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A B S T R A C T   

Oxidative stress (OS) and endoplasmic reticulum stress (ERS) are at the genesis of placental disorders observed in 
preeclampsia, intrauterine growth restriction, and maternal hypothyroidism. In this regard, cationic manganese 
porphyrins (MnPs) comprise potent redox-active therapeutics of high antioxidant and anti-inflammatory po
tential, which have not been evaluated in metabolic gestational diseases yet. This study evaluated the therapeutic 
potential of two MnPs, [MnTE-2-PyP]5+ (MnP I) and [MnT(5-Br-3-E-Py)P]5+ (MnP II), in the fetal-placental 
dysfunction of hypothyroid rats. Hypothyroidism was induced by administration of 6-Propyl-2-thiouracil 
(PTU) and treatment with MnPs I and II 0.1 mg/kg/day started on the 8th day of gestation (DG). The fetal 
and placental development, and protein and/or mRNA expression of antioxidant mediators (SOD1, CAT, GPx1), 
hypoxia (HIF1α), oxidative damage (8-OHdG, MDA), ERS (GRP78 and CHOP), immunological (TNFα, IL-6, IL-10, 
IL-1β, IL-18, NLRP3, Caspase1, Gasdermin D) and angiogenic (VEGF) were evaluated in the placenta and decidua 
on the 18th DG using immunohistochemistry and qPCR. ROS and peroxynitrite (PRX) were quantified by fluo
rometric assay, while enzyme activities of SOD, GST, and catalase were evaluated by colorimetric assay. MnPs I 
and II increased fetal body mass in hypothyroid rats, and MnP I increased fetal organ mass. MnPs restored the 
junctional zone morphology in hypothyroid rats and increased placental vascularization. MnPs blocked the in
crease of OS and ERS mediators caused by hypothyroidism, showing similar levels of expression of HIFα, 8- 
OHdG, MDA, Gpx1, GRP78, and Chop to the control. Moreover, MnPs I and/or II increased the protein expres
sion of SOD1, Cat, and GPx1 and restored the expression of IL10, Nlrp3, and Caspase1 in the decidua and/or 
placenta. However, MnPs did not restore the low placental enzyme activity of SOD, CAT, and GST caused by 
hypothyroidism, while increased the decidual and placental protein expression of TNFα. The results show that 
treatment with MnPs improves the fetal-placental development and the placental inflammatory state of hypo
thyroid rats and protects against oxidative stress and reticular stress caused by hypothyroidism at the maternal- 
fetal interface.   
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1. Introduction 

Gestational diseases such as preeclampsia, intrauterine growth re
striction, recurrent miscarriage, and gestational diabetes mellitus are 
associated with oxidative stress and endoplasmic reticulum (reticular) 
stress at the maternal-fetal interface [1–7]. Maternal hypothyroidism is 
another important gestational disease that affects from 2.5 % to 15 % of 
pregnant women, depending on the region and case notifications 
effectiveness [8–10]. Recently, we demonstrated that this disease also 
causes oxidative and reticular stress at the maternal-fetal interface of 
rats, with dysregulation of the expression and reduced activity of anti
oxidant enzymes and increased mediators of reticular stress [11]. 

Studies have already shown that hypothyroidism increases the fre
quency of miscarriages [12,13]. It is also reportedly associated with the 
occurrence of preeclampsia [14,15] and causes premature neonates with 
lower body mass and congenital anomalies [16,17]. In addition, in rats, 
maternal hypothyroidism resulted in failures in intrauterine tropho
blastic migration and apoptosis, and reduced trophoblastic proliferation 
and expression of angiogenic and immunological mediators such as 
interleukin 10 (IL-10), inducible nitric oxide synthase 2 (NOS2), 
vascular endothelial growth factor (VEGF), and placental growth factor 
(PIGF) in the maternal-fetal interface [18–20]. 

Thyroid hormones are important regulators of oxygen and antioxi
dant consumption in the body [21,22]. Moreover, thyroid hypofunction 
compromises antioxidant activity and lipid metabolism [23,24]. 
Therefore, the use of synthetic or natural antioxidants in the treatment 
of placental dysfunction caused by maternal hypothyroidism may be 
promising. These antioxidants can also prevent other gestational dis
eases that involve oxidative and reticular stress in their pathogenesis, 
such as preeclampsia and recurrent miscarriage [25,26]. In this regard, 
in recent years, studies have shown that cationic water-soluble manga
nese porphyrins (MnPs) of the N-alkylpyridylporphyrin class have 
excellent therapeutic potential in the control of oxidative stress (redox 
modulators) as redox-active therapeutics in models of stroke, renal 
ischemia, and radioprotection because of their high antioxidant power, 
minimal toxicity, and high bioavailability associated with their lip
ophilicity [27,28]. 

MnPs are versatile compounds since the porphyrin ring can be 
altered to obtain compounds with tailored properties. Some examples of 
metalloporphyrins of use as redox-active therapeutics are [MnTE-2- 
PyP]5+, [MnTM-2-PyP]5+, [MnTnBu-2-PyP]5+, [MnTnHex-2-PyP]5+, 
and [MnTnBuOE-2-PyP]5+ [29–33]. [MnTE-2-PyP]5+, meso-tetrakis 
(N-ethylpyridinium-2-yl)porphyrinatomanganese(III), and meso-tetrakis 
(N-(2′-n-butoxyethyl)pyridinium-2-yl)porphyrinatomanganese(III) 
([MnTnBuOE-2-PyP]5+) are in Phase II clinical trial studies for atopic 
dermatitis and pruritus ([MnTE-2-PyP]5+), and for glioma, head and 
neck cancer ([MnTnBuOE-2-PyP]5+) [34–37]. These metalloporphyrins 
can regulate transcription factors such as hypoxia-inducible factor 1 
alpha (HIF1α) and nuclear factor kappa B (NF-κB), which are 
redox-dependent, as well as suppress inflammatory processes mediated 
by oxidative stress [38,39]. In addition, MnPs have anti-inflammatory 
action by affecting the immune responses of T helper lymphocytes 1 
(Th1) and 2 (Th2), thus reducing cytokines such as interferon gamma 
(IFNy) and interleukins 4 (IL-4) and 5 (IL-5) [40]. However, to date, no 
study has been conducted with MnPs for the treatment of metabolic 
gestational diseases that occur with placental stress. 

Since hypothyroidism causes oxidative stress and reticular stress in 
the maternal-fetal interface of rats [11], the hypothesis of this study is 
that MnPs may prevent or reduce fetal and placental changes caused by 
maternal hypothyroidism. Thus, the aim was to evaluate the therapeutic 
potential of two formulations of MnPs, [MnTE-2-PyP]5+ and [MnT 
(5-Br-3-E-Py)P]5+, meso-tetrakis-(5-bromo-3-N-ethylpyridinium)por
phyrinatomanganese(III), in the fetal and placental restriction of rats 
with hypothyroidism. The findings showed that the two MnPs evaluated, 
one of which is [MnT(5-Br-3-E-Py)P]5+ and not yet described in the 
literature, were able to improve fetal development and placental 

morphology and vascularization of rats with hypothyroidism. This effect 
was associated with reduced oxidative and reticular stress, increased 
expression of antioxidant enzymes, and reduced HIF1α, IL10, Nlrp3, and 
Caspase 1 expression at the maternal-fetal interface. 

2. Material and methods 

2.1. Synthesis and characterization of manganese porphyrins (MnPs) 

[MnTE-2-PyP]Cl5, meso-tetrakis(N-ethylpyridinium-2-yl)porphyr
inatomanganese(III) chloride, specified as [MnTE-2-PyP]5+ in aqueous 
solution, was prepared and purified as previously reported [41] and 
showed chromatographic and spectroscopic characterizations consistent 
with published data [42–44]. For this work, aqueous stock solutions of 
[MnTE-2-PyP]5+ were prepared and their concentrations in 1 mM range 
were determined spectrophotometrically using published molar ab
sorptivity value (ε454.0 nm = 138,038 cm− 1 M− 1) [41]. 

[MnT(5-Br-3-E-Py)P]Cl5, meso-tetrakis(5-bromo-N-ethylpyridinium- 
3-yl)porphyrinatomanga-nese(III) chloride, a new metalloporphyrin 
specified in aqueous solutions as [MnT(5-Br-3-E-Py)P]5+, was prepared 
in three steps, using an adaptation of literature procedures [41,45]. In 
the first step, the free base porphyrin H2T(5-Br-3-Py)P was obtained as 
follows: 28.1 mL of acetic acid was heated to 90 ◦C, then 2.16 g of 5-bro
mo-3-pyridinecarboxaldehyde (113 mmol, ALDRICH) and 0.8 mL pyr
role (113 mmol, freshly distilled, ALDRICH) were added. The system 
was left under reflux for 60 min. After this time, the system was cooled to 
room temperature (25 ◦C). Then, a solution of sodium acetate trihydrate 
(0.73 M) was added to the reaction mixture, until an approximate pH 3. 
The precipitate formed was filtered under vacuum and washed with hot 
water. The solid was collected with a mixture of chloroform and meth
anol (2:1). Purification was performed by column chromatography, 
using alumina as the stationary phase, and a mixture of chloroform: 
methanol as the mobile phase in the following proportions: 100:1, 50:1, 
30:1, 2:1, and 1:1. Fractions corresponding to H2T(5-Br-3-Py)P were 
combined and the solvent was removed on a rotary evaporator. H2T 
(5-Br-3-Py)P was characterized by UV–Vis electronic absorption spec
troscopy and hydrogen nuclear magnetic resonance (1H NMR). 

