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Preeclampsia is a multisystemic disorder of pregnancy char-
acterized by high blood pressure at or after 20 weeks of 

gestation accompanied by and/or proteinuria, acute kidney in-
jury, liver dysfunction, or fetal growth restriction.1 It affects 
>8 million pregnancies worldwide annually and is the leading 
cause of maternal death.2 Despite extensive research, the exact 
pathophysiological mechanisms underlying this syndrome re-
main poorly elucidated. Nonetheless, defective placentation 
is strongly considered to be a critical event in the pathology 
of the disorder.2 Failure to remodel spiral arteries results in 
high-pressure blood flow–mediated placental damage and in-
termittent fluctuations in oxygen delivery, which exposes the 
placenta to oxidative stress.3 The resultant placental ischemic 
microenvironment is inherently linked to increased production 
and secretion of deleterious soluble mediators that provoke 
extensive maternal inflammation and endothelial dysfunc-
tion.4 Several reports have observed higher levels of markers 
of oxidative stress (including F

2
-isoprostanes, nitrotyrosine, 

and 4-hydroxynonenal staining) in placental tissue from pre-
eclamptic pregnancies compared with those from uncompli-
cated pregnancies.5–8

While there are a number of different cellular sources of 
reactive oxygen species (ROS), mitochondria are the major 
cellular producers.9 Furthermore, in terms of preeclampsia, 
there is growing evidence incriminating mitochondrial dys-
function in its underlying pathophysiology.10 Initial stud-
ies showed increased mitochondrial lipid peroxidation and 
enhanced susceptibility to oxidative damage in placental 
tissue of pregnancies complicated by preeclampsia.11 More 
recently, work has confirmed this association with strong evi-
dence of perturbation of mitochondrial function in the metab-
olite profile of plasma samples taken at 15 weeks of gestation 
from patients who subsequently developed preeclampsia.12

While there is significant evidence for the pathogenic role 
of oxidative stress in the development of preeclampsia, clin-
ical trials of antioxidant interventions were disappointing and 
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Abstract—Preeclampsia is a multifactorial hypertensive disorder of pregnancy founded on abnormal placentation, and the resultant 
placental ischemic microenvironment is thought to play a crucial role in its pathophysiology. Placental ischemia because of 
fluctuations in the delivery of oxygen results in oxidative stress, and recent evidence suggests that mitochondrial dysfunction 
may be a prime mediator. However, large clinical trials of therapeutic antioxidants such as vitamins C and E for the treatment 
of preeclampsia have been disappointing. L-(+)-ergothioneine (ERG)—an unusual amino acid betaine derived from histidine—
has important cytoprotective and antioxidant properties under conditions of high oxidative stress. In this study, we investigated 
the potential therapeutic effects of administration of ERG in the reduced uterine perfusion pressure (RUPP) rat model of 
preeclampsia. ERG (25 mg/kg per day) was administered to rats on gestational day 11. On gestational day 14, RUPP surgery 
was performed, and on gestational day 19, blood pressure (mean arterial pressure) and fetal growth were measured. Production 
of mitochondria-specific H

2
O

2
 was analyzed in vivo in kidney samples. ERG ameliorated the hypertension (129±3 versus 

115±4 mm Hg; P=0.01; n=8) and significantly increased pup weight in RUPP rats. ERG also significantly decreased circulating 
levels of antiangiogenic sFlt-1 (soluble fms-like tyrosine kinase-1) in RUPP rats (1367±245 pg/mL; P=0.04). Mitochondria-
specific H

