wistar rats born and raised in the experimental animal
service of the University of Granada were used.
Experiments were performed according to European
Union guidelines for the ethical care of animals. Rats ini-
tially weighing 200-250 g with 6 weeks of age were main-
tained on standard chow and tap water ad libitum except
where stated. The animals were divided into three groups:
euthyroid control, hyperthyroid, and hypothyroid (n=38
each group). Hyperthyroidism was induced by injecting
s.c. thyroxine 75 pg/rat/d dissolved in isotonic saline
(100mL) plus TmL of 0.5N NaOH and hypothyroidism
was induced by the continuous administration of 0.03%
methimazole via drinking water, as previously
reported.'”'® Control rats were injected with the same solu-
tion as the hyperthyroid rats but without thyroxine. These
treatments were administered for 6 weeks.

Experimental protocol

Tail systolic BP and heart rate were recorded using tail-cuff
plethysmography in unanesthetized rats (LE 5001-Pressure
Meter, Letica SA, Barcelona, Spain) twice at the end of the
experimental period on alternate days. Blood samples were
drawn from the femoral artery to determine plasma thyroid
hormone levels (T3 and T4). After anesthetizing the rats
with ethyl ether and killing them by exsanguination, the
heart, kidneys, aorta, and liver were removed.

L-Arginine metabolism in hyper- and hypothyroid rats

Analytical procedures

Free circulating T3 and T4 were determined in plasma using
rat radioimmunoassay kits according to the instructions of
the manufacturer (Diagnostic Products Corporation, Los
Angeles, CA, USA). Rat plasma TSH was measured by a
solid phase competitive chemiluminiscent enzyme
immunoassay using the IMMULITE 2000 Analyzer
(EURO/DPC, Llanberis, Gwynedd, UK).

Compounds of the L-arginine metabolism. All dissected
tissues were weighed and homogenized in ice-cold 10%
perchloric acid (50mg wet weight/mL) and then centri-
fuged at 10,000rpm for 10min to precipitate protein.
Supernatants (perchloric acid extracts) were immediately
frozen and stored at —80°C until analysis.

HPLC conditions. L-Citrulline, spermine, spermidine, pra-
line, and arginine were determined by high-performance
liquid chromatography (HPLC). Sample extracts were
reconstituted in the positive ion mode. The chromato-
graphic separation was carried out using an HSS T3
21 x100mm column. The mobile phase was aceto-
nitrile:-water (80:20 v/v) containing 0.1% PFBA (perfluoro-
butanoic acid), and the total flow rate was 0.25mL/min;
10 pL of each standard plus sample solution was injected,
with a total run time of 4.5 min.

Mass spectrometer settings. Detection of derivatized
metabolites and internal standards was analyzed by
liquid chromatography/tandem mass spectrometry (LC/
MS/MS) in electrospray positive ionization mode (Waters
XEVO-TQS, Scientific Instrument Center of University of
Granada, Granada, Spain). Capillary voltage was set at
2.3kV, source temperature at 150°C, nebulizer gas tempera-
ture at 200°C, nebulizer at 800L/h, collision gas (argon)
pressure in second quadrupole at 0.16 (mL/min), and
dwell time and interchannel delay were each set at 0.025s.

Method validation. Calibration standards were analyzed
in triplicate for each unlabeled compound to determine
retention time, limit of detection (LOD), limit of quantita-
tion (LOQ), coefficient of regression (R*), and dynamic
range. Calibration curves for each analyte were fitted
using linear regression. Assay reproducibility was tested
by analyzing calibration standards in triplicate on three dif-
ferent days. The coefficient of variation (%CV) was calcu-
lated at each concentration within the linear range of the
assay.

Protein abundance of the enzymes related to L-arginine
metabolism. The tissues were homogenized in 50 mm
HCI-Tris (pH 7.4) containing 1% Triton X-100 and centri-
fuged for 15min at 1000g. Protein abundance of eNOS,
iNOS, nNOS), Arginases I and II, ODC, ADC, and OAT
were measured in heart, kidney, aorta, and liver. The
enzymes were analyzed by indirect ELISA using commer-
cial kits from Bethyl Laboratorios Inc. (Montgomery, TX,
USA). Briefly, homogenized tissues containing 10 pg/mL
of total protein were fixed in a 96-well plate overnight at
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4°C. After blocking, the plate was probed with 1:1000 rabbit
anti-eNOS, anti-INOS, anti-ADC, anti-OAT, anti-ODC
(Abcam, Cambridge, UK), 1:1000 rabbit anti-Arg-1 or anti-
nNOS (Epitomic, Burlingame, CA, USA), or 1:1000 mouse
anti-Arg-2 antibody (Abcam, Cambridge, UK) as primary
antibodies, and with 0.2 pg/mL of mouse anti-rabbit HRP-
linked IgG antibody (KPL Inc., Gaithersburg, MD, USA) or
1pg/mL of horse anti-mouse HRP-linked IgG antibody
(Vector Laboratories, Burlingame, CA, USA), as secondary
antibodies. All samples were analyzed in duplicate. Results
are expressed as percentage of the mean absorbance of the
control group. Tissue protein was determined with the DC
Protein Assay kit (Bio-Rad, Madrid, Spain).

