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A B S T R A C T

Aims: Endothelial cells (ECs) constitute the defensive barrier of vasculature, which maintains the vascular
homeostasis. Mitochondrial oxidative stress (mitoOS) in ECs significantly affects the initiation and progression of
vascular diseases. The higher serum thyroid stimulating hormone (TSH) level is being recognized as a non-
conventional risk factor responsible for the increased risk of cardiovascular diseases in subclinical hypothyr-
oidism (SCH). However, effects and underlying mechanisms of elevated TSH on ECs are still ambiguous. We
sought to investigate whether cyclophilin D (CypD), emerging as a crucial mediator in mitoOS, regulates effects
of TSH on ECs.
Methods and results: SCH patients with TSH>= 10 mIU/L showed a positive correlation between serum TSH
and endothelin-1 levels. When TSH levels declined to normal in these subjects after levothyroxine therapy,
serum endothelin-1 levels were significantly reduced. Supplemented with exogenous thyroxine to keep normal
thyroid hormones, thyroid-specific TSH receptor (TSHR)-knockout mice with injection of exogenous TSH ex-
hibited elevated serum TSH levels, significant endothelial oxidative injuries and disturbed endothelium-de-
pendent vasodilation. However, Tshr-/- mice resisted to TSH-impaired vasotonia. We further confirmed that
elevated TSH triggered excessive mitochondrial permeability transition pore (mPTP) opening and mitochondrial
oxidative damages in mouse aorta, as well as in cultured ECs. Genetic or pharmacological inhibition of CypD (the
key regulator for mPTP opening) attenuated TSH-induced mitochondrial oxidative damages and further rescued
endothelial functions. Finally, we confirmed that elevated TSH could activate CypD by enhancing CypD acet-
ylation via inhibiting adenosine monophosphate-activated protein kinase/sirtuin-3 signaling pathway in ECs.
Conclusions: These findings reveal that elevated TSH triggers mitochondrial perturbations in ECs and provide
insights that blocking mitochondrial CypD enhances the defensive ability of ECs under TSH exposure.

1. Introduction

Endothelial cells (ECs) are in a dynamic equilibrium with their en-
vironments and constitute a defensive barrier in the vasculature, con-
trolling vascular permeability, smooth muscle tone, inflammatory and

immune responses, angiogenesis, and thromboresistance. In many
vascular diseases, the endothelium is thus both origin and victim [1].
The interactions within the redox reactions are richly elaborated in an
oxygen-dependent life and contribute to spatiotemporal organization
for differentiation, development, and adaptation to the environment
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[2]. Disruption of the balance between oxidants and anti- oxidants in
favor of the oxidants leads to the occurrence of oxidative stress [3], in
which the damaging effects of reactive oxygen species (ROS) exceed the
ability of biological systems to neutralize the oxidizing agents and to
repair cellular damage [4]. Studies in human subjects and animals have
demonstrated that oxidative stress and the associated endothelial dys-
function significantly correlate to the classic cardiovascular risk factors
such as hypercholesterolemia, diabetes mellitus and chronic smoking,
and also play important roles in the development of vasculopathies,
including atherosclerosis, hypertension, restenosis after angioplasty,
angiogenesis, cardiac injury associated with post-ischemic reperfusion
and heart failure [4–8].

Subclinical hypothyroidism (SCH) is characterized by elevated
serum thyroid stimulating hormone (TSH) levels with normal serum
thyroid hormone concentrations [9,10]. It is a common thyroid disease
with a prevalence ranging from 4% to 20% in adults, and the pre-
valence is progressively increasing [11]. Although defined as an
asymptomatic state, SCH is proposed to lead adverse consequences in-
cluding systemic hypothyroid symptoms, neuromuscular dysfunction,
progression to overt hypothyroidism, hypercholesterolemia and cardi-
ovascular dysfunction [12–14]. The higher serum TSH level has been
recognized as a nonconventional risk factor responsible for the in-
creased risk of cardiovascular diseases (CVD) in SCH [15]. Although
with strong positive relationship to increased markers of oxidative
stress [16] and endothelial dysfunction [17] in serum, the effects and
underlying mechanisms of elevated TSH on ECs still remain to be es-
tablished.

Although with lower content, mitochondria are crucial in main-
taining redox homeostasis and cellular functions of ECs [18]. Imbalance
of redox state in mitochondria leads to excessive generation of mi-
tochondrial ROS, which serve as kindling radicals to activate nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidases, xanthine
oxido-reductase and uncoupled endothelial nitric oxide synthase
(eNOS) [19], with endothelial dysfunction as a result [20].

The mitochondrial permeability transition pore (mPTP) is a key
regulator of mitochondrial homeostasis. Transient opening of the pore
is important for release of ions and metabolites to maintain mi-
tochondrial health [21]. However, under extreme stress, excessive ac-
tivation of mPTP can be triggered to aggravate mitochondrial degen-
eration, leading to matrix expansion and mitochondrial membrane
rupture, which dissipates the mitochondrial membrane potential, de-
regulates Ca2+ homeostasis, generates and releases pathological mi-
tochondrial ROS [22]. Cyclophilin D (CypD), a protein with peptidyl-
prolyl cis-trans isomerase (PPIase) activity, is a critical regulator of the
mPTP opening. It resides in the mitochondrial matrix in resting state.
Once activated, CypD translocates to the mitochondrial inner mem-
brane and binds to the mPTP constitutes, for instance ANT [23] or F1F0
ATP synthase [24–26], to facilitate mPTP opening. Although Marcu
et al. [27] confirmed the effect of CypD on endothelial proliferation and
angiogenesis, it remains to determine whether CypD-mediated mPTP
opening and altered mitochondrial redox state are involved in the ef-
fects of TSH on ECs.

Here we report for the first time that elevated TSH triggers mi-
tochondrial oxidative stress in ECs and shed light onto the crucial role
of CypD in modulating TSH-induced mitochondrial and endothelial
perturbations.

2. Materials and methods

2.1. Human subjects and data collection

Human subjects were recruited from Ningyang County, Shandong
Province, China. Subjects under pregnancy or breast-feeding, taking
medicines that affect thyroid status, and without good compliance were
excluded.

Clinical assessments of the enrollments were performed at baseline

and end-of-study. Venous blood samples were drawn between 8:00 a.m.
and 10:00 a.m. after a minimum 10-h fasting, followed by the mea-
surement of weight (kilograms) and standing height (meters). Body
mass index (BMI) was calculated by dividing weight by the square of
the height. The methods for determining waist circumference (WC) and
blood pressure were according to the previous described [28].

The following serum variables were all completed at the clinical
laboratory of the Shandong Provincial Hospital. Lipid profiles and
fasting plasma glucose (FPG) were quantified using a BECKMAN
Chemistry Analyzer AU5800 System (Beckman Coulter, Tokyo, Japan).
Non HDL cholesterol (non HDL-C) was calculated by subtracting HDL-C
from TC. Serum free triiodothyronine (FT3), free thyroxine (FT4), and
TSH levels were measured by chemiluminescence methods (Cobas
E601; Roche, Basel, Switzerland).

Euthyroidism was defined as serum TSH level between 0.27 and
4.2 mIU/L with normal serum FT4 levels. Subclinical hypothyroidism
(SCH) was TSH ≥ 4.2 mIU/L with normal serum FT4 confirmed on the
basis of at least two hormonal assays with a three-month interval [29].
All SCH patients underwent levothyroxine (LT4, Euthyrox, 50 μg per
tablet, Merck Serono, Darmstadt, Germany) replacement therapy with
the initial dosage 25 μg/day. The dosage of LT4 was adjusted according
to serum TSH and FT4 levels. The dosage with which SCH patients
achieved euthyroidism was subsequently maintained. All participants
were followed up for 15 months.

SCH patients who didn’t achieve euthyroidism after LT4 therapy
were also excluded in the present study. After being matched by age,
sex, BMI, TC and LDL-C, 33 euthyroid subjects, 33 mild SCH patients
(TSH of 4.2–10 mIU/L) and 33 significant SCH patients (TSH>= 10
mIU/L) were finally enrolled in the study. Serum endothelin-1 (ET-1)
levels of these humans were measured using Elisa Kits (abcam, USA).
Measurement processes followed strictly to the manufacture’s instruc-
tions.