In the second step, the free base porphyrin H2T(5-Br-3-E-Py)PCl4, 
specified as H2T(5-Br-3-E-Py)P4+ in aqueous solution, was synthesized 
by alkylation of the precursor H2T(5-Br-3-Py)P using an adaptation of a 
literature procedure [41]. H2T(5-Br-3-Py)P (150 mg, 0.16 mmol) and 
ethyl tosylate (6 mL, 6.9 g, 34.5 mmol) were dissolved in N,N-dime
thylformamide (30 mL) and heated to 110 ◦C under magnetic stirring for 
24h. The alkylation reaction was monitored by thin layer chromatog
raphy, using H2O:KNO3(aq):MeCN 1:1:8 (v/v/v) as eluent, and UV–Vis 
electronic absorption spectroscopy as reported for the free base analog 
H2TE-2-PyP4+ [41]. The resulting H2T(5-Br-3-E)PyP4+ sample was iso
lated and purified as the chloride salt, H2T(5-Br-3-E)PyPCl4, as 
described previously [41]. H2T(5-Br-3-E)PyPCl4 was characterized by 
UV–Vis absorption spectroscopy. 

In the third step, H2T(5-Br-3-E)PyPCl4 was metallated with manga
nese. In a beaker, 94.92 mg (796 μmol) of H2T(5-Br-3-E)PyPCl4 was 
solubilized in 30 mL of water, keeping the system under magnetic stir
ring. Then, 1 mol L− 1 sodium hydroxide solution was added, drop by 
drop, until pH 12. Subsequently, 271.35 mg (1.37 mmol) of manganese 
(II) chloride tetrahydrate, previously solubilized in a minimal amount of 
water, was added. The system was kept under agitation for 5 min until 
reaching pH 8. The metalation reaction was monitored by UV–Vis 
electronic absorption spectroscopy. The resulting [MnT(5-Br-3-E-Py) 
P]5+ sample was isolated and purified as the chloride salt ([MnT(5-Br-3- 
E-Py)P]Cl5) as described previously [41]. The product was characterized 
by UV–Vis electronic absorption spectroscopy (ε461.0 nm = 140,920 
cm− 1 M− 1) and mass spectrometry (ESI-MS). 
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2.2. Experimental design 

Adult Wistar rats (230–250g) were used in this study. The females 
were fed with commercial rat chow (NUVILAB ® Cr-1, Nuvital, 
Colombo, PR, Brazil) and water ad libitum and kept under controlled 
brightness (12 h of light/12 h of dark) and temperature (22 ◦C). All 
procedures were approved by the Ethics Committee on the Use of Ani
mals of the Universidade Estadual de Santa Cruz (Protocol No. 002/17). 

After 7 days of adaptation, the rats were randomly separated into 
groups control, MnP I, and MnP II (experiment 1), and the groups con
trol, hypothyroid, hypo + MnP I, and hypo + MnP II (experiment 2). 
Each group consisted of 6–7 animals. 

The first experiment was carried out to verify if the administration of 
MnPs could compromise fetal-placental development since, until now, 
they had never been used during pregnancy in rats. The estrous cycle of 
the rats was monitored daily, and after checking two complete estrous 
cycles (proestrus, estrus, diestrus), the rats in proestrus were placed with 
adult male rats (1 female/1 male) for 12h overnight. The next morning, 
vaginal smears were performed, and copulations were confirmed by the 
presence of sperm in the vaginal cytology. That day was designated as 
day 0 of gestation. Treatment with MnPs was daily (see dosing and 
administration details below), starting on the 8th DG, and euthanasia 
occurred on the 18th DG. The entire genital system was collected, as well 
as the liver, spleen, lungs, heart, brain, and kidneys for histopathological 
evaluation. Blood was collected for plasma analyses of biomarkers of 
liver, kidney, and heart function. 

In experiment 2, the animals received 6-Propyl-2-thiouracil (PTU; 4 
mg/kg/day) in distilled water through an orogastric tube to induce 
hypothyroidism [19]. Three days after the start of induction, the females 
of all groups underwent vaginal cytology and the rats in proestrus were 
kept with adult male rats (1 female/1 male) for 12h overnight. Copu
lations were confirmed the next morning by the presence of sperm in the 
vaginal cytology (0 DG). The rats that tested positive for pregnancy were 
kept separate according to the experimental group. Euthanasia was 
performed on 18th DG. The placental discs were collected for histo
morphometry analysis of the placenta, analysis of protein and gene 
expression by immunohistochemistry and real-time polymerase chain 
reaction (qPCR), and evaluation of antioxidant enzyme activity, ROS 
and peroxynitrite levels. 

2.3. Administration of manganese porphyrins (MnPs) 

For experiment 1, the groups treated with MnPs were formed by the 
group MnP I ([MnTE-2-PyP]5+ and the group MnP II ([MnT(5-Br-3-E- 
Py)P]5+. In experiment 2, the groups hypothyroid (PTU) + MnP I and 
hypothyroid (PTU) + MnP II were formed. MnP I has antioxidant ac
tivity (ROS and RNS modulation) already described in other diseases 
[42], but has not yet been evaluated in metabolic gestational diseases. It 
was used as a reference to evaluate MnP II, a new metalloporphyrin 
without in vitro and in vivo studies to determine its antioxidant activity 
and therapeutic potential. Treatment with MnPs was daily, from the 8th 
to the 18th DG. The treatment was initiated in the post-implantation 
period and the beginning of placentation [46] to eliminate the possi
bility of the drug affecting embryo implantation. The drugs were diluted 
in sterile physiological solution and administered at a dosage of 0.1 
mg/kg/day, intraperitoneally (IP) [31]. The control group (sham) 
received the same volume of sterile physiological solution (300 μL), 
intraperitoneally. 

2.4. Necropsy and material collection 

The rats were euthanized with a guillotine and 5 mL of blood was 
collected in heparin tubes to obtain plasma. The blood was centrifuged 
at 3000 rpm for 20 min and the plasma obtained was stored at − 20 ◦C. 

In experiments 1 and 2, the uteri containing the placentas and fetuses 
were separated from the fallopian tubes and ovaries. Subsequently, the 

uteri containing placentas and fetuses, uteri with placentas without fe
tuses, and all fetuses were individually weighed. An estimate of the 
amniotic fluid mass was also obtained after subtracting the mass of the 
uterus and placenta with the fetuses from the mass of the fetuses and the 
mass of the uterus and placenta without the fetuses. The number of fe
tuses and the number of sites with fetal resorption or death were also 
counted. Then, in experiment 2, placental discs were randomly removed 
from both horns of each group. Two placental discs were removed, 
dissected, and separated from the decidua. One of the discs was packed 
in a microtube, immediately frozen in liquid nitrogen, and then stored at 
− 80 ◦C to evaluate antioxidant enzyme activity and dosage of reactive 
oxygen species (ROS) and peroxynitrite (PRX, a representative RNS). 
The other placental disc was stored in a microtube containing TRIzol, 
immediately frozen in liquid nitrogen, and stored at − 80 ◦C for subse
quent qPCR. The remaining discs, as well as the maternal organs 
collected in experiment 1, were fixed in 4 % paraformaldehyde at 4 ◦C 
for 24h and processed through the paraffin embedding technique. The 
tissues were dehydrated in solutions with increasing concentrations of 
alcohol (70 %–100 %), with subsequent diaphanization in xylol and 
paraffin impregnation and embedding. Histological sections 4 μm thick 
of tissues were obtained by microtomy on histological slides and stained 
with hematoxylin and eosin for histopathological and histo
morphometry analyses. Silane-coated polarized slides (StarFrost Poly
cat, Germany) were used for immunohistochemistry. 

2.5. Evaluation of plasma biochemistry and free T3 and T4 profile 

In experiment 1, plasma levels of alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), alkaline phosphatase (ALP), total 
proteins, albumin, urea, creatinine, and creatine kinase on 18th DG were 
analyzed using commercial colorimetric kits. 

In experiment 2, the dosage of free T3 and T4 on 18th DG was per
formed by enzyme-linked immunosorbent assay (ELISA) (sensitivity: 0.4 
NG/dL), with commercial kits and according to the manufacturer’s in
structions (IMMULITE, Siemens Medical Solutions Diagnostics, Malvern, 
PA, USA). The intra- and inter-assay coefficients of variation were 4 % 
and 7 %, respectively. 

