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To the Editor,
Tissue hypoxia occurs frequently in sepsis even after apparent restoration of stable sys-
temic hemodynamics (macro- to micro-circulation uncoupling). Low cellular oxygen 
content results in neo-vessel formation with abnormal vasomotor response, increased 
vascular permeability and thrombosis (pathologic angiogenesis) [1] and ultimately in 
organ failure. Thyroid hormone (TH) which is critical regulator of organ maturation, 
physiologic angiogenesis and mitochondrial biogenesis can adapt heart and other organs 
to hypoxia during development and after tissue injury later in adult life via regulation of 
p38 MAPK and Akt signaling pathways [2]. Along this line, the present study explored 
the potential of triiodothyronine (T3) to prevent tissue hypoxia which occurs early in 
experimental sepsis despite cardiac hemodynamics being preserved.

The protocol was approved by the Institutional Animal Care and Use Committee of 
Medical School, National and Kapodistrian University of Athens. Sepsis was induced in 
adult male 10- to 12-week-old C57BL/6 N mice by ligation distal to the ileocecal valve 
(25% of total cecum length) and perforation by a single 21G puncture (CLP). Animals 
were treated with a single dose of either vehicle (n = 8, placebo group) or T3 (n = 8, 
0.3 μg/g, T3 group) intraperitoneally immediately after surgery. Naive animals were used 
as control (n = 9, naive group). Animals were killed 18 h after the CLP procedure. Lac-
tate was measured with L-lactate assay kit in serum (Sigma-Aldrich, MAK329). Cardiac 
and liver hypoxia at cellular level was detected using Hypoxyprobe™ Plus kit (pimoni-
dazole hydrochloride, PMZ) on frozen, 4% paraformaldehyde fixed tissues. PMZ was 
administered intravenously 2 h before the killing at a dosage of 60 mg/kg. PMZ is reduc-
tively activated in hypoxic cells (pO2 < 10 mm Hg) and forms stable adducts (sulphydryl) 
groups in proteins and amino acids. A specific antibody (FITC-MAb1, 1:200, overnight, 
4  °C) that binds to these adducts was used combined with a chromogenic anti-FITC 
secondary antibody (1:200, 1 h, RT) and allowed detection by immunoperoxidase stain-
ing. Captured microscopy images were analyzed with ImageJ by automated demarca-
tion of the PMZ-positive compared to the PMZ-negative area. Cardiac performance was 
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assessed by echocardiography. Cardiac output (ml/min) was 14.7 (SEM, 1.0), 12.1(0.7) 
and 14(1.0) and heart rate (beats/min) 444(23), 439(16) and 427(9) for naïve, placebo and 
T3, respectively (p = ns). CLP resulted in increased lactate levels and cardiac and liver 
hypoxia at cellular level (PMZ staining) in placebo, but not in T3-treated group (Fig. 1).

TH signaling seems to be crucial in the response to lung injury in experimental sepsis 
and ventilator-induced trauma [3]. In addition, the present study demonstrated that T3 
treatment can prevent tissue hypoxia in cardiac and liver samples which occurs early 
in experimental sepsis (within 18  h) before cardiac output is impaired. PMZ staining 
was used to detect tissue pO2 < 10  mmHg. Oxygen below this level results in activa-
tion of HIF1α-dependent regulatory mechanisms which promote pathologic angiogen-
esis, changes in immune response and determine sepsis-induced injury progression [4]. 
T3 treatment was also shown to significantly lower circulating lactate levels probably 
due to the prevention of tissue hypoxia. However, favorable actions of T3 on cellular 

Fig. 1  Representative microscopy images after pimonidazole (PMZ) staining from heart and liver tissues 
of naive (a and d), placebo (b and e) and T3-treated (c and f) animals. Detection of hypoxia (PMZ positive) 
was based on immunoperoxidase staining (brown color). Analysis of the pictures for detection of the 
PMZ-positive signal and area was performed in ImageJ using the "Threshold Color" function. Selection of 
threshold values was based on stained sections from naïve animals. "PMZ-positive" % area of the heart and 
liver tissue was identified as the percentage of pixels with color above the set threshold to total pixels in each 
picture. Background areas with no tissue were removed from the calculation. g Lactate levels in serum were 
5.2 ± 0.28 mM in placebo and 4.2 ± 0.35 in T3-treated group 18 h after surgery, p < 0.05. Baseline lactate levels 
in naive animals were 4.1 ± 0.3 mM, p < 0.05 vs placebo only. h Quantification of PMZ-positive staining in left 
ventricular tissue was 4% ± 0.5 in placebo and 1.5% ± 0.5 in T3-treated hearts 18 h after surgery, p = 0.028. i 
PMZ-positive staining in liver was 3.8% ± 1.4 in placebo and 0.3% ± 0.1 in T3-treated hearts, p = 0.026. Results 
are presented as mean ± SEM. *p < 0.05 vs placebo
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metabolism may also account for this effect. T3 can improve coupling of glycolysis to 
glucose oxidation and decrease H+ production via its action on pyruvate dehydroge-
nase activity (PDH) [5]. PDH is found to be suppressed during sepsis [6]. This experi-
mental evidence may be of therapeutic relevance, particularly for COVID-19 therapy 
where tissue hypoxia prevails [7]. Triiodothyronine has previously been administered in 
dopamine-dependent shock to support hemodynamics [8]. More recently, the efficacy 
and safety of the use of triiodothyronine has been investigated in patients with anterior 
STEMI undergoing angioplasty (ThyRepair trial EudraCT: 2016-000631-40). This study 
has been successfully completed without major safety issues [9, Suppl.Material]. Accord-
ingly, a phase II randomized double-blind placebo-controlled study is underway to dem-
onstrate the safety and efficacy of T3 using the same dose in critically ill COVID-19 
patients (Thy-Support study, NCT04348513, EudraCT: 2020-001623-13) [9].
Acknowledgements
We would like to thank Aggelos Pavlopoulos, Nefeli Zerva and Despoina Papassava for their technical support during 
experimentation.