2
O

2
 (0.022±0.003 versus 0.029±0.001; MitoP/B ratio, n=3; P=0.05) was also significantly decreased in kidney tissue 

in RUPP rats treated with ERG. These data support the potential use of ERG for the treatment of preeclampsia.   (Hypertension. 
2020;75:561-568. DOI: 10.1161/HYPERTENSIONAHA.119.13929.) • Online Data Supplement
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not clinically effective in treating the disorder. One plausible 
explanation is that these antioxidants missed the intracellular 
location of ROS production, namely the mitochondria; hence 
they have failed to alleviate the pathological oxidative dam-
age. Another is that molecules such as L-ascorbate can actually 
be pro-oxidant in the presence of free iron.9 L-ergothioneine 
(ERG) is an unusual thiohistidine betaine amino acid and is a 
naturally occurring antioxidant discovered over a century ago 
in the rye ergot.13–16 The predominant role of ERG, via a va-
riety of mechanisms, is to serve as an antioxidant and cellular 
protectant against various kinds of ROS.17 Additionally, there 
has been some circumstantial evidence that ERG could target 
mitochondria18 and hence could dampen exaggerated mito-
chondria-specific ROS (mROS) in response to oxidative stress.

Therefore, we aimed to investigate the role of ERG as a 
potential therapeutic target for preeclampsia using the reduced 
uterine perfusion pressure (RUPP) model in pregnant rats. The 
placental ischemic RUPP model has numerous features of pre-
eclampsia that are clinically evident in women and has been 
used as a preclinical model for the investigation of novel thera-
peutic targets for the treatment of preeclampsia.19,20 Moreover, 
we additionally wanted to examine whether ERG ameliorated 
the clinical characteristics of preeclampsia, in part, via reg-
ulation of mROS production. To this end, we used a novel 
ratiometric mass spectrometry probe MitoB that specifically 
accumulates in mitochondria and generates a MitoP phenol 
product on reaction with H

2
O

2
, which can subsequently be 

analyzed ex vivo by mass spectrometry.

Materials and Methods
The techniques and data that support the findings of this study are 
available from the corresponding author on reasonable request.

Animals
Sprague Dawley-timed pregnant rats were supplied and maintained 
by the University College Cork Biological Services Unit. Animals 
were maintained at a temperature of 21°C, with a 12-hour light/
dark cycle and free access to food and tap water. All the proce-
dures were performed in accordance with the National Guidelines 
and the European Directive 2010/63/EU, under an authorization 
issued by the Health Products Regulatory Authority Ireland and 
approved by the Animal Ethics Committee of University College 
Cork (AE19130/P037).

RUPP Procedure
The RUPP procedure is a well-established surgical model for study-
ing the link between placental ischemia and hypertension in the preg-
nant rat and has been previously described in detail.19,21 In brief, on 
gestational day (GD) 14, under isoflurane anesthesia, RUPP reduc-
tion in blood flow to the uteroplacental unit was achieved by plac-
ing a silver clip (0.2 mm ID) on the abdominal aorta (1 clip) above 
the iliac bifurcation. Two further clips (0.1 mm ID) were carefully 
placed around the left and right ovarian arteries. Sham surgery was 
performed as controls, which involved abdominal incision but did 
not involve insertion of any clip on either abdominal aorta or ovarian 
arteries. On GD18, a chronic indwelling catheter was inserted into 
the carotid artery, and on GD19, mean arterial blood pressure was 
recorded in conscious animals.

ERG In Vivo Experimental Protocol
Four experimental groups were used to investigate the effect of ad-
ministration of ERG in the RUPP rat model of preeclampsia. Pregnant 
rats were divided into Sham (n=8), Sham+ERG (n=8) or RUPP (n=8), 

and RUPP+ERG (n=8). ERG was administered at 25 mg/kg per day 
in their drinking water on GD11 until the end of the experiment on 
GD19. The dose for ERG (25 mg/kg per day) was selected based on 
previously published rodent studies using this antioxidant.22,23 ERG 
was provided by Tetrahedron (Paris, France; www.tetrahedron.fr).

Plasma Collection
Blood collected from EDTA vacutainers was centrifuged at 2000g 
and 2400g for 10 minutes at 4°C; plasma was removed and stored at 
−80°C for further analysis.