Statistical analysis

A one-way ANOVA was used for the comparisons of each
variable. When the overall ANOVA result was significant,
pairwise comparisons were performed with Bonferroni’s
method. P <0.05 was considered significant. SPSS for
Windows 15.0 (IBM Inc, Chicago, IL) was used for the ana-
lyses. P <0.05 was considered significant in all tests.

Results
Biological variables

Table 1 exhibits the effects of hyper-and hypothyroiodism
on biological variables. Animals receiving thyroxine or
methimazole for 6 weeks gained significantly less weight
than their age-matched controls over this period. Systolic
blood pressure, heart rate, renal weight, heart weight, and
plasma FT5 and FT, levels were increased in hyperthyroid
rats and decreased in hypothyroid rats, whereas plasma
TSH were decreased and increased in hyper-and hypothy-
roid rats, respectively. Therefore, rats receiving thyroxine
for 6 weeks developed the characteristic manifestations of

Table 1 Biological variables in control, hypothyroid (methimazole trea-
ted, 0.03% in drinking water), and hyperthyroid (T,-treated, 75ug/rat/d
s.c.) rats (n =8 each group)

Hypothyroid Control Hyperthyroid
Body, heart and kidney weight
Body weight (g) 263 £2.7** 358+4.2 314 +3.2*
Heart 600+4.1 930+4.2 1120+£3.5
weight (mg)
Kidney 770 £ 25" 1100 £ 32 1450 £ 43**
weight (mg)
Hemodynamic variables
Systolic blood 110 £ 4.0 125+4.1 154 +2.5***
pressure
(mmHg)
Heart rate 348 +£5.4* 390+8.9 477 £10.2"*
(opm)
Thyroid hormone levels
FT® (pg/mL) 1.60+£0.10"* 3.35+0.07 8.20 £0.33"*
FT* (ng/dL) 0.07 +0.002*** 2.44+£0.20 8.56 +£0.32**
TSH (mIU/I) 6.03+0.10"* 2.40+0.05 0.16 £0.02**
****** Data are mean+SEM. P <0.05; P <0.01; P <0.001 vs. controls.

hyperthyroidism, whereas those receiving methimazole for
the same period developed hypothyroidism.

Role of thyroid hormone levels on the compounds of
L-arginine metabolism

Figure 1 shows the effects of hypo-and hyperthyroidism on
different compounds of L-arginine metabolism measured in
the study. The highest levels of L-arginine were found in the
kidney, since the kidney is the major organ involved in
endogenous arginine synthesis.'” The hyperthyroid group
showed reduced rL-arginine levels in kidney, heart, and
aorta, whereas in the hypothyroid group, they were
unchanged. The liver showed the lowest levels of
L-arginine, which were positively modulated by the thyroid
hormone levels.

Renal levels of L-citrulline, a product of NOS activity,
were negatively modulated by thyroid hormone levels, as
were renal levels of the substrate L-arginine, being higher in
kidneys from hypothyroid rats and lower in those from
hyperthyroid rats. The highest levels of L-citrulline were
found in the heart. Cardiac L-citrulline levels were reduced
by both hypo- and hyper-thyroidism. Aorta L-citrulline
levels were increased in the hypothyroid group and
normal in the hyperthyroid group. L-Citrulline levels were
lowest in the liver, as in the case of the substrate L-arginine,
and were positively modulated by the thyroid hormone
levels.

Spermidine is generated by the activity of spermidine
synthase on putrescine, which is the product of the activity
of ornithine decarboxylase on L-ornithine. Spermidine was
reduced in all organs from hypothyroid rats and was sig-
nificantly increased in hyperthyroid rats.

Spermine is generated by the activity of spermine syn-
thase on spermidine; its levels did not significantly change
in any organ by thyroid hormone levels except for an
increase in the liver of the hyperthyroid group.

Proline is the product of the activity of OAT with
L-ornithine as a substrate, and the highest levels were
found in the kidney. Kidney and heart proline levels did
not differ significantly between the hypothyroid and hyper-
thyroid groups, while aorta levels were reduced in both
groups. Liver proline levels were positively modulated by
the thyroid hormone levels, reaching significance in the
hypothyroid group.

