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Chronic fluoxetine treatment affects gene expression of catecholamine enzymes
in the heart of depression model rats
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Depression is associated with increased risk of coronary heart diseases. Selective serotonin reuptake inhibitors (SSRIs)
have been proved to be very effective in normalizing symptoms of depression, but the data on possible influence of these
drugs on cardiovascular function is controversial. Applying Tagman RT-PCR assay, the effect of chronic treatment with a
SSRI antidepressant fluoxetine has been investigated on gene expression of catecholamine biosynthetic enzymes in all four
heart chambers of rats with signs of depression. Depression was induced by exposing the animals to chronic unpredictable
mild stress (CUMS). Tyrosine-hydroxylase (TH) and dopamine-R-hydroxylase (DBH) mRNA levels were decreased both in
right and left atria, while phenylethanolamine N-methyltransferase (PNMT) mRNAs were increased in left atria and both
ventricles of depression model rats. Fluoxetine elevated gene expression of TH and DBH in atria, but did not influence this
process in the ventricles. Also, this antidepressant did not express a significant effect on the level of PNMT mRNA both in
atria and ventricles. These results indicate that fluoxetine acted stimulating noradrenaline synthesis in the heart, which could

lead to increased risk of heart disease.
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Chronic stress appears to be one of the most potent
causes of depression™?. Patients with depression have
an increased activity of the hypothalamo-pituitary-
adrenocortical and sympatho-adrenomedullary
system, similar to those in the state of perceived
stress, which could lead to the abnormalities in
platelet function, autonomic tone and inflammation®“.
These numerous physiological changes could
contribute to the development of cardiovascular
disease and increased morbidity and mortality in
patients with preexisting disease®’. This raises the
question of a possible efficacy of antidepressants in
the treatment of heart diseases, because while treating
heart patients with antidepressants alleviates the
symptoms of depression, the effects of these drugs
on cardiovascular function itself are far less clear.
Many antidepressant medications have adverse
cardiovascular effects that restrict their application,
particularly to older patients®*°. Newer medications,
such as selective serotonin reuptake inhibitors
(SSRIs), not only increase brain serotonin levels, but
also appear to improve behaviour™ and normalize
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many physiological changes related to depression,
including increased cortisol levels and improved heart
rate variability’***. However, SSRI drugs are also
associated with cardiovascular risk™°.

The importance of catecholamines in augmenting
cardiac function has been well established. Tyrosine
hydroxylase (TH), a rate-limiting enzyme in the
synthesis of catecholamines catalyzes conversion
of tyrosine to dihydroxy-phenylalanine (DOPA)
which is further converted into dopamine by a
nonspecific enzyme, aromatic L-amino acid
decarboxylase (AAAD). Dopamine, transferred from
the cytoplasm into storage vesicles gets converted into
noradrenaline by dopamine-R-hydroxylase (DBH).
Finally noradrenaline gets transformed into adrenaline
by a soluble cytoplasmic phenylethanolamine
N-methyltransferase (PNMT). These enzymes are
present in different types of tissues and their gene
expression can be modified by various stressors'’.
Chronic  antidepressant treatments may alter
catecholamine biosynthesis in brain'®*. However,
possible effects of SSRI drugs on catecholamine
biosynthesis in heart of animals with signs of
depression are still unknown. To investigate these
effects a rat model of depression induced by exposure
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of animals to chronic unpredictable mild stress
(CUMS) has been employed. Animals subjected to
CUMS had depression-like behavior and elevated
plasma levels of corticosterone®?'. Grippo et al.”
have found that these rats had increased blood
pressure and tachycardia, making this model suitable
for the studies of depression-induced cardiovascular
diseases. Applying TagMan RT-PCR, the influence of
long-term treatment with fluoxetine, a serotonergic
reuptake inhibitor has been estimated on gene
expression of three catecholamine biosynthetic
enzymes viz, TH, DBH and PNMT, in the right
and left atria and ventricles of rats exposed to CUMS
for 4 weeks.