2.6. Assessment of fetal development 

The heart, liver, lungs, and kidneys of each fetus were dissected and 
weighed. To analyze fetal body mass distribution and risk of fetal growth 
restriction, fetal body mass histograms were constructed for each group 
with individual fetal mass, followed by nonlinear regression performed 
according to Dilworth et al. (2011). The 5th percentile was calculated as: 
(-Z score × SD) + mean, assuming that Z score = 1.645, SD = standard 
deviation, mean = mean of the control group. 

2.7. Histomorphometry analysis of the placenta 

The histomorphometry analysis was performed on 6–7 placental 
discs/group. Histological sections were performed in the center of the 
placental disc to include the central maternal blood vessel, thus ensuring 
the histological sections were uniform. Images of each placental disc 
were captured using a Leica S9i stereomicroscope. The thickness of each 
layer of the placenta [junctional zone (JZ) and placental labyrinth (PL)] 
was evaluated in 10 random regions and a mean was obtained for each 
placental disc. The analysis was carried out using Image Pro Plus soft
ware version 4.5 and the values were transformed to millimeters. 

In the JZ, the proportion of area occupied by glycogen cells, spon
giotrophoblasts, and trophoblastic giant cells was evaluated in five 
random fields at 200 × magnification. The average of the five random 
fields represented the proportion of cellular components of the JZ of 
each placenta. In the PL, the proportion of area occupied by maternal 
vascular sinus, fetal capillaries, and fetal mesenchyme/trophoblast cells 
was evaluated in 10 random fields at 400 × magnification. The average 
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of the 10 random fields represented the proportion of tissue components 
of the PL of each placenta. The images were captured in a Leica DM2500 
photon microscope and the quantification was performed in graticule of 
99 (JZ) and 100 (PL) points using Image Pro Plus software version 4.5 
[47,48]. 

2.8. Immunohistochemistry (IHC) 

Histological sections of the placenta with decidua basalis and the 
metrial gland were submitted to immunohistochemistry analysis. The 
antibodies used were anti-HIF1α (1:1000, sc-13515), anti-8-OHdG 
(1:200, sc-393871), anti-SOD1 (1:1000, sc-365858), ant-GPx1/2 
(1:1000, sc-133160), anti-catalase (1:1000, SC-271803), anti-GRP78 
(1:1000, SC - 13539), anti-CHOP (1:1000, SC-71136), anti-VEGF (1:200, 
SC-152), anti-TNFα (1:500, SC-52746), anti-IL-10 (1:6000, SC-365858), 
all from Santa Cruz Biotechnology, CA, USA, and anti-MDA (1:1000, 
ab243066; ABCAM, Cambridge, UK). 

The streptavidin-biotin-peroxidase technique was used by the Dako 
detection system (EnVision™ FLEX+, Mouse, High pH, (Link)) and 
antigenic recovery was performed by heated water bath at 98 ◦C using 
citric acid solution (0.54 M; pH 6.0). The sections were immersed for 30 
min in a hydrogen peroxide solution (3 %; H2O2) in methanol (CH3OH) 
to block endogenous peroxidase, then kept for another 30 min in a 
blocking serum solution (Ultra vision Block, Lab Vision Corp., Fremont, 
CA. USA), followed by incubation with the primary antibodies in a hu
midity chamber overnight. Incubation with secondary antibody conju
gated to streptavidin peroxidase (EnVision™ FLEX/HRP; ref. SM802) 
occurred for 30 min. The chromogen used was 3′3 diaminobenzidine 
(EnVision™ FLEX DAB + Chromogen; ref. DM827), diluted in buffer 
with H2O2 (EnVision™ FLEX Substrate Buffer; 1:50; ref. SM803). Lastly, 
the sections were counterstained with Harris hematoxylin. The negative 
control was obtained by replacing the primary antibody with phosphate 
buffered solution (PBS) or normal mouse IgG (1:200; sc-2025, Santa 
Cruz Biotechnology, CA, USA) [19,49]. 

Descriptive and quantitative evaluations were conducted of the im
munostaining of HIF1α, 8-OHdG, MDA, SOD1, catalase, GPx1/2, 
GRP78, CHOP, VEGF, IL-10, and TNFα in the decidua (decidua basalis +
metrial triangle), JZ and PL of the maternal-fetal interface. The quan
titative evaluation was performed randomly in six placental discs/group 
with images of five random fields of each evaluated region. The images 
were obtained with a Leica DMI 300B photon microscope (Leica 
Microsystems, Germany) at 400 × magnification. For this evaluation, 
the WCIF ImageJ® software (Media Cybernetics Manufacturing, Rock
ville, MD, USA) was used. Color deconvolution and thresholding images 
were taken. The data of each tissue were archived, analyzed, and 
expressed as immunostaining area in pixels [19]. 

2.9. Real-time PCR (qPCR) 

To perform the qPCR, mRNA was first extracted from the placenta 
using TRIzol (Invitrogen, Life Technologies, Carlsbad, CA, USA), ac
cording to the manufacturer’s protocol. cDNA synthesis was performed 
with 1 μg of RNA using the SuperScript III First-Strand Synthesis 
SuperMix Kit (Invitrogen). Gene transcripts of target genes were quan
tified by qPCR using PowerUp™ SYBR™ Green (Master Mix Applied 
Biosystems™ PowerUp™ SYBR™ Green, Thermo Fisher Scientific) on 
the Applied Biosystems 7500 Fast Real-time PCR System (Applied Bio
systems, Life Technologies). For qPCR reactions, 1 μL of cDNA, 100 nM 
of each primer, and 7.5 μL of PowerUp reagent were used in a final 
volume of 15 μL of reaction. In the negative control, the DNA amplifi
cation mix was used, in which the cDNA sample was replaced by water. 
The amplifications were performed under the following conditions: 
enzyme activation at 95 ◦C for 10 min, 40 cycles of denaturation at 95 ◦C 
for 15 s, and annealing/extension at 60 ◦C for 60 s. A qPCR amplification 
efficiency test was performed using serial dilutions of cDNA, together 
with an evaluation of the qPCR melting curve of the amplification 

products. The primers were designed based on the mRNA sequence of 
Rattus norvegicus (Table 1). Gene expression was analyzed by the 2-ΔΔCT 

method, in which the results obtained for each group were compared 
quantitatively after normalization based on the expression of RNA po
lymerase II subunit A (Polr2a) of Rattus norvegicus [11,50]. 

2.10. Evaluation of enzyme activity of superoxide dismutase (SOD), 
glutathione S-transferase (GST), and catalase 

The placental samples were homogenized in potassium phosphate 
buffer (TFK) (50 mM; pH 7.0) and centrifuged at 13,400 rpm for 10 min 
at 4 ◦C to collect supernatants. The protein concentration was evaluated 
by the method of [51], while the enzyme activities of SOD, GST, and 
catalase were evaluated according to Refs. [52–54], respectively. 

2.11. Evaluation of placental ROS and peroxynitrite levels 

The ROS and peroxynitrite (PRX) in placental discs were quantified 
by fluorometric assay with specific probes for ROS (2′,7′-dichloro
fluorescein diacetate; DCFH-DA, Invitrogen, Life Technologies, Carls
bad, CA, USA) and peroxynitrite (dihydrorhodamine 123, Invitrogen, 
Life Technologies, Carlsbad, CA, USA) [11,55]. Fluorescence was 
measured with a fluorometer (Synergy 2 SL Luminescence Microplate 
Reader; Biotek) using excitation and emission wavelengths of 500 nm. 
Data were expressed as arbitrary units (AU) of fluorescence + SEM. 
These tests were conducted in duplicate. 

2.12. Statistical analysis 

The data are presented as mean ± standard error of the mean (SEM) 
and were tested for normality (Shapiro-Wilk) and homoscedasticity 
(Brown-Forsythe) of the residues. Analysis of variance (ANOVA) was 

Table 1 
List of genes and nucleotide sequences for qPCR primers.  