The human study was performed according to the Declaration of
Helsinki, approved by the Ethics Committee of Shandong Provincial
Hospital, and was registered at ClinicalTrials.gov (NCT01848171). All
participants signed an informed consent.

2.2. Animals and treatment

2.2.1. Generation of TT-KO mice
We utilized a Cre/LoxP strategy to yield thyroid-specific TSH re-

ceptor (TSHR)-knockout (TT-KO) mice. Tshrflox/+ mice with C57BL/6J
background were obtained from Cyagen Biosciences (Guangzhou,
China). For the generation of TT-KO mice, Tshrflox/flox mice were crossed
with the heterozygous mice expressing TPO-driven Cre recombinase
(kindly donated by Shioko Kimura, National Institutes of Health,
Bethesda). Mice homozygous for the floxed gene and heterozygous for
TPO-Cre (TT-KO) were used as experimental animals.

The TT-KO mice were genotyped by polymerase chain reaction.
Primer pairs of 5-GAGGATTTCTGTTGGTGGCTGG-3/5-CACCCTTGATC
CCCTTGACC-3 and 5-GTAAACTGCTGGAGTACATGA-3/5-AAAATTTA
GCCTATGTGTAGCTT-3 were used to identify floxed allele. The primers
of 5-TGC CACGACCAAGTGACAGCA ATG -3/5- AGAGACGGA AATCC
ATCGCTCG -3 were used to identify mice with TPO-Cre.

2.2.2. Treatments to TT-KO mice
After discontinuing breast feeding at 4 weeks old, all male TT-KO

mice were supplemented with exogenous T4 (Sigma) to keep normal
thyroid hormone levels. Mice aged 9–10 weeks were subcutaneously
injected with freshly prepared TSH (TT-KO+TSH, 7 mIU/g·d, Sigma,)
or solvent (TT-KO+solvent, same volume as TSH) for additional 2
weeks before sacrificed. To evaluate the consequences of pharmacolo-
gical blocking of CypD in vivo, we injected cyclosporin A (CsA, 15 mg/
kg·d, Sandimmune, Novartis) or PBS (same volume as CsA) to TT-KO
mice for 4 weeks prior to TSH or solvent co-injection for another 2
weeks (TT-KO+solvent, TT-KO+TSH, TT-KO+CsA, TT-KO
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+CsA+TSH).

2.2.3. Tshr-/- mice
Tshr-/- mice were obtained from Jackson Laboratory (USA). All in-

formation about these mice could be achieved from our previous re-
search [30]. Mice were backcrossed>10 times onto the C57BL/6J
background before use. The primer pair 5-AAG TTC ATC TGC ACC ACC
G-3 and 5-TCC TTG AAG AAG ATG GTG CG-3 were used to identify the
mutant type. The primer pair 5- CAG GGT GGA GAC GCA CAC TC-3 and
5-AGA GAG TCC CAC AAC AGT C-3 were used to identify the wild type.
After discontinuing breast feeding at 4 weeks old, male Tshr-/- mice
were supplemented with exogenous T4 to keep normal thyroid hormone
levels. The littermate male Tshr+/+ mice were used as controls. Mice
were sacrificed for experiments at the age of 11–12 weeks old.

2.2.4. CypD KO mice
CypD KO mice were kindly donated by professor Heng Du (The

University of Texas, Dallas). Mice were backcrossed>10 times onto
the C57BL/6J background before use. The primer pairs 5-CTC TTC TGG
GCA AGA ATT GC-3, 5-ATT GTG GTT GGT GAA GTC GCC-3 and 5- GGC
TGC TAA AGC GCA TGC TCC-3 were used to identify wild-type allele
and CypD-null allele. The male wild type mice in the same litter were
used as controls. Mice aged 11–12 weeks were sacrificed for experi-
ments.

Male mice aged 11–12 weeks were sacrificed for experiments with
sodium pentobarbital anaesthesia (100 mg/kg, intraperitoneal) [31].
All animal experiments were conformed to the Guide for the Care and
Use of Laboratory Animals, Eighth Edition, updated by the US National
Research Council Committee in 2011. All animal experimental proce-
dures were approved by the Animal Ethics Committee of Shandong
Provincial Hospital (Jinan, China), with the approval number 2015-
003.

2.3. Cell culture and treatment

Human umbilical vein endothelial cells (HUVECs, ATCC) were
cultured according to manufacturer’s instructions. Cells of passage 6–8
were used for experiments. Before treatment, HUVECs were serum
deprived in 0.5% FBS medium for 6 h. When subjected to TSH (Sigma),
CsA (Solarbio), AICAR(Sigma) or Apocynin (MedChem Express), cells
were cultured in 2.5% FBS medium.

HUVECs were treated with TSH (2 μmol/L) or vehicle for 24 h. After
the incubation period, the medium was collected as conditioned
medium (CM). Human aortic smooth muscle cells (HA-VSMCs, ATCC)
of passage 5–7 were allowed to adhere for 24 h. After reaching 70–80%
confluence, the cells were synchronized in serum free medium for 6 h
and then cultured in 2.5% FBS medium, 2.5% FBS medium containing 2
μmol/L TSH or CM for 24 h.

2.4. Genetic knockdown of CypD

For the genetic knockdown of CypD, HUVECs were transfected with
PPIF-shRNA, and ADV1-NC was used as control. Adenoviruses were
bought from GenePharma (Shanghai, China). The adenovirus trans-
fection was according to manufacturer’s instructions.

2.5. Mouse thyroid function determination

Serum total T4 levels and TSH levels were respectively measured
using a total T4 RIA Kit (Tian jin jiu ding, Tian jin, China) and a TSH
ELISA Kit (MyBioSource, San Diego, California, USA). All processes
were according to manufacturer’s instructions.

2.6. The whole body metabolic status of the TT-KO mice

Male mice aged 11–12 weeks were kept in individual metabolic

chambers (PhenoMaster, TSE Systems, Germany) maintaining 24 °C
with a 12 h dark-light cycle. Mice accommodated to the chambers for
24 h. Whole body metabolic status, indicated by oxygen consumption
(VO2), carbon dioxide production (VCO2) and heat production, were
measured during the subsequent 24 h and adjusted by the body weight
of each mouse. Respiratory exchange ratio (RER) was calculated by
dividing VCO2 by VO2. Physical activity and food intake were recorded
every 27 min.

2.7. Vascular reactivity experiments

All processes were according to the previously described [31] with
modification.

2.7.1. Extraction of mouse mesenteric artery
Briefly, second-order mesenteric arteries (2–3 mm long) were

carefully dissected from male mice aged 11–12 weeks, and connective
tissues surrounding the arteries were removed. The individual vessel
segment was mounted to a vessel chamber filled with Krebs’ solution
(mmol/L: NaCl 118.3, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2,
NaHCO3 25, and dextrose 11.1, pH 7.4), and placed on the stage of an
inverted microscope ( CK40, Olympus) that was coupled to a CCD
camera (OLY-105, Olympus) and a video micrometer (VIA-100,
Boeckeler Instruments). The vessel lumen was maintained at constant
intralumia pressure of 80 mmHg using a pressure-servo controller
(MODEL PS-200-S, Living Systems Instrumentation).

2.7.2. Measurement of endothelial dependent and independent vasodilation
Vessels were equilibrated for 40 min in oxygenated (95% O2, 5%

CO2, balanced with N2, 37 °C) Krebs’ solution. Endothelin-1 (ET-1,
maximum to 10−8 mmol/L, Sigma) was applied to pre-contract the
vessels to 50–70% of the passive diameter. Subsequently, vessels were
given cumulative addition of acetylcholine (Ach, Sigma) or sodium
nitroprusside (SNP, Sigma) for the measurement of endthelium de-
pendent or independent vasodilation respectively. To inhibit eNOS ac-
tivity, vessels were preincubated with N-nitro-L-arginine methyl ester
(L-NAME, 10−4 mmol/L, Sigma) for 25 min before ET-1 administration.
At the end of each experiment, vessels were constricted by addition of
60 mmol/L KCl and then dilated by a Ca2+-free solution for 20 min to
achieve maximal relaxation.