Materials and Methods

Animals—Adult males Wistar rat weighing 280-
320 g at the onset of experiments and maintained in a
temperature-controlled room (21+1.0 °C) and 12:12 h
L:D cycle, were used. The care was taken to minimize
the pain and discomfort of the animals according to
the recommendations of the Ethical Committee of the
“Vinca” Institute, Belgrade, which are in accordance
with the Guide for Care and Use of Laboratory
Animals of the National Institute of Health, Bethesda,
MD, U.S.A. Fluoxetine (fluxilan ®, Aeigis LTD,
Cyprus) dissolved in sterile water and sonicated for
approximately 10 min, was prepared ex tempore.
Animals that were subjected to CUMS, according to
method by Grippo et al.?, received daily injections of
vehicle (sterile water) or fluoxetine (10 mg/kg) by ip
route during 4 weeks. Control group of animals also
received daily injections of vehicle. The animals
exposed to CUMS and the corresponding controls
were decapitated under mild anesthesia (50 mg/kg, ip,
ketamine), the right and left cardiac atria and ventricle
rapidly dissected, frozen in liquid nitrogen and stored
at -70 °C until analyzed.

RNA isolation and cDNA synthesis—Total RNAs
were isolated using TRIZOL reagent (Invitrogen,
CA, US.A)). Reverse transcription was performed
using Ready-To-Go You-Prime First-Strand Bead
(AP, Biotech) and pd (N)s primer according to
manufacturer’s protocol.

Real-time RT-PCR—TagMan PCR assays were
carried out using Assay-on-Demand Gene Expression
Products (Applied Biosystems, USA) for TH
(assay ID: Rn 00562500 ml), DBH (assay ID:
Rn 00565819 ml) and PNMT (assay ID: Rn
01495589 gl1). The reactions were performed in a

25 pL reaction mixture containing 1x TagMan
Universal Master Mix with AmpErase UNG, 1x
Assay Mix (Applied Biosystems) and cDNA template
(10 ng of RNA converted to cDNA). PCR reactions
were performed in ABI Prism 7000 Sequence
Detection System at 50 °C for 2 min, 95 °C for 10
min, followed by 40 cycles at 95 °C for 15 sec and
60 °C for 1 min. A reference, endogenous control,
was included in each analysis to correct the
differences in the inter-assay amplification efficiency
and all transcripts were normalized to cyclophyline
A (assay ID: Rn 00690933 _ml) expression.
Quantification was done using the 22“°" method
according to Livak and Schmittgen?.

Satistical analysis—The results are reported as
mean + SE. Significance of the differences in gene
expression levels of the examined catecholamine
biosynthetic enzymes in the right and atrial appendage
and ventricles of rats subjected to repeated
antidepressants treatment was estimated by One-way
ANOVA test. The Tukey post-hoc test was used
to evaluate the differences between the groups.
Statistical significance was accepted at P<0.05.

Results

The alterations in relative gene expression
of catecholamine biosynthetic enzymes were
investigated in right and left atria and ventricles after
repeated fluoxetine treatment of adult rats exposed to
CUMS for 4 weeks. A decrease of TH mRNA levels
in the right and left atria was observed after chronic
exposure to stress (by 32 and 65 %, respectively)
(Fig. 1a). Fluoxetine considerably affected the
expression of TH in the atria of stressed rats
increasing gene expression of this enzyme by 21 and
106 % in the left and right atria, respectively.
On the other hand, CUMS did not affect gene
expression of TH in heart ventricles. Also, chronic
application of the antidepressant, markedly elevated
the expression of TH in both left and right ventricles
(by 182 and 197%, respectively).

One-way ANOVA analysis also revealed
significant stress-induced variations of DBH mRNA
levels in atria. Similar to CUMS effect on TH gene
expression, exposure of animals to this stress
significantly decreased DBH mRNA levels in left and
right atria (by 70 and 55%, respectively) (Fig. 1b).
In contrast, fluoxetine increased DBH mMRNA
levels both in left and right atria (by 84 and 96%,
respectively). Neither the CUMS procedure, nor the
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Fig. 1—Effect of chronic treatment of fluoxetine on (a) tyrosine
hydroxylase (TH) mRNA levels (b) dopamine-3-hydroxylase
(DBH) mRNA and (c) phenylethanolamine N-methyltransferase
(PNMT) mRNA levels in right and left heart atria and ventricle of
rats exposed to CUMS for 4 weeks. The values are means + SE of
6-8 rats. P values: #< 0.05; ##<0.01; ##t<0.001 CUMS vs. unstressed
control; *< 0.05; **<0.01 placebo vs. fluoxetine (Tukey test).

treatment with the antidepressant expressed a
significant effect on relative gene expression of
DBH in cardiac ventricles.