Gene Sequence (5->3) Accession number 

Hif1a F: AGCAATTCTCCAAGCCCTCC NM_024359.1 
R: TTCATCAGTGGTGGCAGTTG 

Nrf2 F: CCCATTGAGGGCTGTGATCT NM_031789.2 
R: GCCTTCAGTGTGCTTCTGGTT 

Sod1 F: GAAAGGACGGTGTGGCCAAT NM_017050.1 
R: CTCGTGGACCACCATAGTACG 

Gpx1 F: GCGCTACAGCGGATTTTTGA NM_030826.3 
R: GAAGGCATACACGGTGGACT 

Cat F: CTGACTGACGCGATTGCCTA NM_012520.2 
R: GTGGTCAGGACATCGGGTTT 

Grp78 F: TGAAGGGGAGCGTCTGATTG NM_013083.2 
R: TCATTCCAAGTGCGTCCGAT 

Chop F: TGGCACAGCTTGCTGAAGAG NM_001109986.1 
R: TCAGGCGCTCGATTTCCT 

Vegf F: GCCCAGACGGGGTGGAGAGT NM_001110336.1 
R: AGGGTTGGCCAGGCTGGGAA 

Tnf F: AGCCCGTAGCCCACGTCGTA NM_012675.3 
R: CGGTGTGGGTGAGGAGCACG 

Il6 F: GACTTCCAGCCAGTTGCCTT NM_053595.2 
R: AAGTCTCCTCTCCGGACTTGT 

Il10 F: GGCCATTCCATCCGGGGTGA NM_012854.2 
R: AAGGCAGCCCTCAGCTCTCG 

Nlrp3 F: CTCTGCATGCCGTATCTGGT NM_001191642.1 
R: GTCCTGAGCCATGGAAGCAA 

Caspase1 F: ACAAAGAAGGTGGCGCATTT NM_012762.2 
R: GTGCTGCAGATAATGAGGGC 

Il1β F: GCACAGTTCCCCAACTGGTA NM_031512.2 
R: TGTCCCGACCATTGCTGTTT 

Il18 F: ACCACTTTGGCAGACTTCACT NM_019165.1 
R: ACACAGGCGGGTTTCTTTTG 

Gasdermin d F: AAGATCGTGGATCATGCCGT NM_001130553.1 
R: AAGATCGTGGATCATGCCGT 

Polr2a F: GCTGGACCTACTGGCATGTT NM_001079162.5 
R: ACCATAGGCTGGAGTTGCAC  
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performed followed by the Student-Newman-Keuls test (SNK). Gener
alized linear analysis of mixed models followed by Tukey’s test were 
used to assess fetal body mass [56]. The analyses were performed using 
GraphPad Prism 8.0.2® software and the differences were considered 
significant when P < 0.05. 

A Principal Component Analysis (PCA) was conducted for each 
dataset to link the variables used with the groups assessed in each 
treatment. Initially, the variables related to the evaluated groups were 
standardized using the decostand function (method = “standardize”) to 
enhance data accuracy. Subsequently, a data imputation process was 
carried out using the imputePCA function to address missing data (NA) 
[57,58]. Finally, the relationship between the most correlated variables 
(>0.60) and their association with the groups within each treatment was 
examined [59]. All analyses were performed in Program R, version 
4.3.3, utilizing the vegan, missMDA, FactoMineR, and factoextra packages. 

3. Results 

3.1. Preparation of metalloporphyrins [MnTE-2-PyP]5+and [MnT(5-Br- 
3-E-Py)P]5+

The metalloporphyrin [MnTE-2-PyP]5+ was prepared and purified as 
previously reported [41] and the resulting spectroscopic and chro
matographic characterizations were consistent with published data 
[42–44]. 

The novel metalloporphyrin [MnT(5-Br-3-E-Py)P]5+ was obtained 
in three steps, as shown in Supplementary Fig. 1. In the first step, neutral 
free base H2T(5-Br-3-Py)P was obtained with a yield of 8.5 % (339 mg) 
and showed a UV–Vis absorption spectrum (Supplementary Fig. 2), 
which is typical of a free base porphyrin, with a Soret band at 419 nm 
and four Q bands in the visible region originating from π → π* transitions 
[60]. The 1H NMR spectrum (Supplementary Fig. 3) showed all the 
characteristic signals of the porphyrin macrocycle, including the signal 
at δ = − 2.90 ppm, characteristic of the hydrogen atom attached to each 
pyrrole nitrogen atom, shielded by the porphyrin π-current. 

In the second step, the water-soluble derivative H2T(5-Br-3-E-Py)P4+

was obtained in 90 % yield and showed UV–Vis absorption spectra 
typical of free base porphyrins [60]. In the last step, the metal
loporphyrin of interest, [MnT(5-Br-3-E-Py)P]5+, was obtained with 85 
% yield. The UV–Vis spectrum of [MnT(5-Br-3-E-Py)P]5+ (Supple
mentary Fig. 2) was consistent with the spectra of other manganese 
described in the literature [61]. Comparison of the UV–Vis spectra of 
free bases porphyrins (H2T(5-Br-3-Py)P and H2T(5-Br-3-E-Py)P4+) and 
[MnT(5-Br-3-E-Py)P]5+ revealed changes in the spectral profile 
consistent with the metalation reaction. The metalation with manganese 
resulted in a red shift of Soret band (from ~420 nm in the free base to 
461 nm in MnP). Also, the number of free-base Q bands were reduced in 
MnP, which is consistent with an increase of the macrocycle local 
symmetry from D2h (free base) to D4h (MnP). Strong interaction between 
the orbitals of the porphyrin macrocycle and the orbitals of the metal 
could account for these changes [61]. Mass spectrometry analysis was 
conducted using the ESI-MS technique. For [MnT(5-Br-3-E-Py)P]5+
(Supplementary Fig. 4), the most intense peaks were observed at 242.22, 
284.28, 390.79, and 604.98. These peaks correspond to [MnT 
(5-Br-3-E-Py)P + 6H2O]5+, [MnT(5-Br-3-E-Py)P + Cl− ]4+, [MnT 
(5-Br-3-E-Py)P + 2 Cl‒]3+, and [MnT(5-Br-3-E-Py)P + 3 Cl‒]2+ respec
tively. Similar fragmentation patterns shown in Supplementary Fig. 4 
were observed for other cationic N-alkylpyridylporphyrins [62,63]. 

3.2. The administration of MnPs during pregnancy did not compromise 
the plasma biochemistry and fetal and placental development of Wistar 
rats 

First, we verified whether the administration of metalloporphyrins 
[MnTE-2-PyP]5+ (MnP I) and [MnT(5-Br-3-E-Py)P]5+ (MnP II) could 
compromise the pregnancy of Wistar rats since these drugs had not been 

used during pregnancy in experimental rat models. According to the 
results, MnPs at a dose of 0.1 mg/kg/day from the 8th DG did not affect 
plasma levels of ALT, AST, ALP, total proteins, albumin, urea, and 
creatinine compared to control (P > 0.05), while MnP I reduced plasma 
levels of creatine kinase (Supplementary Table 1; P < 0.05). The 
administration of MnPs did not affect the mass of the uterus + placental 
unit and amniotic fluid (Supplementary Figs. 5A–B) or the histology of 
maternal organs (heart, liver, lungs, kidneys, brain, and spleen) (Sup
plementary Fig. 6). Moreover, the use of MnPs did not affect the number 
of fetuses and did not compromise fetal body mass on 18th DG (Sup
plementary Figs. 5C–D; P < 0.05). 

3.3. MnPs improves the fetal body mass and placental morphology of 
hypothyroid rats 

In the first experiment, the administration of MnPs did not 
compromise plasma biochemistry, the histology of the maternal organs, 
and the reproductive parameters of Wistar rats. Therefore, the thera
peutic potential of these MnPs in the fetal and placental restriction in 
rats with hypothyroidism [19,47] was evaluated in the second experi
ment. Initially, the induction and maintenance of hypothyroid status in 
rats treated with PTU was confirmed since the plasma levels of free T3 
and T4 on 18th DG in this group were lower than the control (Fig. 1A 
and B; P < 0.0001) and treatment with MnPs did not alter the profile of 
these hormones. 

According to the evaluation of maternal and placental parameters, 
MnP I and MnP II were not able to increase the lower uteroplacental and 
amniotic fluid mass observed in the hypothyroid rats when compared to 
the control (Fig. 1C and D; P < 0.05; P < 0.01). In addition, no signifi
cant difference was observed in the number of fetuses in relation to the 
hypothyroid group, which were reduced compared to the control group 
(Fig. 1E; P < 0.05). However, MnPs were able to increase the low fetal 
body mass observed in the hypothyroid rats (Fig. 1F; P < 0.05; P < 0.01). 
The relative frequency of fetal body mass distribution showed that the 
distribution of 96.84 % of the fetuses of the control animals was higher 
than the 5th percentile (1.280 g). In contrast, the body mass of only 5.31 
% of the fetuses of the hypothyroid group was higher than the 5th 
percentile, with deviation to the left of the relative distribution curve 
(Fig. 1G). The fetal body mass of the animals treated with MnPs I and II 
was, respectively, 22.39 % and 22.36 % above the 5th percentile, sug
gesting improved fetal development. Interestingly, treatment with MnP I 
also increased the organ mass (liver, kidneys, heart, lungs) of the fetuses 
of hypothyroid rats, which were reduced compared to the control 
(Fig. 1H; P < 0.0001). 

Since treatment with MnPs improved the fetal development of hy
pothyroid rats, we verified whether this effect could be associated with a 
change in placental morphology, as no difference was observed in the 
mass of the uterus-placenta unit. According to the results, MnPs partially 
restored the thickness of the PL of the hypothyroid rats since hypothy
roidism reduced the thickness of this layer in relation to the control and 
the treatment with the MnPs did not differ significantly in relation to the 
control (Fig. 2A and B). Furthermore, MnPs I and II restored the cellu
larity of the JZ since hypothyroidism increased the proportion of 
glycogen cells in this layer of the placenta (Fig. 2C; P < 0.01) and MnPs 
reduced this population, matching the control (Fig. 2C; P > 0.05). In the 
PL, MnPs not only increased the area occupied by maternal vascular 
sinus compared to the control (Fig. 2D; P < 0.05; P < 0.01), as also 
increased the area occupied by fetal capillary compared to the control 
and hypothyroid groups (Fig. 2D; P < 0.001; P < 0.0001), which was 
reduced in the hypothyroid group compared to the control (P < 0.05). 
Regarding the area occupied by fetal mesenchyme/trophoblast, a 
reduction was observed in the MnPs groups compared to the control and 
hypothyroid groups (Fig. 2D; P < 0.01 P < 0.001; P < 0.0001). 