After the first equilibration, mesenteric arteries from Tshr-/- mice,
CypD KO mice and their relevant controls were given an acute stimu-
lation of freshly prepared TSH (2 μmol/L,Sigma) for another 2 h before
ET-1 administration. The diameter of the vessel at each specific point
was recorded.

Vessels were not acceptable for experiments if they showed leaks,
failed to constrict by 50% to 10−8 mmol/L ET-1or to 60 mmol/L KCl, or
failed to dilate to Ca2+-free solution. The vasodilation was calculated
by the diameters recorded during the measurement process. The va-
sorelaxation was calculated as a percentage of the maximum diameter
as defined by the following equation:

= ×

= ×

Vasodilation maximum D D D D or

D D D D

(% ) (( – )/( – )) 100%

(( – )/( – )) 100%
Ach ET MAX ET

SNP ET MAX ET

where DAch and DSNP are the vessel diameter at the specific level of Ach
and SNP, respectively, DET is the vessel diameter after application of ET-
1, and DMAX is the vessel diameter in Ca2+-free Krebs’ solution.

2.8. Isolation of mitochondria

The process was according to the previously described [32] with
modifications. Samples were placed in a 9× volume of ice-cold mi-
tochondria isolation buffer (mmol/L: mannitol 225, sucrose 75, K2HPO4

2, EGTA 1, pH 7.2) and homogenized until no visible particles. The
homogenate was centrifuged at 1300×g, 5 min, 4 °C (Eppendorf,
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Germany) and the supernatant was then layered on 15% (vol/vol)
Percoll (Solarbio) and subjected to a centrifugation at 36,500×g,
14 min, 4 °C (HITACHI, Japan). Decant the supernatant, re-suspend the
pellet with mitochondria isolation buffer and centrifuge at 10,000×g,
10 min, 4 °C. Decant the supernatant, re-suspend the pellet with mi-
tochondria isolation buffer and centrifuge at 8000×g, 10 min, 4 °C.

Mitochondrial protein concentration was determined at 540 nm by
NanoDrop 2000c (Thermo Scientific).

2.9. Assessment of mPTP opening

The mPTP opening was assessed according to a previous method
[32] with modifications. 20 µg freshly isolated mitochondria were
suspended in 200 μl swelling assay buffer (mmol/L: KCl 150, HEPES 5,
K2HPO4 2, glutamate 5, malate 5, pH 7.2). Mitochondrial swelling was
immediately recorded with addition of calcium (1 μmol/mg protein) at
540 nm for 11 min on SpectraMax M2/M2e (Molecular Devices). The
vehicle was determined for 11 min without addition of calcium.

2.10. Mitochondrial membrane potential and superoxide production

Mitochondrial membrane potential and superoxide were measured
by tetramethylrhodamine methyl ester (TMRM, 50 nmol/L, Invitrogen)
and MitoSox Red (5 μmol/L, Invitrogen) respectively. Staining pro-
cesses were according to manufacture’s instructions. The fluorescence
was detected by a fluorescence microscopy (Leica, Germany, excitation:
515–560 nm; emission: 580–620 nm).

2.11. Assessment of mitochondrial respiratory chain enzymatic activities

Mitochondrial complex I-III and citrate synthase activities were
measured as previously described [33] with modifications.

For enzymatic assays of respiratory chain complexes I–III, sufficient
mitochondria of tissues or cells were isolated. The spectrophotometric
kinetic assays for mitochondrial respiratory chain enzymatic activities
were performed by using a microplate reader (Molecular Devices, USA).

Complex I activity was determined by measuring oxidation of
NADH at 340 nm in a reaction mixture of potassium phosphate buffer
(0.5 mol/L, pH 7.5), BSA (50 mg ml−1), KCN (10 mmol/L) and NADH
(10 mmol/L). The reaction was started by adding ubiquinone
(10 mmol/L). Complex II activity determined by measuring reduction
of 2,6-dichlorophenol-indophenol at 600 nm in a reaction mixture of
potassium phosphate buffer (0.5 M, pH 7.5), fatty acid–free BSA
(50 mg ml−1), KCN (10 mmol/L), succinate (400 mmol/L) and 2,6-
Dichlorophenolindophenol sodium salt hydrate (DCPIP, 0.015% (wt/
vol)). The reaction was started by adding decylubiquinone (12.5 mmol/
L). Complex III activity was measured by the reduction of cytochrome c
at 550 nm in reaction mixture of potassium phosphate buffer (0.5 mol/
L, pH 7.5), oxidized cytochrome c (1 mmol/L), KCN (10 mmol/L),
EDTA (5 mmol/L, pH7.5) and Tween-20 (2.5%(vol/vol)). The reaction
was started by adding decylubiquinol (10 mmol/L). Citrate synthase
activity was determined by measuring the reduction of acetyl-CoA in
the presence of oxaloacelate at 412 nm in the reaction mixture of Tris
(200 mmol/L, pH 8.0) with Triton X-100 (0.2%(vol/vol)), DTNB
(1 mmol/L) and Ac CoA (10 mmol/L). The reaction was started by
adding oxaloacetic acid (10 mmo/L). All regents were bought from
Sigma. Complex activities were adjusted to the corresponding citrate
synthase activity.

2.12. Measurement of cellular oxygen consumption rate

Oxygen consumption rate (OCR) was measured using the XF96
Analyzer (Seahorse Bioscience). All procedures were according to the
manufacture’s instructions. Briefly, HUVEC were seeded overnight at 6
× 103 cells per well on Seahorse XF96 cell culture microplate (Seahorse
Bioscience). After TSH stimulation, the plate was incubated in low-

buffered non-bicarbonated assay medium (XF base medium with 2
mmo/L Glutamine, 1 mmol/L Sodium Pyruvate and 25 mmol/L
Glucose) for 1 h in a non-CO2 incubator at 37 °C before measuring in an
XFe 96 extracellular flux analyzer (Seahorse Bioscience). Oxygen con-
sumption rate was measured for 3 periods with a mixing of 3 min in
each cycle. Inhibitors and activators were used at the following con-
centrations: Oligomycin (2 µmol/L), FCCP (1 µmol/L), Antimycin A and
Rotenone (0.5 µmol/L). Using these agents, we determined the mi-
tochondrial OCR in basal respiration, ATP production, maximal and
spare respiration. Results were normalized to the corresponding total
protein content per well. For the assessment of OCR in HUVEC with
CypD knockdown, cells were seeded overnight at 2–3 × 103 cells per
well and then transfected with PPIF-shRNA (CypD knockdown) or
ADV1-NC (control) for 20 h before stimulation with TSH. Following
steps were the same as the aboved.

2.13. Measurement of adenine nucleotide levels

Adenine nucleotide levels were determined by high-performance
liquid chromatography (HPLC) as described before [34]. Briefly,
HUVEC were transferred to an ice-cold 0.6 mol/L HClO4 and im-
mediately homogenized and centrifuged at 10,000g, 10 min, 4 °C (Ep-
pendorf, Germany). The supernatant was neutralized with equivolum-
inal Na2HPO4 (1 mol/L) and centrifuged at 10,000g, 10 min, 4 °C again.
The supernatant was filtered with 0.22 µm membrane and an aliquot of
50 μl were transferred into HPLC vials. Adenine nucleotides in samples
were separated on a C18 column (Beckman, 5 µm, 250 mm × 4.6 mm)
at a flow rate of 0.5 ml/min for 30 min and were detected at 254 nm
with a ultraviolet detector (SPD-10A). The mobile phase was 96%
0.05 mol/L KH2PO4 (PH = 6.5) with 4% methanol (vol/vol). Results
were adjusted by the corresponding cell numbers. Energy charge =
[ATP + ADP/2]/[ATP + ADP + AMP]. Standard ATP, ADP and AMP
were bought from Sigma.