Analysis of the data indicated that the applied
stressful procedure acted increasing PNMT mRNA
levels by 39% in the left, while expressing no effect
on this enzyme mRNA levels in right atria in
comparison with the unstressed controls. Expression
of the PNMT gene was also markedly increased both
in the right and left ventricles (by 42 and 19%,
respectively). Fluoxetine treatment, however, had no
significant influence on the level of PNMT mRNA
(Fig. 1c).

Discussion

There are numerous clinical studies demonstrating
a significant advantage of SSRI antidepressants in
the treatment of cardiovascular diseases. However,
studies on the same topic using experimental animals
have not been widely conducted. Grippo et al.”
found that administration of fluoxetine to chronically
stressed animals, only partially prevented the increase
of both sympathetic activation and heart rate. In
the present study the effects of chronic stress
and fluoxetine treatment were determined on gene
expression of three catecholamine synthesizing
enzymes in right and left atria and ventricles of adult
rats. The results showed that chronic stress led to a
decreased TH and DBH mRNA levels both in the
right and left heart atria, which might be interpreted
as the adaptation of cardiomyocytes and protection
against deleterious effects of noradrenaline excess
released from stellate ganglia under stress conditions,
as indicated by earlier studies®?®. In contrast, chronic
application of the antidepressant increased the levels
of TH and DBH mRNAs in the heart atria of CUMS
rats. Fluoxetine had a similar effect in the atria of
non-stressed animals?’. Although SSRIs are potent
inhibitors of neuronal serotonin uptake, the ability of
fluoxetine to increase the extracellular concentrations
of noradrenaline and dopamine, as well as of
serotonin has been observed in prefrontal cortex®?,
Fluoxetine treatment was also shown to result in
increased expression of the TH gene in the locus
coeruleus®®®. Chronic application of fluoxetine
led to an increased expression of these genes in
the rat adrenal medulla®. It was confirmed that
antidepressants could affect the transcription factors.
Chronic application of SSRIs was shown to elevate
CRE-dependent gene transcription in rat brain, that
includes the genes for TH and DBH**, Shinkai et al.*
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reported that milinacipran, a serotonin/noradrenaline
reuptake inhibitor, activates TH through a p44/42
mitogen-activated protein kinase (MAPK)-dependent
pathway in bovine adrenal medullary cell cultures.
Rapid activation of this signaling pathway was also
observed in the rat heart after acute immobilization
stress®. In addition. Yasumoto et al.*” suggested that
fluoxetine has an ability to deplete catecholamines
by inhibiting the activity of wvesicular monoamine
transporter.

Continuous release of catecholamines from vesicles
could be the reason for the increased synthesis of
noradrenaline in cardiomyocytes. Fluoxetine treatment,
however, did not affect the expression of DBH gene in
ventricles of stressed rats. Expression levels of DBH
mRNA in ventricles were low, making it difficult to
determine possible changes after treatment. Further,
numerous genes are differentially expressed in
mammalian atrial and ventricular cardiocytes, thus
providing a better understanding of the molecular
differences between these tissues®™®. It should be
also underlined that fluoxetine did not affect the
PNMT gene expression in rat heart. PNMT regulation
was shown to be tissue specific. The PNMT gene
contains glucocorticoid response elements (GRES).
Tai et al.”” reported that glucoccorticoids regulate
PNMT gene transcriptionally and posttranscriptionally.
Glucocorticoid treatment lowered the level of the
intron-containing MRNA, increased the levels of the
intronless MRNA, and the PNMT activity in the
cardiac ventricle. Thus, unlike the adrenal gland, the
heart regulates PNMT levels through alternative
splicing”. Chronic fluoxetine treatment did not alter
plasma corticosterone levels* and this could be the
reason why a change in the PNMT mRNA levels was
not observed.