J.M. dos Anjos Cordeiro et al.                                                                                                                                                                                                               



Redox Biology 74 (2024) 103238

6

3.4. MnPs reduces HIF1α expression at the maternal-fetal interface of 
hypothyroid rats 

Treatment with MnPs improved placental morphology and fetal 
development of hypothyroid rats. Moreover, recent studies have sug
gested that hypoxia occurs in the maternal-fetal interface of rats with 
hypothyroidism [11]. Therefore, we evaluated the expression of HIF1α, 
a marker of hypoxia [64], and of Nrf2, a transcription factor involved in 
the expression of antioxidant enzymes [65]. Immunostaining of HIF1α at 
the maternal-fetal interface of the animals demonstrated that MnPs I and 
II reduced the protein expression of HIF1α in the decidua and JZ of 
hypothyroid rats (Fig. 3A and B; P < 0.05; P < 0.01), matching the 
expression of the control rats (P > 0.05). This is consistent with treat
ment with Mn(III) N-alkylpyridylporphyrins downregulating HIF1α in 
other experimental animal models [39,66]. Although the literature ef
fects of MnPs on transcription factors are usually evaluated by 

immunohistochemistry, we complimented this analysis by evaluating 
also the gene expression. The same result as that of immunohisto
chemistry was obtained for gene expression, in which treatment with 
MnP I reduced mRNA expression for Hif1α in the placenta of hypothy
roid rats (Fig. 3C; P < 0.05), matching the control (P > 0.05). Regarding 
the expression of transcripts for Nrf2, although hypothyroidism 
increased its placental expression in relation to the control (P < 0.05), 
treatment with MnPs did not show a significant difference regarding the 
hypothyroid and control groups (Fig. 3C; P > 0.05). 

3.5. MnPs blocks the increase of 8-OHdG and MDA at the maternal-fetal 
interface of hypothyroid rats 

Since MnPs reduced HIF1α expression at the maternal-fetal interface 
of hypothyroid rats, we evaluated the immunostaining of 8-hydroxy-2′- 
deoxyguanosine (8-OHdG) and malondialdehyde (MDA), biomarkers of 

Fig. 1. Plasma levels of free T3 and T4 and reproductive parameters of control, hypothyroid, and hypothyroid rats treated with [MnTE-2-PyP]5þ (MnP I) 
and [MnT(5-Br-3-E-Py)P]5þ (MnP II). A) Free T4. B) Free T3. C) Uterus and placental mass; D) Amniotic fluid mass; E) Number of fetuses; F) Fetal body mass; G) 
Relative frequency of fetal body mass distribution. H) Fetal liver, kidney, heart, and lung mass (mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; *P < 0.0001; SNK 
test (A–E); Generalized linear analysis of mixed models followed by Tukey test (F); N = 5–7/group (A–E); N = 22–31/group (F); N = 19–31/group (H)). 
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oxidative DNA damage and lipid peroxidation, respectively [67,68]. 
Interestingly, treatment with MnPs I and II blocked the higher decidual 
expression of 8-OHdG and MDA observed in the hypothyroid group 
(Fig. 4A–D; P < 0.001; P < 0.0001), matching the expression of the 
control group (P > 0.05), as well as the higher MDA expression in the PL 
caused by maternal hypothyroidism (Fig. 4D; P < 0.01). 

3.6. MnPs increases the protein expression of antioxidant enzymes at the 
maternal-fetal interface of hypothyroid rats and restores placental gene 
expression of Gpx1 

The expression of HIF1α, 8-OHdG, MDA, and Nrf2 increased in the 
maternal-fetal interface of the hypothyroid group, while treatment with 
MnPs reduced the expression of HIF1α, 8-OHdG, and MDA. Therefore, 
we evaluated the expression and/or enzyme activity of SOD1, catalase, 
GPx1, and GST, the main antioxidant enzymes involved in the control of 
oxidative stress under hypoxic conditions [69,70], as well as the 
placental levels of ROS and peroxynitrite. Immunohistochemistry anal
ysis demonstrated that treatment with MnPs I and II increased SOD1 
immunostaining in the JZ and PL in relation to the control and hypo
thyroid groups and in the decidua compared to the control rats (Fig. 5A 
and B; P < 0.05; P < 0.01). In contrast, MnP I reduced the placental 
expression of transcripts for Sod1 in relation to the hypothyroid group 
(Fig. 5G; P < 0.05). 

The immunostaining of GPx1/2, like SOD1, also increased in the JZ 
and PL by the treatment with the MnPs in relation to the control and 
hypothyroid groups (Fig. 5C and D; P < 0.01). Regarding gene expres
sion, both treatments also restored the mRNA expression of Gpx1, with 
reduced levels relative to the hypothyroid group and matching the 
control (Fig. 5G). 

Regarding the immunostaining of catalase, an increase in expression 
was observed in the decidua and JZ of hypothyroid rats treated with 
MnP II in relation to the other groups, and in the PL in relation to the 
hypothyroid group (Fig. 5E–F, P < 0.05; P < 0.001). In the gene 
expression analysis, treatment with MnPs I and II did not alter the higher 
expression of Cat observed in the hypothyroid rats in relation to the 
control (Fig. 5G). Of note, this class of MnPs are not mimics of catalase 
[71]. Regarding the enzyme activity of SOD, catalase, and GST in the 
placenta, treatment with MnPs did not alter the lower activity caused by 
hypothyroidism in relation to the control (Fig. 5H; P < 0.01; P < 0.001; 
P < 0.0001). Moreover, no differences were observed in the placental 
levels of ROS and peroxynitrite between the groups (Fig. 5I; P > 0.05). 

3.7. MnPs reduces the expression of endoplasmic reticulum stress 
mediators at the maternal-fetal interface of hypothyroid rats 

Because we demonstrated that hypothyroidism causes endoplasmic 
reticulum stress in the maternal-fetal interface of rats [11], we verified 
whether treatment with MnPs I and II could also reverse this process. For 
this purpose, we analyzed the expression of GRP78 and CHOP, which are 
key mediators of the activation pathway of unfolded protein response 
(UPR) and indicate the occurrence of reticular stress [72–74]. MnPs I 
and II reversed the higher decidual expression of GRP78 caused by hy
pothyroidism (Fig. 6A and B; P < 0.01), matching the expression of the 
control group (P > 0.05). No difference was observed in Grp78 gene 
expression between the groups (Fig. 6E). 

Regarding CHOP immunostaining, MnP I reduced the higher 
decidual expression caused by hypothyroidism, while both MnPs did not 
alter the higher expression in the JZ observed in hypothyroid rats 
compared to the control (Fig. 6C and D). Interestingly, MnP I and II 

Fig. 2. Histomorphometry analysis of the placenta of control, hypothyroid, and hypothyroid rats treated with [MnTE-2-PyP]5þ (MnP I) and [MnT(5-Br-3- 
E-Py)P]5þ (MnP II). A) Photomicrography of the maternal-fetal interface showing the decidua and placenta on 18th DG (hematoxylin and eosin staining; Bar = 500 
μm) B) Thickness of the JZ (giant cells + spongiotrophoblast) and PL; C) Percentage of area occupied by glycogen cells, spongiotrophoblasts, and giant cells in the JZ 
(mean ± SEM; *P < 0.05; **P < 0.01; SNK test; N = 0.01; 6–8/group); D) Percentage of area occupied by maternal vascular sinus, fetal capillary, and fetal 
mesenchyme/trophoblast of the PL (mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; * * * *P < 0.0001; SNK test; n = 6–8/group). JZ =
Junctional zone; LP = Placental labyrinth. 
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increased CHOP expression in the PL of hypothyroid rats (Fig. 6D; P <
0.05; P < 0.01). In contrast, both porphyrins reduced the higher 
placental gene expression of Chop caused by hypothyroidism (Fig. 6E; P 
< 0.01), matching the control (P > 0.05). 

3.8. MnP I reduces VEGF expression at the placental junctional zone of 
hypothyroid rats 

The protein expression of VEGF in the maternal-fetal interface of 
these animals was also evaluated since it is important angiogenic 
mediator for adequate placental function [46], in addition to being an 
indicator of hypoxia by signaling via HIF1α [75]. MnP I reduced the 
higher VEGF immunostaining in the JZ caused by hypothyroidism 
(Fig. 7A and B; P < 0.05), matching the control (P > 0.05), while no 
differences were observed when rats were treated with MnP II. In the PL 
and decidua, the higher VEGF expression caused by hypothyroidism was 

not altered by treatment with MnPs (Fig. 7B). There was no significant 
difference in placental Vegf gene expression between groups (Fig. 7C; P 
> 0.05). 