Urine Analysis
On GD18, each rat was singularly housed in a metabolic cage and 
urine collected overnight. All samples were stored immediately fol-
lowing collection at −80°C. Albumin:creatinine ratios were calcu-
lated after measurement of albumin using an immunoturbidimetric 
test for the quantitative determination of albumin in an OLYMPUS 
AU5832 analyzer and urine creatinine using a kinetic colorimetric 
test (Jaffé method).24 Similarly, protein:creatinine ratios were calcu-
lated after measurement of protein by adding benzethonium chloride, 
which resulted in the formation of a fine suspension, which was then 
quantified turbidimetrically at 525 nm using an OLYMPUS analyzer.

Measurement of Antiangiogenic Protein sFlt-1 by 
ELISA
Circulating sFlt-1 concentration in plasma samples from all exper-
imental groups was quantified by ELISA using a Quantikine sFlt-1 
immunoassay (R&D Systems) as per manufacturers’ instructions.

Isolation of RNA and Real-Time Polymerase Chain 
Reaction Analysis
RNA was extracted from placental tissue using the Trizol method. 
SLC22A4 (ERG transporter) should be replaced with OCTN1 (or-
ganic cation transporter, novel, type 1), SOD1 (superoxide dismutase 
1), SOD2 (superoxide dismutase 2), and UCP-1 (uncoupling protein-1), 
PCG-1α  (peroxisome proliferator activated receptor-γ coactivator 
1α) and  Nrf2 (nuclear factor [erythroid-derived 2]–like 2) gene ex-
pression was quantified by real-time polymerase chain reaction using 
StepONE Plus Detection system. Taqman assays (Applied Biosciences) 
and Sybr Green primers were used for quantification. The amounts of 
the target genes were normalized to the geometric mean of internal con-
trol gene 18S and were determined using the comparative 2−ΔΔCT method.

Isometric Myography
In all groups, third-order mesenteric arteries were dissected and 
mounted on a 4-channel wire myograph (Model 610 mol/L Danish 
Myo Technology) containing oxygenated (95% O

2
 and 5% CO

2
) phys-

iological salt solution at 37°C. Vessels were normalized to achieve a 
transmural pressure of 100 mmHg using the DMT Normalization soft-
ware. Isometric tension was recorded and displayed using Powerlab 
Chart Software (AD Instruments). The viability of the smooth muscle 
was examined by the addition of a 123-mmol/L KCl solution. After 
physiological salt solution washes, concentration responses were 
performed with thromboxane mimetic U46619 (9,11-dideoxy-
11α,9α-epoxymethanoprostaglandin F

2α; 10−9 to 10−5 M) and either 
BK (bradykinin; 10−8 to 10−5 M), acetylcholine (10−8 to 10−5 M), or 
sodium nitroprusside (10−8 to 10−5 M), respectively.25,26

Estimation of Mitochondrial H2O2 in the RUPP 
Model In Vivo
Mitochondrial hydrogen peroxide was measured in vivo using the 
Cayman Chemical Hydrogen Peroxide Ratiometric MaxSpec kit 
based on the MitoB mass spectrometric probe method described pre-
viously.27 Briefly, 75 nmol MitoB in 50 μL saline was administered 
by tail-vein injection to rats in the 4 experimental groups on GD19, 4 
hours before the end of the experiment. At the end of the procedure, 
kidney tissues were dissected out, snap-frozen, and stored at −80°C. 
For mitochondrial H

2
O

2
 analysis, kidney tissues were homogenized, 
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spiked with deuterated internal standards, and MitoB, and its product 
MitoP was extracted using acetonitrile/formic acid. MitoB and MitoP 
present in kidney tissue were measured using UPLC Xevo TQD mass 
spectrometer (Waters), and the amounts of MitoP and MitoB in each 
sample were determined relative to a standard curve. The MitoP/B 
ratios for each sample were then calculated.

Statistical Analysis
All data are expressed as mean±SEM or fold change relative to 
control. Analysis was performed using GraphPad Prism, and 
Student t test was applied when comparisons were made between 
2 groups. For analyzing the differences in real-time polymerase 
chain reaction and MitoB/P ratio, a 2-way ANOVA was run fol-
lowed by Bonferroni post hoc test.