2.14. Measurement of intracellualr oxidative stress

Intracellular oxidative stress was measured by 2′,7′-di-
chlorodihydrofluorescein diacetate (DCFH-DA, 10 μmol/L, Sigma)
staining. The process was according to manufactures’ instructions. The
fluorescence was detected by a fluorescence microscopy (Leica,
Germany, excitation: 450–490 nm; emission: 500–550 nm).

2.15. Measurement of 8-OHdG

Immunofluorescence staining for 8-hydroxydeoxyguanosine (8-
OHdG, abcam) was used for the determination of DNA oxidative da-
mage [35] in cultured HUVECs. Briefly, cells were fixed by 4% paraf-
ormaldehyde (pH 7.4, BOSTER). Fixed cells were incubated with the
goat polyclonal anti-8-OHdG antibody (1:200) overnight, followed by
the secondary antibody (ZSGB-BIO, Beijing, China) and then mounted
with DAPI (Invitrogen). The fluorescence was detected by a fluores-
cence microscopy (Leica, Germany).

2.16. Immunofluorescence staining for ET-1

The frozen section of mouse aorta (5 µm thick) and 4% paraf-
ormaldehyde fixed HUVECs were incubated with primary antibody
overnight, followed by the secondary antibody, and then mounted with
DAPI. The primary antibodies included rabbit polyclonal anti-en-
dothelin 1 (1:100, proteintech) and rat monoclonal anti-CD31 (1:50,
abcam).

2.17. Nitric oxide assays

Nitrate reduction was used as an indirect measure of nitric oxide
formation [36,37]. Briefly, HUVECs were treated with TSH (2 μmol/L)
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or vehicle for 24 h. After the incubation period, the supernatant was
collected to detect NO secreted by HUVECs via nitrate reduction ac-
cording to the instructions of the NO detection kit (Nanjing Jiancheng,
Nanjing, China). A microplate reader (Molecular Devices, USA) was
used to examine the OD values at 550 nm. The calculation of NO con-
tent was according to the manufacture’s instruction.

2.18. Statistical analysis

All statistical analyses were performed using SPSS version 22.0 for
Windows (Chicago, IL, USA). Values for quantitative data are expressed
as mean± standard deviation, or median (inter-quartile range). The
relationship between TSH and ET-1 levels was performed by simple
linear regression analysis. Differences between means were compared
using One-Way ANOVA (Dunnett’s t or LSD test) or Independent-
Samples T Test. Differences were considered significant at p<0.05.

3. Results

3.1. Serum TSH levels positively correlated to ET-1 levels in humans with
SCH

We firstly enrolled human subjects with euthyroidism and SCH to
evaluate the correlation between TSH and endothelial perturbation. As
shown in Table 1, no significant difference was observed in demo-
graphic, anthropometric, biochemical and clinical variables at baseline.
Thyroid functions of enrollments throughout the study were shown in
Table 2. At the end-of-study, serum TSH levels decreased to normal in
all SCH patients.

ET-1 is the most abundant isoform of endothelins in the human
cardiovascular system and is the most potent vasoconstrictor identified
to date. The primary source of ET-1 is thought to be vascular en-
dothelial cells, although the peptide is produced by other cell types
[38]. Under physiological conditions, its synthesis and release were
inhibited by endothelium-derived nitric oxide [39]. Increased ET-1 can
disrupt the equilibrium within the vascular wall [40]. In our experi-
ment, no significant correlation between TSH and ET-1 was observed in
subjects with euthyroidism (Fig. 1A) or mild SCH (Fig. 1B). However, in
patients with TSH>= 10 mIU/L, serum TSH levels positively corre-
lated to ET-1 levels at baseline (Fig. 1C). Moreover, when TSH declined
to normal levels in these subjects, serum ET-1 levels were significantly
reduced (Fig. 1D). Our results indicated that elevated serum TSH po-
sitively correlated to endothelial perturbation.

3.2. TSH impaired endothelial functions with enhanced oxidative stress

Supplemented with exogenous T4 to keep normal thyroid hormones,

thyroid-specific TSH receptor (TSHR)-knockout mice with injection of
exogenous TSH (TT-KO+TSH) or solvent (TT-KO+solvent) were gen-
erated to evaluate the effects of elevated TSH on endothelium. As ex-
pected, serum TSH levels were significantly increased in TT-KO+TSH
group (Fig. 2A). Serum total T4 (TT4) levels and body weight were
comparable in the two groups (Figs. 2B–2C).

We confirmed increased ET-1 expression (Fig. 2D) and oxidative
stress (measured by DCFH-DA staining, Fig. 2E) in aorta of TT-KO
+TSH mice. Next, we adopted sodium nitroprusside (SNP) and acet-
ylcholine (Ach) to observe endothelium-independent (Fig. S1) and en-
dothelium-dependent (Fig. 2F) vasodilation, respectively. Mode pat-
terns were respectively shown in the left of each panel. As we can see,
there was no difference in SNP-induced vasodilation between TT-KO
groups, but vessels of TT-KO+TSH mice were less responsive to Ach,
indicating that TSH inhibited endothelium-dependent vasodilation.
Interestingly, Ach elicited similar relaxation response in TT-KO groups
when arteries were pretreated with N-nitro-L-arginine methyl ester (L-
NAME, the inhibitor of eNOS). These results indicated that the impaired
vasorelaxation in TT-KO+TSH mice might be eNOS-mediated [41].

TSH exerts its biological functions via TSH receptor (TSHR), which
is functionally expressed in ECs as in thyroid [42]. As shown in the right
of Fig. S1 and 2F, endothelium-independent vasodilation was compar-
able in Tshr+/+ and Tshr-/- mice. While compared to Tshr+/+ mice,
Tshr-/- mice significantly resisted to TSH-induced decline of en-
dothelium-dependent vasodilation. Therefore, depending on its

Table 1
Baseline characteristics of participants.

Variables Euthyroidism (n = 33) Mild SCH (n = 33) Significant SCH (n = 33) p value

Age (year) 57.03± 8.22 57.85±8.20 57.79± 8.51 0.906
BMI (kg/m2) 15.55± 5.31 26.02±3.03 25.96± 3.15 0.402
WC (cm) 89.33± 8.60 89.30±9.65 91.67± 9.06 0.484
TC (mmol/L) 5.34±0.89 5.41± 0.98 5.68±0.93 0.295
HDL-C (mmol/L) 1.40±0.37 1.38± 0.30 1.35±0.27 0.798
LDL-C (mmol/L) 3.12±0.66 3.11± 0.73 3.37±0.91 0.292
Non HDL-C (mmol/L) 3.94±0.78 4.03± 0.90 4.33±0.92 0.162
TG (mmol/L) 1.22 (0.62) 1.18 (0.89) 1.35 (0.78) 0.357
SBP (mmHg) 142.42± 16.36 146.06± 19.01 149.73± 19.61 0.277
DBP (mmHg) 83.52± 9.20 81.52±10.60 82.55± 10.42 0.724
FPG (mmol/ L) 6.59±2.48 6.42± 2.25 6.98±2.92 0.666

Values for quantitative data are expressed as mean± standard deviation, or median (inter-quartile range).
p value for comparing variables among euthyroidism, mild SCH and significant SCH groups.
SCH, subclinical hypothyroidism; BMI, body mass index; WC, waist circumference; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; Non HDL-C, non high-density lipoprotein cholesterol; TG, triglyceride; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose.

Table 2
Thyroid functions of participants throughout the study.