These results raise the question of consequences
which could result at the physiological level. Increased
synthesis of catecholamines initiated by the
antidepressant, may exert deleterious effects on cardiac
structure and function. So far, two clinical studies
reported increased blood pressure and heart rate in
duloxetine and venlafaxine trials. The proposed
mechanism for antidepressant-induced tachycardia is
its effects on noradrenaline level®*. Besides, Shyu et
al.”® found that noradrenaline at high concentrations
stimulated apoptosis in rat neonatal cardiac myocytes
in vitro and also, Neri et al.® showed that large
catecholamine amounts may induce oxidative damages
through reactive intermediates evolving by their
auto-oxidation, thus causing a cardiotoxic effect.

Therefore, increased gene transcription of TH and
DBH in atria, suggesting an elevated noradrenaline
synthesis indicates a possible increased risk of heart
disease in depressed individuals treated with fluoxetine.

Acknowledgement

This work was supported by the Ministry of
Education and Science of the Republic of Serbia,
Contract No. 173044.

Reference

1 Belmaker R H & Agam G, Major depressive disorder, N
Engl J Med, 358 (2008) 55.

2 Hammen C, Stress and depression, Annu Rev Clin Psychal, 1
(2005) 293.

3 Bayles R G, Dawood T, Lambert E A, Schlaich M P &
Lambert G W, Elevated cardiac risk in patients with major
depressive disorder, AmJ Psychiatry, 165 (2008) 137.

4  Surtees P G, Wainwright N W, Boekholdt S M, Luben R N,
Wareham N J & Khaw K T, Major depression, C-reactive
protein, and incident ischemic heart disease in healthy men
and women, Psychosom Med, 70 (2008) 850.

5 Jiang W, Glassman A, Krishnan R, O’Connor C M & Califf
R M, Depression and ischemic heart disease: what have we
learned so far and what must we do in the future? Am Heart
J, 150 (2005) 54.

6 Lett H S, Blumenthal J A, Babyak M A, Sherwood A,
Strauman T, Robins C & Newman M F, Depression as a risk
factor for coronary artery disease: evidence, mechanisms,
and treatment, Psychosom Med, 66 (2004) 305.

7  Lichtman J H, Bigger J T Jr, Blumenthal J A, Frasure-Smith
N, Kaufmann P G, Lespérance F, Mark D B, Sheps D S,
Taylor C B & Froelicher E S, Depression and coronary heart
disease. Recommendations for screening, referral, and
treatment, Circulation, 118 (2008) 1768.

8 Cohen H W, Gibson G & Alderman M H, Excess risk of
myocardial infarction in patients treated with antidepressant
medications: association with use of tricyclic agents, Am J
Med, 108 (2000) 2.

9 Kalkan S, Hocaoglu N, Oransay K, Buyukdeligoz M &
Tuncok Y, Adenosine-mediated cardiovascular toxicity in
amitriptyline-poisoned rats, Drug Chem Toxicol, (2011),
doi:10.3109/01480545.2011.640682.

10 Roose S P & Miyazaki M, Pharmacologic treatment of
depression in patients with heart disease, Psychosom Med, 67
(2005) 54.

11 Mahesh R, Pandey D K, Katiyar S, Kukade G, Viyogi S &
Rudra A, Effect of anti-depressants on neuro-behavioural
consequences following impact accelerated traumatic brain
injury in rats, Indian J Exp Biol, 48 (2010) 466.

12 Carney R M, Freedland K E & Veith RC, Depression, the
autonomic nervous system, and coronary heart disease,
PsychosomMed, 67 (2005) 29.

13 Sauer W H, Berlin J A & Kimmel S E, Effect of
antidepressants and their relative affinity for the serotonin
transporter on the risk of myocardial infarction, Circulation,
108 (2003) 32.