3.9. MnPs restores IL10 expression and reduces Nlrp3 and Caspase 1 
expression at the maternal-fetal interface of hypothyroid rats 

Since oxidative and reticular stress favors the increase of inflam
matory cytokines [76,77] and hypothyroidism in rats causes NLRP3 
inflammasome activation and pyroptosis at the maternal-fetal interface 
[78], we evaluated the expression of important pro- (TNFα and IL-6) and 
anti-inflammatory (IL-10) cytokines, in addition to the gene expression 
of mediators of the NLRP3 inflammasome via (Nlrp3, Caspase1, Il1β, 
Il18) and pyroptosis (Gasdermin d). 

Regarding TNFα, MnPs I and II increased their expression in the PL 
and decidua, respectively, in relation to the control and hypothyroid 

Fig. 3. Expression of HIF1α and Nrf2 at the maternal-fetal interface of control, hypothyroid, and hypothyroid rats treated with [MnTE-2-PyP]5þ (MnP I) 
and [MnT(5-Br-3-E-Py)P]5þ (MnP II). A) Photomicrographs of HIF1α immunolabeling in the decidua, junctional zone, placental labyrinth, and negative control 
(streptavidin-biotin-peroxidase, contrasted with Harris hematoxylin, Bar = 50 μm). B) Immunostaining area in pixels of HIF1α in the decidua, junctional zone, and 
placental labyrinth; C) Relative gene expression of Hif1α and Nrf2 in the placenta (mean ± SEM, *P < 0.05; **P < 0.01; SNK test; N = 6–8/group). 
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groups (Fig. 8A and B; P < 0.01; P < 0.001; P < 0.0001). In the JZ, the 
MnPs did not alter the higher TNFα expression caused by hypothyroid
ism (Fig. 8B). However, MnP I reduced placental gene expression of Tnf 
compared to the hypothyroid group (Fig. 8E; P < 0.05). Regarding Il6, 
there was no difference in gene expression between the groups (Fig. 8E; 
P > 0.05). 

In relation to IL-10, interestingly, both metalloporphyrins reduced 
the higher decidual expression caused by hypothyroidism, matching the 
control group (Fig. 8C and D). In the PL, MnP I also reduced IL-10 im
munostaining in hypothyroid rats (P < 0.01), matching the control. In 
the JZ, no significant difference was observed in IL-10 immunostaining 
between the groups (Fig. 8D; P > 0.05). Regarding Il10 gene expression, 
MnPs also reduced the higher placental expression caused by hypothy
roidism, matching the control group (Fig. 8E; P > 0.05). 

When evaluating the genes involved in the NLRP3 inflammasome 
activation, MnPs reversed the higher gene expression of Nlrp3 caused by 
hypothyroidism (Fig. 8F; P < 0.01), matching the control (P > 0.05), 
while MnP I also reduced the higher placental expression of Caspase1 
caused by hypothyroidism (Fig. 8E; P < 0.05). There was no significant 
difference in the expression of Il1β and Il18 between the groups, while 
MnPs were also not able to reduce the higher placental expression of 
Gasdermin d observed in hypothyroid rats (Fig. 8F). 

3.10. PCA analysis 

PCA analyses were carried out on both placental and fetal 

development data, antioxidant activity data, data on protein expression 
in JZ, PL, and decidua, and placental gene expression data. 

Regarding placental development data, the cumulative contribution 
of the axes accounted for 73.4 % of the data (PC1: 49.7 %; PC2: 23.7 %). 
Among the variables positively correlated with the PC1 axis, we 
observed the fetal mesenchyme and trophoblast, primarily associated 
with the control group; and the amniotic fluid, more closely linked to the 
control and Hypo + MnP I groups. The PC2 axis showed a positive 
correlation with the glycogen cells, which were linked to the hypothy
roid group (Fig. 9A and Supplementary Table 2). In terms of fetal 
development data, the cumulative contribution of the axes explained 87 
% of the data (PC1: 73.7 %; PC2: 13.3 %). The Heart, Liver, Lung, 
Kidney, and Body Mass were strongly associated with the control and 
Hypo + MnP I groups (Fig. 9A and Supplementary Table 2), indicating a 
more favorable impact of MnP I on fetal development compared to MnP 
II. 

For antioxidant activity data and protein expression in JZ, the cu
mulative explained variance of the axes was 65.4 % (PC1: 48.3 % and 
PC2: 17.1 %). Among the variables positively associated with PC1, VEGF 
was linked to the Hypo + MnP II group, while SOD, CAT, and CHOP 
were mainly related to the Hypo + MnP I and Hypo + MnP II groups. 
PC2 showed a positive correlation with GPX, predominantly encom
passing the Hypo + MnP I group (Fig. 9C and Supplementary Table 2). 
With respect to the protein expression data in PL, the total explained 
variance of the axes was 77.3 % (PC1: 45 % and PC2: 32.3 %). SOD, 
CHOP, and VEGF were positively correlated with PC1, relatively 

Fig. 4. Expression of 8-OHdG and MDA in the decidua and placenta of control, hypothyroid, and hypothyroid rats treated with [MnTE-2-PyP]5þ (MnP I) 
and [MnT(5-Br-3-E-Py)P]5þ (MnP II). A and C) Photomicrographs of the immunostaining of 8-OHdG (A) and MDA (C) in the decidua, junctional zone, and 
placental labyrinth (streptavidin-biotin-peroxidase, contrasted with Harris hematoxylin, Bar = 50 μm). B and D) Immunostaining area in pixels of 8-OHdG (B) and 
MDA (D) in the decidua, junctional zone, and placental labyrinth. E) Negative Control (mean ± SEM, **P < 0.01; ***P < 0.001; SNK test; N = 6–7/group). 
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associated with the two Mn porphyrins (MnP I and MnP II). In PC2, there 
were positive correlations involving IL10, associated with both Mn 
porphyrins and the hypothyroid group; and MDA, strongly linked to the 
hypothyroid group (Fig. 9D and Supplementary Table 2). 

For the protein expression data in the decidua, the cumulative 
explained variance of the axes was 67.8 % (PC1: 38.9 % and PC2: 28.9 
%). Variables positively correlated with PC1 were strongly linked to the 
hypothyroid group, including 8-OhdG, HIF 1α, IL10, MDA, and GRP78. 

Fig. 5. Expression and activity of antioxidant enzymes and plasma levels of ROS and peroxynitrite at the maternal-fetal interface of control, hypothyroid, 
and hypothyroid rats treated with [MnTE-2-PyP]5þ (MnP I) and [MnT(5-Br-3-E-Py)P]5þ (MnP II). A, C, E) Photomicrographs of the immunostaining of SOD1 
(A), GPx1 (C), and catalase (E) in the decidua, junctional zone, and placental labyrinth (streptavidin-biotin-peroxidase, contrasted with Harris hematoxylin, Bar = 50 
μm). B, D, F) Immunostaining area in pixels of SOD1 (B), GPx1 (D), and catalase (F) in the decidua, junctional zone, and placental labyrinth. G) Negative Control. H) 
Relative gene expression of Sod1, Gpx1, and Cat in the placenta. I) Enzyme activity of SOD, catalase, and GST in the placenta. J) Placental levels of ROS and 
peroxynitrite (PRX) (mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; SNK test; N = 6–8/group). 
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Conversely, CAT showed a negative correlation with PC1 and was 
closely associated with the Hypo + MnP II group. PC2 included variables 
that were positively correlated and predominantly associated with MnP 
I and MnP II (VEGF, SOD, CHOP, and TNFα) (Fig. 9E and Supplementary 
Table 2). In terms of gene expression data, the total explained variance 
of the axes was 63.3 % (PC1: 42.5 % and PC2: 20.8 %). Variables 
exhibiting a positive correlation with PC1 were linked to the hypothy
roid group, such as Sod1, Hif1α, Il10, Chop, and Nlrp3. For PC2, Gasdd 
and Casp1 were positively correlated and displayed a stronger associa
tion with the hypothyroid and Hypo + MnP II groups (Fig. 9F and 
Supplementary Table 2). 

Overall, PCA analysis revealed a significant link between hypothy
roidism and the presence of mediators of hypoxia, oxidative stress, 
reticular stress, and inflammasome activation at the maternal-fetal 
interface. Both MnPs were found to reduce the expression of these fac
tors, particularly MnP I, which showed a more positive impact on fetal 
development. 

4. Discussion 

This study demonstrated that the administration of MnPs improves 
the fetal development and placental morphology and vascularization of 
rats with maternal hypothyroidism. Furthermore, it was found that 
MnPs provided protection against oxidative stress and endoplasmic re
ticulum stress at the maternal-fetal interface of these animals and 
restored the placental and/or decidual expression of IL-10, while 
reduced gene expression of mediators of the inflammasome-NLRP3 via. 
This is the first study to evaluate the therapeutic potential of MnPs in a 
metabolic gestational disease associated with placental stress and assess 
[MnT(5-Br-3-E-Py)P]5+ in an experimental model of disease. 