Variables Euthyroidism (n =
33)

Mild SCH (n =
33)

Significant SCH (n =
33)

FT4 (p mol/L)
Baseline 16.44± 2.05 15.35± 2.07 14.15± 1.37
End point 15.49± 1.86 17.26± 2.44 19.01± 2.63
p value 0.010* 0.000* 0.000*
FT3 (pmol/L)
Baseline 4.94± 0.48 5.02± 0.57 4.88± 0.54
End point 4.76± 0.44 4.62± 0.54 4.75± 0.74
p value 0.095 0.172 0.364
TSH (mIU/L)
Baseline 2.05 (1.55) 6.14 (1.65) 11.58 (1.96)
End point 2.32 (1.93) 2.73 (1.42) 1.75 (2.54)
p value 0.077 0.000* 0.000*

Values for quantitative data are expressed as mean± standard deviation, or median
(inter-quartile range).
p value for comparing variables between baseline and end point in each group. *
p<0.05.
SCH, subclinical hypothyroidism; FT3, free triiodothyronine; FT4, free thyroxine; TSH,
thyroid-stimulating hormone.
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receptor, elevated serum TSH impaired endothelial functions in vivo.
Moreover, we confirmed that elevated TSH per se significantly im-

paired endothelial functions in vitro. TSH dose or time dependently
increased ET-1 expression (Fig. 3A) and decreased eNOS phosphoryla-
tion at Ser1177, the phosphorylation of which stimulates eNOS activity
[43] (Fig. 3B). Akt phosphorylation is well-known to facilitate eNOS
activation [43]. In our result, we found that elevated TSH time de-
pendently decreased Akt phosphorylation at Thr308 (Fig. 3C). Besides,
NO release was also inhibited with TSH exposure (Fig. 3D). Endothelial
dysfunction closely correlates to excessive oxidative stress, which refers
to elevated intracellular ROS that cause damages to lipids, proteins and
DNA [44]. Catalase is an important enzyme hydrolyzing H2O2 to H2O
and O2 [45]. Our data demonstrated that in cultured HUVECs, TSH
reduced catalase expression (Fig. 3E) and increased intracellular oxi-
dative stress (Fig. 3F) in a dose-dependent manner. Besides, we con-
firmed that elevated TSH increased DNA oxidative injury via using
immunofluorescence staining for 8-OHdG (Fig. 3G).

In summary, we confirmed that elevated TSH per se, depending on
its receptor TSHR, could induce oxidative injury in ECs.

3.3. Elevated TSH induced excessive mPTP opening and mitochondrial
oxidative damages in ECs

Excessive mitochondrial ROS generation triggered and aggravated
endothelial oxidative damages [46]. We proposed mitochondrial oxi-
dative stress (mitoOS) be one underlying mechanism for TSH-induced
endothelial dysfunction. The tricarboxylic acid cycle (TCA) and

oxidative phosphorylation in mitochondria are final metabolic path-
ways for all classes of nutrients under most cases [47]. To some extent,
changes in mitochondrial function influence the whole body metabo-
lism [21]. Therefore, we firstly evaluated the metabolic status of TT-KO
mice. With exogenous TSH injection, their whole body metabolisms
were slightly decreased in the light phase. Whereas in the dark phase,
metabolic status of the two groups were almost the same (Fig. S2).
These results indicated that elevated TSH slightly reduced mouse basal
metabolism [48].

Excessive opening of mPTP has been shown to result in mitochon-
drial dysfunction under many pathological status [49,50]. As shown in
Fig. 4A, aortic mitochondria from TT-KO+TSH mice showed a greater
mitochondrial swelling than the ones from TT-KO+solvent mice, in-
dicating excessive mPTP opening [32] in TT-KO+TSH mouse aorta.
Excessive opening of mPTP leads to the dissipation of mitochondrial
membrane potential [51]. To assess the mitochondrial membrane po-
tential in aorta in situ, we loaded fresh aortic slices of mice with tet-
ramethylrhodamine methyl ester (TMRM). Mitochondrial depolariza-
tion results in a decrease in fluorescence intensity of TMRM [32]. As we
can see in Fig. 4B, the intensity of TMRM staining significantly de-
creased in TT-KO+TSH mouse aorta. Meanwhile, aortic mitochondrial
ROS generation notably increased in TT-KO+TSH mice, indicated by
the increment in the intensity of MitoSox Red staining (Fig. 4C).

In cultured HUVECs, elevated TSH significantly increased sensitiv-
ities of mPTP to Ca2+ overload, especially when treated for 24 h
(Fig. 4D). Mitochondrial respiratory complex I-III activities significantly
reduced (Fig. 4E), paralled with notable increment in mitochondrial

Fig. 1. Serum TSH levels positively correlated to ET-1 levels in humans with SCH. (A-C) Relations between serum TSH and ET-1 in the enrollments at baseline were represented by
the regression line. R2 indicates the correlation coefficient derived from simple linear regression analysis. (D) Serum ET-1 levels in significant SCH patients at baseline and after
levothyroxine (LT4) therapy (n = 33). * p<0.05.

X. Liu et al. Redox Biology 15 (2018) 418–434

423



ROS production (Fig. 4F). Besides, mitochondrial oxygen consume rates
(OCR) relating to basal respiration, ATP production and maximal re-
spiration were markedly blunted with TSH exposure (Fig. 4G). Inter-
estingly, Fig. S3 showed that with direct TSH exposure, HA-VSMCs

exhibited no difference in mitochondrial ROS generation but significant
enhancement in the intensity of TMRM staining. However, conditioned
medium (CM) from HUVECs with TSH exposure significantly promoted
mitochondrial ROS generation and potential depolarization in HA-

Fig. 2. TSH impaired endothelial functions in vivo. Serum TSH (A), serum total T4 (B) and body weight (C) of male TT-KO mice (n = 7–16). (D) Representative immunofluorescence
staining for ET-1 (red), with ECs stained with anti-CD31 (green), nuclei stained with DAPI (blue). Endothelium are depicted by arrows (n = 6–7). Quantitative analysis of aortic ET-1
generation was shown in the right. The fluorescence IntDen was adjusted by total aorta area. (E) Quantitative analysis of DCFH-DA staining for aortic oxidative stress, expressed as
fluorescence IntDen relative to total aorta area (n = 6). (F) Endothelium-dependent vasodilation in mouse mesenteric arteries. L-NAME was used to inhibit eNOS activity. Mode pattern
(left), results in the indicated mouse models (middle and right, n = 4–7). Data were shown as mean±SD. * p<0.05 vs. TT-KO + solvent mice (middle) or Tshr+/+ mice without TSH
stimulation (right).
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VSMCs, indicating that TSH-induced mitochondrial dysfunction in
VSMCs was initiated by ECs.

Therefore, excessive mPTP opening and mitochondrial oxidative
damages could be motivated by elevated TSH in ECs.

3.4. Blocking CypD attenuated TSH-induced mitoOS and endothelial
dysfunction

Although several proteins have been proposed to constitute mPTP,
only CypD is the genetically proven regulator [52]. To confirm the
specificity of CypD inhibition in ameliorating TSH-induced mitochon-
drial and endothelial perturbations, we reduced CypD expression in
HUVECs with PPIF shRNA transfection (Fig. 5A) and cells transfected