Results

ERG Ameliorated RUPP-Induced Hypertension
Mean arterial blood pressure was significantly increased in the 
RUPP group compared with sham group (129±3 versus 117±7 
mm Hg; P=0.05; n=8; Figure 1A). Furthermore, administration 
of ERG significantly reduced mean arterial blood pressure in the 
RUPP rats (129±3 versus 115±4 mm Hg; P=0.01; n=8; Figure 1A). 
Mean arterial blood pressure in sham rats treated with ERG was 
not significantly different from RUPP rats treated with ERG, indi-
cating the beneficial effect of ERG antioxidant in reducing blood 
pressure occurs in response to placental ischemia. There was no 
significant difference in either the microalbumin:creatinine ratio 
(Figure  1B) or the protein:creatinine ratio (Figure  1C) in the 
RUPP group compared with Sham group, nor was there a signif-
icant difference in the microalbumin:creatinine ratio in the RUPP 
rats treated with ERG.

ERG Improves Fetal Weight
Fetal birth weight was significantly decreased in the RUPP 
group compared with the Sham group (1.8±0.04 versus 
2±0.03 g; P=0.0004; Figure  2A). Administration of ERG 
significantly rescued fetal growth restriction in the RUPP 
rats (2±0.03 versus 1.8±0.04 g; P=0.0006; Figure 2A). Pup 
weight was not significantly different between Sham or RUPP 
rats treated with ERG (2±0.03 versus 2±0.03 g; P=0.78; 
Figure 2A), indicating the beneficial effect of ERG in rescuing 
fetal weight during placental ischemia. Placental weights were 
significantly reduced in RUPP group compared with Sham 
group (0.4±0.01 versus 0.5±0.01 g; P=0.002; Figure  2B). 

The administration of ERG had no effect on placental weight 
in the RUPP rats (0.4±0.01 versus 0.4±0.01 g; Figure  2B). 
A significant decrease in pup number was observed in the 
RUPP group compared with Sham group (11±1 versus 14±1; 
P=0.02; Figure  3C). There was no significant difference in 
pup number in RUPP rats treated with ERG relative to RUPP 
rats (13±2 versus 11±1). There was no significant difference 
in the crown-to-rump length of pups (Figure S1 in the online-
only Data Supplement) or abdominal circumference (Figure 
S2) in any of the studied groups. Finally, maternal weight did 
not differ between any of the studied groups (Figure S3).

ERG Reduces Circulating sFlt-1 Levels
There was a significant increase in the circulating soluble 
antiangiogenic mediator sFlt-1 in the RUPP group com-
pared with the sham group (1995±97 versus 1185±349 pg/
mL; P=0.04; Figure 3). Administration of ERG significantly 
decreased circulating sFlt-1 levels in RUPP rats (1367±245 
pg/mL; P=0.04; Figure 3).

Effect of ERG on Vasorelaxation in the RUPP 
Model
Mesenteric arteries from the RUPP group displayed impaired 
vasorelaxation in response to BK when compared with the sham 
group (R

max
: 28±7% versus 52±9%, P=0.01; log Half maximal 

effective concentration EC50: −6.6±0.2 versus −6.8±0.3 mol/L, 
P=0.7; Figure  4A). However, no significant differences were 
seen in the vascular response to the endothelial independent 
vasodilator sodium nitroprusside (R

max
: 78±5% versus 80±5%, 

P=0.36; log EC50: −7.1±0.2 versus −7.2±0.4 mol/L, P=0.9; 
Figure S4) or acetylcholine (R

max
: 83±8% versus 81±6%, 

P=0.1; log EC50: −7.1±0.2 versus −7±0.1 mol/L, P=0.6; 
Figure S5). Treatment with ERG had no significant effect on 
the vasorelaxant responses of mesenteric vessels in response to 
BK (R

max
: 23±5% versus 28±7%, P=0.9; log EC50: −6.7±0.2 

versus −6.8±0.2 mol/L, P=0.7; Figure 4B) or sodium nitroprus-
side (R

max
: 78±6% versus 74±4%, P=0.8; log EC50: −7.1±0.2 

versus −7.2±0.2, P=0.9; Figures S6 and S7) in RUPP rats.