14 Swenson J R, O'Connor C M, Barton D, Van Zyl L T,
Swedberg K, Forman L M, Gaffnrey M & Glassman A H,
Influence of depression and effect of treatment with
sertraline on quality of life after hospitalization for acute
coronary syndrome, AmJ Cardiol, 92 (2003) 1271.



15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

SPASOJEVIC et al.: FLUOXETINE AND CATECHOLAMINE ENZYMES IN RAT HEART

Alvarez P A & Pahissa J, QT alterations in
psychopharmacology: proven candidates and suspects, Curr
Drug Saf, 5 (2010) 97.

Pacher P, Ungvari Z, Nanasi P P, Furst S & Kecskemeti V,
Speculations on difference between tricyclic and selective
serotonin reuptake inhibitor antidepressants on their cardiac
effects. Is there any? Curr Med Chem, 6 (1999) 469.
Kvetnansky R, Sabban E L & Palkovits M,
Catecholaminergic systems in stress: structural and
molecular genetic approaches, Physiol Rev, 89 (2009) 535.
Oliva J M, Uriguen L, Perez-Rial S & Manzanares J, Time
course of opioid and cannabinoid gene transcription alterations
induced by repeated administration with fluoxetine in the rat
brain, Neur opharmacol ogy, 49 (2005) 618.

Zhu MY, Wang W P, Baldessarini R J & Kim K 'S, Effects
of desipramine treatment on tyrosine hydroxylase gene
expression in cultured neuroblastoma cells and rat brain
tissue, Brain Res Mol Brain Res, 133 (2005) 167.

Dronjak S, Spasojevic N, Gavrilovic L & Varagic V,
Effects of noradrenaline and serotonin reuptake inhibitors
on pituitary-adrenocortical and sympatho-adrenomedullar
system of adult rats, Neuro Endocrinol Lett, 28 (2007) 614.
Spasojevic N, Gavrilovic L & Dronjak S, Different
behavioral effects of maprotiline and fluxilan in rats, Arch
Biol i, 60 (2008) 33.

Grippo A J, Moffitt J A & Johnson A K, Cardiovascular
alterations and autonomic imbalance in an experimental
model of depression, Am J Physiol Regul Integr Comp
Physiol, 282 (2002) 1333.

Livak K J & Schmittgen T D, Analysis of relative gene
expression data using real-time quantitative PCR and the
2724CT Method, Methods, 25 (2001) 402.

Grippo A J, Beltz T G, Weiss R M & Johnson A K,
The effects of chronic fluoxetine treatment on chronic
mild stress-induced cardiovascular changes and anhedonia,
Biol Psychiatry, 59 (2006) 309.

Gavrilovic L, Spasojevic N & Dronjak S, Psychosocial
stress-related changes in gene expression of norepinephrine
biosynthetic enzymes in stellate ganglia of adult rats, Auton
Neurosci, 150 (2009) 144.

Parrish D C, Gritman K, VanWinkle D M, Woodward
W R, Bader M & Habecker B A, Postinfarct sympathetic
hyperactivity differentially stimulates expression of tyrosine
hydroxylase and norepinephrine transporter, Am J Physiol
Heart Circ Physiol, 294 (2008) 99.

Spasojevic N, Jovanovic P, Spasojevic-Tisma V, Djelic N &
Dronjak S, Differential in vivo regulation of TH and DBH
mRNA in rat atria by maprotiline and fluoxetine, Arch Biol
Sci, 63 (2011) 597.

Bymaster F P, Zhang W, Carter P A, Shaw J, Chernet E,
Phebus L, Wong D T & Perry K W, Fluoxetine, but not other
selective serotonin uptake inhibitors, increases norepinephrine
and dopamine extracellular levels in prefrontal cortex,
Psychophar macology (Berl), 160 (2002) 353.

Perry K W & Fuller R W, Fluoxetine increases
norepinephrine release in rat hypothalamus as measured by
tissue levels of MHPG-SO4 and microdialysis in conscious
rats, J Neural Transm, 104 (1997) 953.