Since MnPs I and II had not been used in a metabolic gestational 
disease, we initially sought to verify the safety of their administration 
during pregnancy in Wistar rats. Both MnPs I and II did not compromise 
the number of fetuses, fetal body mass, mass of the uterus + placental 
unit, and amniotic fluid. In addition, the administration of MnPs did not 
affect the histology of the maternal organs, including the histology of the 

Fig. 6. Expression of GRP78 and CHOP at the maternal-fetal interface of control, hypothyroid, and hypothyroid rats treated with [MnTE-2-PyP]5þ (MnP I) 
and [MnT(5-Br-3-E-Py)P]5þ (MnP II). A-C) Photomicrographs of the immunostaining of GRP78 (A) and CHOP (C) in the decidua, junctional zone, and placental 
labyrinth (streptavidin-biotin-peroxidase, contrasted with Harris hematoxylin, Bar = 50 μm). B-D) Immunostaining area in pixels of GRP78 (B) and CHOP (D) in the 
decidua, junctional zone, and placental labyrinth; E) Negative Control. F) Relative gene expression of Grp78 and Chop in the placenta (mean ± SEM, *P < 0.05; **P <
0.01; SNK test; N = 6–8/group). 
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maternal-fetal interface, or the plasma levels of hepatic (ALT, AST, 
alkaline phosphatase, total proteins, albumin) and renal (urea, creati
nine) biomarkers. Furthermore, MnP I reduced the levels of creatine 
kinase, a biomarker of muscle injury when values are high [79], while 
MnP II did not change this parameter. Together, these data suggest that 
the use of MnPs at a dose of 0.1 mg/kg/day and from the 8th day of 
gestation is safe for fetal and placental development in the animal model 
used. 

By administering MnPs I and II in rats with maternal hypothyroid
ism, we demonstrated that the use of both not only increased the fetal 
body mass and improved the relative frequency of fetal body mass dis
tribution of hypothyroid rats, but MnP I also increased the mass of fetal 
organs, showing better effects on fetal development compared to MnP II 

according to PCA analysis. The increase in fetal body mass and the fetal 
organs such as liver, kidneys, heart, and lungs is important for the proper 
development of the fetus, as intrauterine development and size at birth 
are determining factors of postnatal health [80]. 

The improved fetal development of hypothyroid rats caused by MnPs 
was also associated with improved placental morphology and vascu
larization since the MnPs restored the population of glycogen cells in the 
JZ of hypothyroid rats and increased the area occupied by maternal 
vascular sinus and fetal capillary in the PL. The increase in glycogen cells 
in the placenta of hypothyroid rats of the present study has also been 
described by Ref. [47]. The normalization of this cell population caused 
by treatment with MnPs suggests the reestablishment of adequate dif
ferentiation of trophoblast cells during the formation and development 

Fig. 7. Expression of VEGF at the maternal-fetal interface of control, hypothyroid, and hypothyroid rats treated with [MnTE-2-PyP]5þ (MnP I) and [MnT 
(5-Br-3-E-Py)P]5þ (MnP II). A) Photomicrographs of the immunostaining of VEGF in the decidua, junctional zone, placental labyrinth, and negative control 
(streptavidin-biotin-peroxidase, contrasted with Harris hematoxylin, Bar = 50 μm). B) Immunostaining area in pixels of VEGF in the decidua, junctional zone, and 
placental labyrinth. C) E) Relative gene expression of Vegf in the placenta (mean ± SEM, *P < 0.05; **P < 0.01; N = 6–8/group). 
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of the placenta and/or its adequate migration towards the decidua. In 
addition, studies have suggested that alterations in glycogen cell pop
ulations are in the genesis of gestational diseases in experimental 
models, especially when there is altered fetal growth [81]. Therefore, 
the improvement in this cell population after treatment with MnPs may 
have contributed to the increase in fetal body mass observed. The 
greater vascularization in the placenta of hypothyroid rats caused by 
MnPs also favors higher fetal body mass since it allows a greater supply 
of oxygen and nutrients to the developing fetus. Corroborating our re
sults [82], demonstrate in vitro an increase in angiogenesis in human 

umbilical cord endothelial cells (HUVECs) when treated with another 
MnP formulation (MnTBAP), suggesting a pro-angiogenic effect of this 
MnP. However, some studies have also demonstrated the 
anti-angiogenic action of some MnPs (e.g. [MnTE-2-PyP]5+, 
[MnTnHex-2-PyP]5+) in cancer and radiotherapy models [39,66,83]. 

In addition to the improved placental morphology and vasculariza
tion, MnPs were able to reduce placental and/or decidual expression of 
HIF1α, a biomarker of cellular hypoxia [64,84], and 8-OHdG and MDA, 
markers of oxidative DNA damage and lipid peroxidation, respectively 
[67,68]. In a previous study, MnP I reduced the protein expression of 

Fig. 8. Expression of TNFα, IL10, IL6, and mediators of the inflammasome-NLRP3 via and pyroptosis at the maternal-fetal interface of control, hypo
thyroid, and hypothyroid rats treated with [MnTE-2-PyP]5þ (MnP I) and [MnT(5-Br-3-E-Py)P]5þ (MnP II). A, C) Photomicrographs of the immunostaining of 
TNFα (A), and IL10 (C) in the decidua, junctional zone, and placental labyrinth (streptavidin-biotin-peroxidase, contrasted with Harris hematoxylin, Bar = 50 μm). B, 
D) Immunostaining area in pixels of TNFα (B), and IL10 (D) in the decidua, junctional zone, and placental labyrinth. E) Negative Control. F) Relative gene expression 
of Tnf, Il6, and Il10 in the placenta. G) Relative gene expression of Nlrp3, Caspase1, Il1β, Il18, and Gasdermin D in the placenta (mean ± SEM, *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001; SNK test; N = 6–8/group). 
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8-OHdG, and HIF1α in 4T1 orthotopic mammary carcinomas in Balb/c 
mice, suggesting reduced hypoxia and oxidative stress in this experi
mental model [85]. Moreover [39], demonstrated a reduction in the 
immunostaining of HIF1α and 8-OHdG in a radiation-induced lung 
injury model in rats using the same metalloporphyrin. Taken together, 
our results suggest that MnPs I and II have protective effects against 
hypoxia and placental oxidative stress caused by maternal hypothy
roidism, as was also demonstrated in the PCA analysis. Moreover, they 
show that MnP II, which until now had not been evaluated in vitro and in 
vivo, has cytoprotective effects similar to MnP I against oxidative stress. 

The reduced hypoxia and oxidative damage in the maternal-fetal 

interface of hypothyroid rats in the present study may be the result of 
increased placental vascularization caused by MnPs I and II, allowing 
greater oxygen supply to the maternal-fetal interface. Furthermore, this 
reduction may be caused by the direct action of these MnPs, which are 
SOD mimics and have potent catalytic action of reactive oxygen and 
nitrogen species, especially superoxide and peroxynitrite [85]. Treat
ment with MnPs I and II has not been able to increase the placental gene 
expression of Nrf2 in rats with hypothyroidism, a transcription factor 
involved in the expression of antioxidant enzymes [86], or alter 
placental levels of ROS and peroxynitrite. However, in the hypothyroid 
rats, although treatment with MnPs I and II did not increase the 

Fig. 9. PCA analysis on placental and fetal development, antioxidant activity and gene and protein expression at the maternal-fetal interface of control, 
hypothyroid, and hypothyroid rats treated with [MnTE-2-PyP]5þ (MnP I) and [MnT(5-Br-3-E-Py)P]5þ (MnP II). A) Placental development; B) Fetal devel
opment; C) Antioxidant enzyme activity and protein expression in the junctional zone (JZ); D) Protein expression in the placental labyrinth (PL); E) Protein 
expression in the decidua; F) Gene expression in the placenta. 
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placental enzyme activity of SOD, catalase, and GST, both metal
loporphyrins were able to increase placental and/or decidual protein 
expression of SOD1 and GPx1/2, which are important antioxidant en
zymes involved in the control of ROS in biological systems [87,88]. 
Interestingly, MnP II, unlike MnP I, was also able to increase decidual 
and placental catalase protein expression, demonstrating that in the 
maternal-fetal interface of rats, MnP II has a greater potential to increase 
antioxidant enzymes than MnP I. In addition, both metalloporphyrins 
were able to restore placental gene expression of Gpx1, matching the 
control, and reduce the higher gene expression of Sod1 caused by hy
pothyroidism, demonstrating the potential of these MnPs in regulating 
the cellular redox state. 

Our results regarding the immunostaining and gene expression of 
antioxidant enzymes are consistent with those of [89]. According to 
these authors, pretreatment with [MnTM-4-PyP]5+ in an in vitro model 
of oxidative stress using rat cortical neurons exposed to hydrogen 
peroxide (H2O2) significantly increased protein levels of SOD1, SOD2, 
and CAT and reduced the gene expression of Sod1 and Cat. A previous 
study conducted by Ref. [90] also showed that in vitro and in vivo 
treatment with another MnP ([MnTnBuOE-2-PyP]5+) increased gene 
and/or protein expression of Cat and SOD in bone marrow cells of 
C57BL/6 mice. Thus, our results suggest that treatment with MnPs I and 
II protects against oxidative stress at the maternal-fetal interface of 
hypothyroid rats. In this regard, treatment not only reduced the 
expression of HIF1α, 8-OHdG, and MDA, but also increased the placental 
and/or decidual protein expression of SOD1, catalase, and GPx1/2 and 
restored the placental gene expression of Sod1 and Gpx1. 