Fig. 3. Cellular dysfunction and oxidative stress in HUVECs with TSH exposure. HUVECs were exposed to TSH in a dose- or time-dependent manner. All experiments were repeated
at least 3 times. (A) Representative immunofluorescence staining for ET-1 (green), nuclei stained with DAPI (blue). (B) Western blot analysis of p-eNOS (Ser1177) and total eNOS,
normalized to GAPDH. (C) Western blot analysis of p-Akt (Thr308) and total Akt, normalized to GAPDH. (D) NO release from cultured HUVECs was measured via nitrate reduction in the
indicated groups. (E) Western blot analysis of catalase, normalized to GAPDH. (F) Representative DCFH-DA staining for oxidative stress in HUVECs. (G) DNA oxidative injury was stained
by 8-OHdG (red), nuclei stained with DAPI (blue).
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Fig. 4. Elevated TSH induced excessive mPTP opening and mitoOS in ECs. (A-C) Effects of TSH on mitochondrial function and ROS production were analyzed in TT-KO mouse aorta.
(A) Ca2+-overload induced mitochondrial swelling (mean± SD, n = 5). Data were shown as the percentage change relative to the corresponding initial OD at 540 nm.* p<0.05 vs. TT-
KO mice without TSH injection. (B) TMRM staining (red) for mitochondrial membrane potential in freshly frozened aorta slices, with nuclei stained by Hochest 33342 (blue) (n = 5–6).
(C) MitoSox Red staining for mitochondrial ROS generation in freshly frozened aortic slices, with nuclei stained DAPI (n = 5–6). (D-G) Dose- or time-dependent effects of TSH on
mitochondrial function and ROS production in HUVECs. * p<0.05 vs. HUVECs without TSH treatment. † p<0.05 vs. HUVECs treated with TSH for 6 h. (D) Ca2+-overload induced
mitochondrial swelling in the indicated groups (mean± SD, n = 3), expressed as percentage decrease of the corresponding initial OD at 540 nm. (E) Mitochondrial complex I-III (CI-CIII)
activities, normalized to the corresponding citrate synthase (CS) activity (mean± SD, n = 3). (F) MitoSox Red staining for mitochondrial ROS production in the indicated groups, with
mitochondria located by MitoTracker Green and nuclei by Hochest 33342 (blue) (n = 4). (G) Oxygen consumption rates (OCR) were measured by Seahorse XF96 analyzer (mean±SD, n
= 7–8). OCR relating to mitochondrial basal respiration, ATP production, maximal respiration and spare capacity were respectively analyzed, normalized to the corresponding total
protein content per well.
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Fig. 5. Genetic CypD knockdown attenuated TSH-induced mitoOS and endothelial dysfunction. (A-E) HUVECs transfected with PPIF shRNA or ADV1-NC (control) were exposed to
2 μM TSH or vehicle (none TSH) for 24 h. All experiments were repeated at least 3 times. (A) Virus infection efficiency was exhibited by the intensity of GFP (up). CypD reduction was
analyzed by Western blot (down). (B) MitoSox Red staining for mitochondrial ROS generation. (C) Mitochondrial OCR were measured by Seahorse XF96 analyzer. OCR relating to
mitochondrial basal respiration, ATP production, maximal respiration and spare capacity were respectively analyzed, normalized to the corresponding total protein content per well
(mean±SD, n = 6–9). * p<0.05 vs. HUVECs transfected with ADV1-NC. † p<0.05 vs. HUVECs with both PPIF shRNA transfection and TSH exposure. ‡ p<0.05 vs. HUVEC with PPIF
shRNA transfection. (D) Representative immunofluorescence staining for ET-1 (red), nuclei stained with DAPI (blue). (E) Western blot analysis of p-eNOS (Ser1177) and total eNOS,
normalized to GAPDH. (F) Endothelium-dependent vasodilation in CypD KO mice and their WT littermate controls with or without acute TSH stimulation (mean±SD, n = 4–7). *
p<0.05 vs. WT mice without TSH stimulation.
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Fig. 6. Pharmacological blocking of CypD ameliorated TSH-impaired mitochondrial and endothelial perturbations in vitro. HUVECs were pretreated with 1 μM CsA for 1 h before
2 μM TSH co-incubation for 24 h. * p<0.05 vs. HUVECs with 0 μM TSH. † p<0.05 vs. HUVECs treated with both CsA and TSH. ‡ p<0.05 vs. HUVECs treated with CsA. (A) Ca2+-
overload induced mitochondrial swelling in the indicated groups (mean±SD, n = 6). Data were shown as percentage changes relative to the corresponding initial OD at 540 nm. (B)
MitoSox Red staining for mitochondrial ROS production in the indicated groups, with mitochondria located by MitoTracker Green and nuclei by Hochest 33342 (blue) (n = 4). (C)
Mitochondrial OCR were measured by Seahorse XF96 analyzer (mean±SD, n = 9–12). OCR relating to mitochondrial basal respiration, ATP production, maximal respiration and spare
capacity were respectively analyzed, normalized to the corresponding total protein content per well. (D) Western blot analysis of catalase expression, normalized to β-actin (n = 4). (E)
Representative immunofluorescence staining for ET-1 (red) of 3 independent experiments, nuclei stained with DAPI (blue).
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by ADV1-NC were used as controls. As shown in Fig. 5B, CypD deficient
ECs displayed significant resistance to TSH-induced mitochondrial ROS
over-production. Besides, the impaired mitochondrial OCR were
markedly ameliorated (Fig. 5C). Moreover, CypD deficiency attenuated
TSH-triggered endothelial perturbations, exhibiting as lowered ET-1

expression (Fig. 5D) and increased eNOS phosphorylation at Ser1177
(Fig. 5E). Mesenteric arteries from CypD KO mice exhibited similar
endothelium-independent vasodilation compared to those from their
WT littermates (Fig. S4A), but significantly resisted to TSH-induced
decline of endothelium-dependent vasodilation (Fig. 5F).

Fig. 7. CsA pretreatment ameliorated TSH-impaired mitochondrial and endothelial perturbations in vivo. (A) Ca2+-overload induced mitochondrial swelling in the indicated
groups (mean±SD, n = 5–6). Data were shown as percentage changes relative to the corresponding initial OD at 540 nm. * p<0.05 vs. TT-KO+solvent mice. † p<0.05 vs. TT-KO
+CsA+TSH mice. (B) Mitochondrial complex I and III activities of the indicated mouse aorta (mean± SD, n = 5–8), normalized to the corresponding CS activity. (C) Representative
MitoSox Red staining for mitochondrial ROS generation in the indicated mouse aorta (n = 6–7). (D) Representative immunofluorescence staining for ET-1 (red) in the indicated mouse
models, with endothelium stained by anti-CD31 (green) and nuclei by DAPI (blue) (n = 6). Aortic ET-1 fluorescence IntDen was adjusted by total aorta area. (E) Endothelium-dependent
vasodilation of the indicated groups (mean± SD, n = 4–5, * p<0.05).
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Initially used to inhibit the immune response following organ
transplantations, cyclosporine A (CsA) is emerging as the most notable
inhibitor of mPTP opening by binding to a special domain of CypD,
which is adjacent to the acetylation site [53]. We adopted 1 μmol/L CsA
to the cultured HUVECs 1 h before TSH co-incubation for 24 h. As ex-
pected, CsA pretreatment not only attenuated TSH-triggered excessive
mPTP opening and mitochondrial ROS generation (Figs. 6A–6B), but
also ameliorated mitochondrial OCR (Fig. 6C). Adenine nucleotide le-
vels were detected by HPLC (Fig. S5). Results showed that ATP pro-
duction and energy charge were reduced by TSH, both of which were
reversed by CsA pretreatment. Functionally, CsA reversed TSH-induced
catalase reduction (Fig. 6D) and ET-1 increment (Fig. 6E). Interestingly,
we found that inhibition of NADPH oxidase with Apocynin also atte-
nuated TSH-induced oxidative stress in ECs (Fig. S6), indicating at least
part of TSH-triggered intracellular ROS generation came from NADPH
oxidase activation.

To evaluate the consequences of pharmacological blocking of CypD
in vivo, we injected CsA (15 mg/kg d) or PBS (the same volume as CsA)
to TT-KO mice for 4 weeks prior to TSH or solvent co-injection for
another 2 weeks (TT-KO+solvent, TT-KO+TSH, TT-KO+CsA, TT-KO
+CsA+TSH). We found that pretreatment with CsA attenuated TSH-
triggered mitochondrial swelling in mouse aorta (Fig. 7A). Besides,
TSH-induced decreased aortic mitochondrial complex I and III activities
were reversed by CsA (Fig. 7B) and the excessive ROS production in
aortic mitochondria was accordingly reduced (Fig. 7C). Furthermore,
pretreatment with CsA inhibited TSH-induced excessive ET-1 expres-
sion in aorta (Fig. 7D). Pharmacological inhibition of CypD didn’t sig-
nificantly affect SNP-induced vasodilation (Fig. S4B) but did reverse
TSH-induced decline of endothelium-dependent vasorelaxation
(Fig. 7E).

3.5. TSH enhanced CypD acetylation via inhibiting AMPK/SIRT3 signaling
pathway

Based on our results, we proposed that TSH sensitized mPTP
opening by modulating CypD in ECs. In comparison with the control
group, TSH exposure did’t significantly increase CypD expression
(Fig. 8A), but did markedly elevate CypD acetylation (Fig. 8B), an im-
portant form for CypD activation [54].