Brady L S, Whitfield H J, J Fox R J, Gold P
W & Herkenham M, Long-term antidepressant
administration  alters  corticotropin-releasing  hormone,
tyrosine hydroxylase, and mineralocorticoid receptor gene

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

775

expression in rat brain. Therapeutic implications, J Clin
Invest, 87 (1991) 831.

Heydendael W & Jacobson L, Widespread hypothalamic-
pituitary-adrenocortical axis-relevant and mood-relevant
effects of chronic fluoxetine treatment on glucocorticoid
receptor gene expression in mice, Eur J Neurosci, 31(2010)
892.

Spasojevic N, Gavrilovic L & Dronjak S, Effects of repeated
maprotiline and fluoxetine treatment on gene expression
of catecholamine synthesizing enzymes in adrenal medulla
of unstressed and stressed rats, Auton Autacoid Pharmacol,
30 (2010) 213.

Duman R S, Role of neurotrophic factors in the etiology and
treatment of mood disorders, Neuromolecular Med, 5 (2004) 11.
Nibuya M, Nestler E J & Duman R S, Chronic antidepressant
administration increases the expression of CAMP response
element binding protein (CREB) in rat hippocampus,
J Neurosci, 16 (1996) 2365.

Shinkai K, Toyohira Y, Yoshimura R, Tsutsui M, Ueno S,
Nakamura J & Yanagihara N, Stimulation of catecholamine
synthesis via activation of p44/42 MAPK in cultured
bovine adrenal medullary cells by milnacipran, Naunyn
Schmiedebergs Arch Pharmacal, 375 (2007) 65.

Ueyama T, Aki T, Senba E, Hatanaka K & Yoshida K,
Emotional stress activates MAP kinase in the rat heart,
Life Sci, 69 (2001) 1927.

Yasumoto S, Tamura K, Karasawa J, Hasegawa R, lkeda K,
Yamamoto T & Yamamoto H, Inhibitory effect of selective
serotonin reuptake inhibitors on the vesicular monoamine
transporter 2, Neurosci Lett, 454 (2009) 229.

Ellinghaus P, Scheubel R J, Dobrev D, Ravens U, Holtz J,
Huetter J, Nielsch U & Morawietz H, Comparing the
global mRNA expression profile of human atrial and
ventricular myocardium with high-density oligonucleotide
arrays, J Thorac Cardiovasc Surg, 129 (2005) 1383.
McGrath M F & de Bold A J, Transcriptional analysis of
the mammalian heart with special reference to its endocrine
function, BMC Genomics, 10 (2009) 254.

Tai T C, Claycomb R, Her S, Bloom A K & Wong D L,
Glucocorticoid responsiveness of the rat phenylethanolamine-
N-methyltransferase gene, Mol Pharmacol, 61 (2002) 1385.
Ziegler M G, Kennedy B P, Bao X & Enns R, Ectopic (extra-
adrenal medullary) phenylethanolamine N-methyltransferase
expression, Ann NY Acad Sci, 971 (2002) 76.

Spasojevic N, Gavrilovic L, Kovacevic | & Dronjak S,
Effects of antidepressants maprotiline and fluxilan on
sympatho-adrenomedullary system in stressed rats, Auton
Neurosci, 145 (2009) 104 .

Colucci V J & Berry B D, Heart failure worsening and
exacerbation after venlafaxine and duloxetine therapy, Ann
Pharmacother, 42 (2008) 882.

Stevens D L, Duloxetine-associated tachycardia, Ann
Pharmacother, 42 (2008) 1511.

Shyu K G, Kuan P, Chang M L, Wang B W & Huang F Y,
Effects of norepinephrine on apoptosis in rat neonatal
cardiomyocytes, J Formos Med Assoc, 99 (2000) 412.

Neri M, Cerretani D, Fiaschi A I, Laghi P F, Lazzerini P E,
Maffione A B, Micheli L, Bruni G, Nencini C, Giorgi G,
D'Errico S, Fiore C, Pomara C, Riezzo |, Turillazzi E &
Fineschi V, Correlation between cardiac oxidative stress and
myocardial pathology due to acute and chronic norepinephrine
administration in rats, J Cdl Mol Med, 11 (2007) 156.