Authors’ contributions
I.M.: concept, experimentation, data gathering, interpretation and revision of the manuscript. A.L.: experimentation, data 
gathering, data analysis and revision of the manuscript. A.T.: data analysis, interpretation and revision of the manuscript. 
I.T.: concept and revision of the manuscript. C.P.: concept, study design, data gathering, interpretation and drafting of the 
manuscript. All authors read and approved the final manuscript.

Funding
This project was supported by a grant from Uni-Pharma Pharmaceutical Company. The study sponsor had no involve-
ment in study design, collection, analysis, and interpretation of data.

Availability of data and materials
Raw data and datasets used and/or analyzed during the current study are available from the corresponding author on 
request.

Declarations

Ethics approval and consent to participate
The protocol was approved by the Institutional Animal Care and Use Committee of Medical School, National and Kapo-
distrian University of Athens. All animal experiments conformed to the revised Institute of Laboratory Animal Resources, 
Commission on Life Sciences, National Research Council "Guide for the Care and Use of Laboratory Animals" National 
Academy Press, Washington, D.C. 1996.

Consent for publication
The work described has not been published before and is not under consideration for publication anywhere else. The 
submitted work is original and has been approved for publication by all co-authors.

Competing interests
The following pending patents are relevant to the work in this manuscript. PCT/EP2019/087056. L-triiodothyronine (T3) 
for use in limiting microvascular obstruction. Greek Patent Office, number of case: 22-0002577373. Composition compris-
ing L-triiodothyronine (T3) for use in the treatment of critically ill patients with coronavirus infection. Greek Patent Office, 
number of case 22-0003823965. Composition comprising L-triiodothyronine (T3) for use in the treatment of tissue 
hypoxia. IT, managing director of Uni-Pharma, is the sponsor of these patents. CP and IM are the inventors and hold 
royalties in relation to these patents.

Author details
1 Department of Pharmacology, National and Kapodistrian University of Athens, 75 MikrasAsias Ave., Goudi, 11527 Ath-
ens, Greece. 2 Institute for Stroke and Dementia Research (ISD), University of Munich Medical Center, Munich, Germany. 
3 Department of Neurointensive Care, Schoen Klinik Bad Aibling, Kolbermoorerstrasse 72 Bad Aibling, Bayern, Germany. 

Received: 18 January 2021   Accepted: 11 March 2021

References
	1.	 Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F, Vanstapel A, Werlein C, Stark H et al (2020) 

Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in COVID-19. N Engl J Med 383(2):120–128



Page 4 of 4Mourouzis et al. ICMx            (2021) 9:17 

	2.	 Pantos C, Mourouzis I, Saranteas T, Clavé G, Ligeret H, Noack-Fraissignes P, Renard PY, Massonneau M, Perimenis P 
et al (2009) Thyroid hormone improves postischaemic recovery of function while limiting apoptosis: a new thera-
peutic approach to support hemodynamics in the setting of ischaemia-reperfusion? Basic Res Cardiol 104(1):69–77

	3.	 Ma SF, Xie L, Pino-Yanes M, Sammani S, Wade MS, Letsiou E, Siegler J, Wang T, Infusino G et al (2011) Type 2 deiodi-
nase and host responses of sepsis and acute lung injury. Am J Respir Cell Mol Biol 45(6):1203–1211

	4.	 Ebbesen P, Eckardt KU, Ciampor F, Pettersen EO (2004) Linking measured intercellular oxygen concentration to 
human cell functions. Acta Oncol 43(6):598–600

	5.	 Liu Q, Clanachan AS, Lopaschuk GD (1998) Acute effects of triiodothyronine on glucose and fatty acid metabolism 
during reperfusion of ischemic rat hearts. Am J Physiol 275(3):E392–E399

	6.	 Nuzzo E, Liu X, Berg K, Andersen L, Doninno M (2015) Pyruvate dehydrogenase levels are low in sepsis. Crit Care 
19:P33

	7.	 Pantos C, Tseti I, Mourouzis I (2020) Use of triiodothyronine to treat critically ill COVID-19 patients: a new clinical trial. 
Crit Care 24:209

	8.	 Hesch RD, Hüsch M, Ködding R, Höffken B, Meyer T (1981) Treatment of dopamine-dependent shock with triiodo-
thyronine. Endocr Res Commun 8(4):229–237

	9.	 Pantos C, Kostopanagiotou G, Armaganidis A, Trikas A, Tseti I, Mourouzis I (2020) Triiodothyronine for the treat-
ment of critically ill patients with COVID-19 infection: a structured summary of a study protocol for a randomised 
controlled trial. Trials 21:573

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Triiodothyronine prevents tissue hypoxia in experimental sepsis: potential therapeutic implications
	To the Editor,
	Acknowledgements
	References