In addition to evaluating the potential of MnPs I and II to protect 
against oxidative stress at the maternal-fetal interface caused by hypo
thyroidism [11], we analyzed its protective effects against endoplasmic 
reticulum stress, another biological process involved in cell damage that 
can be caused by oxidative stress [91]. To date, endoplasmic reticulum 
stress has not been studied in in vivo models to evaluate the MnPs, while 
a previous study demonstrated the occurrence of this process in the 
placenta and decidua of hypothyroid rats [11]. MnPs I and/or II reduced 
the higher decidual protein expression of GRP78 and CHOP caused by 
hypothyroidism in rats, as well as the placental gene expression of Chop, 
matching the control. Our results are consistent with those of in vitro 
studies of oxidative stress, in which reduced expression of GRP78 and/or 
CHOP was observed after treatment with a [MnTM-4-PyP]5+ in rat 
primary cortical neurons exposed to H2O2 [89] and after the adminis
tration of [MnTM-4-PyP]5+ in lung adenocarcinoma cells (A549) 
exposed to paraquat [91]. GRP78 and CHOP are markers of endoplasmic 
reticulum stress activation [73,74]. Some studies have described the 
increased expression of these mediators in severe gestational diseases 
such as miscarriage, preeclampsia, and IUGR [1,2,92,93]. These find
ings suggest the protective effect of MnPs I and II against endoplasmic 
reticulum stress at the maternal-fetal interface of hypothyroid rats. 

The activation of oxidative stress and endoplasmic reticulum stress 
can alter the expression of angiogenic and immunological mediators 
[64,92,94,95], which are critical for proper placental function [48,96, 
97]. Interestingly, treatment with MnP I reduced the higher VEGF im
munostaining in the JZ of hypothyroid rats, while both metal
loporphyrins were not able to reduce the higher VEGF expression caused 
by hypothyroidism in the decidua and PL. VEGF is one of the main 
pro-angiogenic mediators in the maternal-fetal interface, especially in 
the first and second trimesters of pregnancy [98]. However, VEGF 
expression is also an indicator of hypoxia since it is activated via HIF1α 
in a low oxygen environment [75]. Therefore, the reduced VEGF 
expression in the JZ caused by MnP I may reflect the inhibition of HIF1α 
expression caused by this metalloporphyrin in hypothyroid rats. Our 
results are in accordance with [85], who also demonstrated reduced 
VEGF expression in a murine model of breast tumor after treatment with 
MnP I associated with reduced HIF1α and cellular hypoxia. However, 
other studies have demonstrated increased VEGF expression in the 
muscle tissue of mice treated with MnTBAP and subjected to 

revascularization under ischemic conditions [82], as was also noted by 
Ref. [39] in a model of radiation-induced lung injury after treatment 
with MnP I. Thus, further studies are needed to clarify the role of MnPs 
in modulating VEGF expression in biological systems. 

Regarding immunological mediators, the administration of MnPs I 
and II increased the expression of TNFα in the PL and decidua, respec
tively, as was also observed in the PCA analysis, while in the JZ, the 
MnPs did not alter the higher expression of TNFα caused by hypothy
roidism. However, MnP I reduced placental gene expression of Tnf. An in 
vitro study also showed reduced TNFα expression in murine macro
phages (RAW 264.7) exposed to lipopolysaccharide (LPS) and treated 
with MnTBAP [99]. This result was also observed in vivo in a renal 
ischemia/reperfusion model in rats treated with a [MnTM-4-PyP]5+

[100]. On the other hand, both metalloporphyrins reduced the higher 
decidual expression of IL-10 caused by hypothyroidism, matching the 
control, as also occurred in the PL with the administration of MnP I. 
Thus, the reduction of IL-10 caused by MnPs may have contributed to 
the increase in TNFα since IL-10 essentially suppresses 
pro-inflammatory cytokines [96,97,101]. Furthermore, the reduced 
IL-10 expression at the control level caused by MnPs suggests a positive 
modulation of these metalloporphyrins on the placental immune profile 
of hypothyroid rats. 

In addition, both metalloporphyrins were not able to reduce the 
higher placental gene expression of Nlrp3 caused by hypothyroidism, 
matching the control, while MnP I also reduced the higher Caspase1 gene 
expression, mediators involved in the NLRP3 inflammasome activation. 
However, the use of these MnPs did not reduce the increased gene 
expression of Gasdermin d, a mediator of pyroptosis, caused by hypo
thyroidism [78]. demonstrated recently that maternal hypothyroidism 
activates the NLRP3 inflammasome and pyroptosis in the placenta and 
decidua of rats, and this pathway is also involved in the placental dys
functions seen in miscarriage, preeclampsia, and gestational diabetes 
[102–106]. A previous study conducted by Ref. [107] also showed that 
in vivo treatment with [MnTE-2-PyP]5+ (MnP I) attenuated NLRP3 
inflammasome activation in pulmonary hypertension murine model, 
corroborating the results of the present study. 

Among the main limitations of this study was the impossibility of 
analyzing redox and UPR mediators according to the sex of the 
maternal-fetal unit, which can influence the results, since studies have 
shown sex-specific differences in the expression of these placental me
diators in models of gestational hypoxia and alimentary intrauterine 
growth restriction [108,109]. Furthermore, assessments during the 
formation of the definitive placenta and the beginning of the fetal 
exponential growth (12–14 DG) [110] would allow a better under
standing of the effects of MnPs on the placental redox environment. 

This study demonstrated that [MnTE-2-PyP]5+ and [MnT(5-Br-3-E- 
Py)P]5+ improves the fetal-placental development of hypothyroid rats 
and protects against oxidative stress and endoplasmic reticulum stress 
caused by hypothyroidism at the maternal-fetal interface, with [MnTE- 
2-PyP]5+ showing better effects than [MnT(5-Br-3-E-Py)P]5+. The 
findings also showed that this treatment restores the placental and/or 
decidual expression of IL10 and reduces Nlrp3 and Caspase1, suggesting 
potential therapeutic alternatives for gestational dysfunctions that occur 
with placental stress and NLRP3 inflammasome activation. 
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[62] I. Batinić-Haberle, I. Spasojević, R. Stevens, P. Hambrightc, I. Fridovicha, 
Supplemental material manganese (III) meso tetrakis ortho N- 
alkylpyridylporphyrins. Synthesis, characterization, and catalysis of O2.- 
dismutation, J. Chem. Soc. Dalt. Trans. (2002) 2689–2696. 

[63] I. Batinic-Haberle, I. Spasojevic, R.D. Stevens, P. Hambright, P. Neta, A. Okado- 
Matsumoto, I. Fridovich, Supplemental material new class of potent catalysts O 2 
.-Dismutation. Mn(III) ortho-methoxyethylpyridyl- and DI-ortho- 
methoxyethylimidazolyl porphyrins, J. Chem. Soc. Dalt. Trans. (2004) 30–33. 

[64] M.J. Soares, K. Iqbal, K. Kozai, Hypoxia and placental development, Birth Defects 
Res 109 (2017) 1309–1329, https://doi.org/10.1002/BDR2.1135. 

[65] F.V. Francisqueti-Ferron, A.J.T. Ferron, J.L. Garcia, C.C.V. De Almeida Silva, M. 
R. Costa, C.S. Gregolin, F. Moreto, A.L.A. Ferreira, I.O. Minatel, C.R. Correa, Basic 
concepts on the role of nuclear factor erythroid-derived 2-like 2 (Nrf2) in age- 
related diseases, Int. J. Mol. Sci. 20 (2019), https://doi.org/10.3390/ 
IJMS20133208. 

[66] B. Gauter-Fleckenstein, J.S. Reboucas, K. Fleckenstein, A. Tovmasyan, K. Owzar, 
C. Jiang, I. Batinic-Haberle, Z. Vujaskovic, Robust rat pulmonary radioprotection 
by a lipophilic Mn N-alkylpyridylporphyrin, MnTnHex-2-PyP 5 þ $, (n.d.). http 
s://doi.org/10.1016/j.redox.2013.12.017. 

[67] X. Kong, Y. Zhang, H.B. Wu, F.X. Li, D.Y. Zhang, Q. Su, Combination therapy with 
losartan and pioglitazone additively reduces renal oxidative and nitrative stress 
induced by chronic high fat, sucrose, and sodium intake, Oxid. Med. Cell. Longev. 
(2012), https://doi.org/10.1155/2012/856085. 

[68] S.K. Urbaniak, K. Boguszewska, M. Szewczuk, J. Kázmierczak-Barańska, B. 
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