Sirtuins are main deacetylases that regulate protein acetylation.
Studies suggest that sirtuin-3 (SIRT3), but not other mitochondrial
sirtuins, deacetylates CypD [55]. Adenosine monophosphate-activated
protein kinase (AMPK) is a known positive modulator of sirtuin activity
[56]. As we found, TSH inhibited AMPK phorphorylation at Thr-172
and decreased SIRT3 expression in dose-dependent manner (Fig. 8C).
To confirm whether AMPK/SIRT3 signaling pathway was involved in
TSH-induced CypD acetylation, HUVECs were exposed to TSH for 24 h
with AICAR ( the activator for AMPK activation) co-incubation for the
last 6 h. As shown in Fig. 8D, AICAR exposure stimulated AMPK
phosphorylation (Thr-172) and SIRT3 expression, leading to a reversal
in the increment of CypD acetylation caused by TSH exposure (Fig. 8E).

4. Discussion

In this study, we confirmed that CypD mediated TSH-induced mi-
tochondrial and endothelial perturbations. Elevated TSH triggered
CypD acetylation via inhibiting AMPK/SIRT3 signaling pathway,
leading to excessive mPTP opening, decreased electron transport chain
activities and elevated mitochondrial ROS generation. With mPTP
opening, excessive mitochondrial ROS were released to the cytoplasm.
Meanwhile, through the cross-talk with mitochondria, NADPH oxidase
was activated and synergetically evoked the intracellular oxidative
stress. The equilibrium between ET-1 and eNOS was disturbed and
functionally, endothelium-dependent vasodilation was perturbed as a
result. Our study provided the first evidence that elevated TSH per se
impaired endothelium-dependent vasodilation and the excessive

mitoOS, triggered by excessive mPTP opening, was the underlying
mechanism. Either genetic or pharmacological inhibition of CypD res-
cued TSH-impaired mitochondrial and endothelial functions.

To evaluate the correlation between TSH and endothelial pertur-
bation in human subjects, we enrolled patients with SCH. Increased
cholesterol levels are conventional risk factors for higher risk of CVD in
SCH [57]. In order to eliminate the effects of dyslipidemia, we matched
serum TC and LDL-C levels of the enrollments. Our results demon-
strated that in patients with TSH>= 10 mIU/L, serum TSH positively
correlated to the ET-1 expression. However, we didn’t find obvious
correlation between TSH and ET-1 when TSH<10 mIU/L, which was
inconsistent with the previous results from patients with metabolic
syndrome [17]. Metabolic syndrome is a cluster of metabolic disorders
that collectively increase the risk of CVD [58]. The correlation between
TSH and endothelial dysfunctions in SCH with metabolic syndrome
might be amplified by other CVD risk factors.

In order to explore effects of elevated TSH on mitochondria and ECs
in vivo, we adopted flox/cre system to generate a mouse model in
which TSHR is specifically knocked out from thyroid. As a result, en-
dogenous thyroid hormones (THs) couldn’t be synthesized. THs has
been shown to have effect on metabolism [59]. Besides, changes in THs
adversely influence the cardiovascular system [60]. In order to exclude
the influence of THs, we supplied exogenous T4 to the TT-KO mice to
maintain normal serum THs levels and stable endogenous TSH levels.
With this approach, the elevation of serum TSH level could be con-
trolled by injection of exogenous TSH (Fig. 2A) without altering serum
THs levels (Fig. 2B). Besides, the comparable serum TT4 levels and body
weights in TT-KO and WT male mice with same ages (data were not
shown) proved that we had supplied the TT-KO mice with a suitable
dose of exogenous T4.

HUVECs are accepted and widely used in vitro investigations for
endothelial disorders of arteries [61–64]. Although HUVECs exhibit
phenotypic and functional differences versus human arterial en-
dothelial cells (HAECs) [65], considering the limited lifespan and the
unstable characteristics of the primary HAECs [66], we adopted the
immortalized HUVEC cell line [64] in our study that are generally
better characterized and more stable in their endothelial traits [66].

Previous studies have suggested that both ECs and VSMCs play
important roles in maintaining vasorelaxant activity [67]. No difference
in SNP-induced vasodilation in our study excluded the effect of TSH on
the diastolic and systolic functions of VSMCs. The decline of Ach-
mediated relaxation in TT-KO+TSH mice indicated that elevated TSH
perturbed the vasotonia by disturbing endothelial functions. Besides,
with pretreatment of L-NAME, the similar vascular responses to Ach in
TT-KO groups indicated that the impaired vasorelaxation in TT-KO
+TSH mice was eNOS-mediated [41] and we further provided the
evidence that elevated TSH inhibited eNOS activation and NO release in
cultured ECs. Moreover, we confirmed that elevated TSH triggered ET-1
increment in ECs both in vivo and in vitro. Our data showed that with
TSHR knockout, mice resisted to TSH-impaired endothelium-dependent
vasodilation. The results indicated that the detrimental effects of TSH
on ECs were TSHR dependent. Meanwhile, our data confirmed that the
perturbed endothelial function was accompanied by oxidative stress,
indicated by reduced catalase expression, elevated fluorescence in
DCFH-DA staining and increased DNA oxidative injury. Notablely, we
identified that TSH not only exerted its effects on thyroid but also had
substantial endothelial-specific effects. Depending on its receptor, ele-
vated TSH triggered oxidative damages in ECs and the disturbed
equilibrium between ET-1 and eNOS accounted for the perturbed en-
dothelium-dependent vasodilation.

Based on the findings that very few small organic molecules stoi-
chiometrically react with H2O2 to form a detectable intracellular
fluorescent product and that the few molecules may still cause under-
lying problems [68], we adopted the widely used probe DCFH-DA for
the detection of the oxidative stress in HUVECs. Of note, it should be
noted that the DCFH-DA indirectly probes oxidative stress but not
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directly reflect the ROS levels [68,69]. Therefore, our results indicate
that elevated TSH triggers oxidative stress in ECs, which might be re-
lated to increased ROS production to some degree.

MitoOS has been implicated as a critical resource for oxidative stress
in ECs. However, whether TSH induces mitoOS in ECs and the potent

signaling events linking TSH with mitochondrial function remains un-
known. Our study provided a link between elevated TSH and en-
dothelial dysfunction via a previously unrecognized signaling pathway,
which involved CypD activation signaling cascade and the subsequent
mitoOS.

Fig. 8. TSH enhanced CypD acetylation via inhibiting AMPK/SIRT3 signaling pathway in HUVECs. (A) Western blot analysis of CypD in HUVECs under TSH treatment in different
doses (n = 6). (B) CypD was immunoprecipitated from HUVECs treated with 0 or 2 μM TSH for 24 h. The western blots of the immunoprecipitates were probed with antibody against
acetylated lysine, stripped and then re-probed with antibody against CypD (n = 3). (C) Western blot analysis of p-AMPK (Thr-172), total AMPK and SIRT3 in HUVECs exposed to TSH in
different doses (n = 3–5). (D-E) HUVECs were exposed to 2 μM TSH for 24 h with 1 μM AICAR co-incubation for the last 6 h. (D) Western blot analysis of p-AMPK (Thr-172), total AMPK
and SIRT3 (n = 3). (E) CypD was immunoprecipitated from HUVEC of the indicated groups. The western blots of the immunoprecipitates were probed with antibody against acetylated
lysine, stripped and then re-probed with antibody against CypD (n = 3).
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In addition to its role in cellular apoptosis, mPTP is generally con-
sidered as a key modulator for mitochondrial ROS generation and cel-
lular oxidative stress. Studies confirmed that mPTP opening-induced
mitochondrial ROS participates in the pathological process of vascular
disease. Hana A. Itani et al have reported that loss of CypD, the key
regulator of mPTP opening, prevents mitochondrial ROS generation in
angiotensin II–infused mice, thus improves vascular relaxation and re-
duces hypertension [70]. In our study, we found that elevated TSH
induced excessive mPTP opening in ECs, indicated by enhanced sensi-
tivity to Ca2+-overload induced mitochondrial swelling. Excessive
mPTP opening leads to the collapse of the mitochondrial proton motive
force, resulting in decreased mitochondrial membrane potential [71].
Our study demonstrated that concomitant with the mPTP opening,
mitochondrial membrane potential was reduced by TSH. Normal
functions of complexes CI-III [72] are known for redox homeostasis in
mitochondria. We confirmed that with excessive mPTP opening, ac-
tivities of mitochondrial respiratory chain complexes were also blunted
by TSH. As a result, excessive ROS were generated in mitochondria.