Protein abundance of the enzymes involved in
L-arginine metabolism

The values of NOS isoforms are shown in Figure 2. In gen-
eral, the organs directly related to BP control (heart, kidney,
and aorta) showed increased levels of the enzymes involved
in L-arginine metabolism in the hyperthyroid state, espe-
cially in comparison with the methimazole-treated group.
Levels of eNOS and iNOS in heart, kidney, and aorta were
increased in hyperthyroid rats and decreased in hypothy-
roid rats. In the liver, the levels of eNOS were decreased and
of iNOS increased in both hyper-and hypothyroid rats.
Levels of nNOS in heart and kidney were increased in
both hypo-and hyperthyroid rats; but in the aorta and in
the liver, they were reduced in hypothyroid rats.
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Arginase I abundance in aorta, heart, and kidney was
significantly increased in Ts-treated rats in comparison
with controls and was decreased in kidney and aorta of
hypothyroid rats (Figure 3). Arginase Il was augmented
in aorta and kidney of hyperthyroid rats and remained
unchanged in the heart and liver from this group and in
all organs from the hypothyroid rats (Figure 3).

ODC was increased in all studied organs of hyperthyroid
rats and reduced in all those of hypothyroid rats (Figure 4).
The protein abundance of OAT (Figure 4) was positively
modulated by thyroid hormone levels in the liver but was
not significantly changed in any other tissue in either group
(hyper- or hypothyroid). The protein abundance of ADC in
heart, kidney, aorta, and liver was increased in hyperthy-
roid rats and reduced in hypothyroid rats (Figure 4).

The data that are reported is summarized in Figure 5.

Discussion

The results of this study provide evidence that thyroid hor-
mones positively modulate different L-arginine metabolic
pathways, especially in regard to tissues and enzymes
related to blood pressure control (Figure 5). Thus, levels
of eNOS, iNOS and both arginases in the kidney, aorta,
and heart are elevated in hyperthyroid rats and reduced
in hypothyroid rats. L-Arginine, the substrate for these
enzymes, is consequently reduced in hyperthyroid rats.

These observations are in line with a previous report by
our group that NOS activity is upregulated in tissues pri-
marily related to blood pressure control in hyperthyroid
rats.'” The augmented expression of eNOS in aorta and
kidney in hyperthyroid rats and its reduction in hypothy-
roid rats are consistent with their increase and decrease,
respectively, in total peripheral vascular resistance,” renal
blood flow,?! and endothelium-dependent vasodilation in
conductance and resistance vessels.*
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There is growing evidence that vascular arginase partici-
pates in the pathophysiology of vascular diseases. Thus,
increased arginase activity and expression can be observed
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are also involved in vascular smooth muscle cell prolifer-
ation and migration.*® Therefore, the changes in ODC and
polyamines reported in the present paper might contribute
to the elevation and reduction, respectively, of cardiac and
renal mass in hyper and-hypothyroid rats and to the abnor-
mal vascular function®® reported in thyroid disorders.

The protein abundance of OAT and proline levels were
positively modulated by thyroid hormones in the liver but
not in the organs related to blood pressure control.

The protein content of ADC, an enzyme that generates
agmatine, was positively modulated by thyroid hormone in
the tissues studied. Agmatine modulates heart and vascular
function by acting on calcium homeostasis,* and its infu-
sion into the renal interstitium increases glomerular filtra-
tion and tubular resorption.”® Hence, the changes in the
protein content of ADC and in eNOS expression reported
here may participate in the peripheral resistance alterations
observed in thyroid disorders.

Finally, food intake, and, therefore, L-arginine intake, is
known to be increased and decreased in hyper- and hypo-
thyroid rats, respectively.’> These changes in L-arginine
intake might contribute to differences in L-arginine metab-
olism observed here in thyroid disorders. However, the
amount of oral L-arginine supplement required to produce
biological effects®*™ is much larger than the difference in
L-arginine intake between hyper- and hypothyroid rats.

Study limitations include its largely descriptive nature,
being designed to record changes induced by thyroid dis-
orders in the main compounds of L-arginine metabolism.
However, these observations open up new perspectives
for research into the mechanisms underlying these alter-
ations and their pathophysiological consequences.

In summary, the results of the present paper show that
thyroid hormone positively modulates different L-arginine
metabolic pathways. The tissue content of eNOS, arginases
I .and II, ADC, ODC, and spermidine in kidney, heart, and
aorta is increased in hyperthyroid rats and reduced in
hypothyroid rats. These alterations may participate in the
hemodynamic and renal manifestations and cardiac and
renal mass abnormalities of thyroid disorders.
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