Of note, excessive and prolonged mPTP activation leads to mi-
tochondrial outer membrane rupture, thus resulting in the release of
pathological ROS from mitochondria to cytoplasm [22] and further
cellular dysfunction. We proposed that the increased cellular oxidative
stress observed in our study was strongly associated with the release of
mitochondrial ROS from mPTP. As we found that inhibition of NADPH
oxidase attenuated TSH-induced oxidative stress in ECs, we attributed
part of the increased intracellular ROS coming from NADPH oxidase
activation which has been demonstrated to have a crosstalk with mPTP-
associated mitochondrial ROS generation. Given the facts that inhibi-
tion of mPTP by CypD deficiency or sanglifehrin A reduced angiotensin
II-triggered NADPH oxidase activation and further rescued endothelial
function [73], the cross-talk between mitochondria and NADPH oxi-
dases, therefore, may represent a feed-forward vicious cycle of ROS
production [74,75]. In this regard we could not exclude the possibility
that the increased mitochondrial ROS and perturbed mitochodrial
functions is at least in part due to TSH induced intracellular oxidative
stress through NADPH oxidase activation.

CypD is the well-accepted regulator of mPTP opening. Traditional
concept is that CypD mainly acts as Ca2+ sensitizer for mPTP opening,
leading to mitochondrial swelling and cell death [70]. It is notable that
unconventional effects of CypD on regulating redox status and vascular
homeostasis have been uncovered in recent years. Studies have shown
that CypD regulated mitochondrial and intracellular ROS generation
via a crosstalk with NADPH oxidase in isolated leukocytes [73]. Be-
sides, CypD deficiency prevented overproduction of mitochondrial ROS
in aorta isolated from angiotensin II–infused mice, improved en-
dothelium-dependent vascular relaxation and further attenuated an-
giotensin II–induced hypertension [70]. All these results demonstrate
the role of CypD in regulating mitochodrial and intracellular ROS
generation, as well as its specific contribution in regulation of en-
dothelial dysfunction.

In order to ellucidate the potent molecular mechanism for TSH-in-
duced mitoOS, we reduced CypD expression in HUVECs. No significant
difference in mitochondrial and endothelial functions were observed
between cells with only CypD inhibition and their vehicle controls.
However, CypD deficiency in HUVECs did reverse TSH-induced ex-
cessive mitochondrial ROS generation and ameliorate the mitochon-
drial OCR. Functionally, the increased ET-1 expression and reduced
eNOS activation under TSH exposure were also reversed. Under normal
conditions, we found that CypD KO mice exhibited a similar vasotonia
compared to their littermate controls. But once exposed to the acute
TSH stimulation, CypD KO mice exhibited significant resistance to TSH-
impaired endothelium-dependent vasodilation. All indicated that CypD
was of crucial role in TSH-induced mitoOS and endothelial dysfunc-
tions. Besides, the protective role of blocking CypD could only be
triggered under pathological conditions. CsA is an inhibitor of CypD
activation, whose binding pocket is adjacent to the acetylation site of

CypD [55]. In our studies, we found that pharmacological inhibition of
CypD by CsA not only attenuated TSH-induced mitochondrial swelling,
but also reduced mitoOS and further ameliorated TSH-induced en-
dothelial dysfunction. Acetylation is an important post-translational
modification of CypD, which modulates the translocation of CypD from
matrix to the inner membrane to facilitate the mPTP opening [51,76].
In our study, the obvious increment in CypD acetylation under TSH
exposure demonstrated that elevated TSH stimulated mPTP opening
mainly by enhancing CypD activity.

SIRT3 is a class 1 sirtuin with deacetylase activity for not only
histones, but also other proteins. A previous study has confirmed that
SIRT3 depletion increases mitochondrial SOD2 acetylation and mi-
tochondrial ROS generation in ECs, further diminishing endothelial
nitric oxide and promoting hypertension [77]. The results indicate that
protein deacetylation regulated by SIRT3 plays an important role in
regulating mitochondrial and vascular oxidative stress. Conceivably,
the increased CypD acetylation under TSH exposure in our study seems
to suggest that SIRT3 might be down regulated by elevated TSH in
HUVECs. AMPK is a known positive modulator of sirtuin activity [56].
In agreement with our previous study that TSH inhibited AMPK activity
in liver [78], we have found that elevated TSH reduced AMPK activity,
as well as SIRT3 expression in HUVECs. Furthermore, AICAR not only
rescued AMPK activity and SIRT3 expression, but also reversed CypD
acetylation under TSH exposure. Therefore, our findings have demon-
strated that TSH-induced CypD acetylation in HUVECs is at least par-
tially dependent on AMPK/SIRT3 signaling pathway. Indeed, the results
do not exclude the involvement of other CypD over-acetylation-in-
dependent TSH pathways. Such effect will be examined in our future
study.

Previous studies confirmed that CypD interaction with mPTP could
be regulated by redox status. For example, H2O2 as a strong oxidizer
induces CypD-dependent mPTP opening. Furthermore, nitric oxide
donor could induce CypD to undergo protein S-nitrosylation, thus re-
ducing CypD activation and inhibiting mPTP opening [79]. However,
the underlying mechanism by which redox status regulates CypD acti-
vation is still unclear. Acetylation is an important post-translational
modification for CypD activation and mPTP opening [51,76]. We con-
firmed that inhibition of AMPK/SIRT3 signaling pathway, to some ex-
tent, accounted for TSH-induced CypD acetylation. As TSH triggered
imbalance of intracellular redox status and the latter has been de-
monstrated to modulate CypD interaction with mPTP, further studies
are needed to investigate that whether the intracellular redox status
regulates TSH-induced CypD acetylation and by which mechanism
CypD over-acetylation promotes mPTP opening in ECs.

Recent studies notice that using generalized ROS scavengers in
clinical trials to reduce the oxidative burden is ineffective in the context
of cardiovascular pathology [80] because normal physiological func-
tions depend on a basal production of ROS [81]. Besides, anti-oxidants
can undergo auto-oxidation before use [82]. Targeting ROS elimination
is proposed to overcome the limitations of generalized ROS scavengers.
Our results suggested that targeting inhibition of mitochondrial CypD
might be a potential approach not only for reducing excessive ROS
generation, but also for prevention and treatment of CVD correlating to
elevated TSH.

A critical issue for the evaluation of CsA therapy merits discussion is
its specificity. Although CsA is a well-documented inhibitor of CypD
resulting in the suppression of excessive mPTP formation [32]，pre-
vious studies have shown that CsA exerts an immunosuppressive effect
through complicated yet not-fully-elucidated mechanisms [83]. In ad-
dition, CsA is a known inhibitor of calcineurin [84]. In this context, we
cannot fully exclude the potential involvement of these side-effects of
CsA. However, based on our observation of the protective effects of low
dose CsA on mitochondrial function, we propose that this protection of
CsA is, to a certain degree, largely associated with the attenuation of
excessive mPTP opening. Of interest, in addition to the concerns about
the specificity of CsA, the procedure of CsA preparation may also
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influence the function of CsA. Previous studies have reported that CsA
prepared by polyoxyethylated castor oil (Sandimmune, Novartis) im-
proved myocardial infarction damage in patients by targeting mPTP,
which was in sharp contrast with the little effect of CsA prepared by
lipid emulsion (CicloMulsion) [85,86]. In this regard, we adopted CsA
from Sandimmune, Novartis in our study. Moreover, the development
of more specific CypD inhibitors is called for.

In conclusion, our results implicate that blocking mitochondrial
CypD improves the defensive ability of ECs under TSH exposure.
Although our data are preliminary, these findings might lead to new
and promising methods for targeting ROS elimination to prevent and
treat CVD in SCH patients.
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