ERG Alters Placental Expression of Markers of 
Mitochondrial ROS-Detoxifying Enzymes
Placental expression of mitochondrial orchestrator PGC-1α 
(peroxisome proliferator-activated receptor-γ coactivator 1α; 

Figure 1.   L-ergothioneine (ERG) attenuates 
blood pressure in reduced uterine perfusion 
pressure (RUPP) rats. RUPP rats (n=8) showed 
(A) significantly elevated mean arterial blood 
pressure (MABP) compared with sham group 
(n=8). ERG (25 mg/kg per d) reduced MABP 
in RUPP rats (n=8). Data are presented as 
mean±SEM. *P<0.05, **P<0.01. B, ERG did not 
alter microalbumin to creatinine ratio (MCR) in 
RUPP rats: administration of ERG (25 mg/kg 
per d) did not significantly affect MCR in RUPP 
rats. C, ERG did not alter protein:creatinine 
ratio in RUPP rats: administration of ERG (25 
mg/kg per d) did not significantly affect MCR in 
RUPP rats.
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1±0.4-fold versus 0.4±0.5-fold; n=8; P=0.01; Figure 5A) and 
mitochondrial ROS-detoxifying enzymes including UCP-1 
(1±0.5-fold versus 0.2±0.5-fold; P=0.04) were significantly 
decreased in the RUPP rats. Nrf2—a transcriptional regulator 
of the mitochondrial antioxidant defence system and coacti-
vated by PGC-1α—was also significantly reduced in the RUPP 
rats (1±0.2-fold versus 0.4±0.4-fold; n=8; P=0.01; Figure 5A). 
Placental expression of SOD1 antioxidant was significantly 
increased (1±0.3-fold versus 1.4±0.3-fold; n=8; P=0.02; 
Figure  5B), whereas mitochondrial SOD2 antioxidant was 
significantly reduced (1±0.3-fold versus 0.6±0.3-fold; n=8; 
P=0.01; Figure 5B) in RUPP rats compared with sham group.

ERG treatment significantly increased placental ex-
pression of PGC-1α (1.7±0.3-fold versus 1±0.5-fold; n=8; 
P=0.02), UCP-1 (4.9±0.6-fold versus 1±0.5-fold; n=8; 
P=0.001), and Nrf2 (1.6±0.3-fold versus 1±0.4-fold; n=8; 
P=0.02; Figure  5A) in RUPP rats. ERG treatment signifi-
cantly increased placental expression of SOD2 in RUPP rats 
(1.5±0.3-fold versus 1±0.3-fold; n=8; P=0.02; Figure  5B). 
ERG treatment significantly increased both SOD1 (3.4±0.4-
fold versus 1±0.8-fold) and SOD2 (1.4±0.3-fold versus 1±0.8-
fold) expression in RUPP rats compared with sham rats. ERG 
treatment also significantly increased placental expression 

of the ERG transporter OCTN1  (organic cation transporter, 
novel, type 1) (1.9±0.3-fold versus 1±0.5-fold) in RUPP rats 
compared with sham rats (Figure 5B).

ERG Reduces Mitochondria-Specific H2O2 
Production in the Kidney
MitoP/B ratio was increased in kidney tissue of RUPP rats com-
pared with the sham group (0.029±0.001 versus 0.024±0.006; 
n=3; P=0.3; Figure 6), indicating for the first time that mito-
chondria-specific H

2
O

2
 is increased in vivo as a result of pla-

cental ischemia. MitoP/B ratio was significantly increased in 
kidney tissue between RUPP and Sham rats treated with ERG 
(0.022±0.003 versus 0.017±0.003; n=3; P=0.05; Figure  6). 
Furthermore, pretreatment with ERG significantly reduced 
the MitoP/B ratio in kidney tissue in RUPP rats (0.022±0.003 
versus 0.029±0.001; n=3; P=0.05; Figure 6), establishing that 
ERG reduces mitochondria-specific H

2
O

2
 production in vivo.

Discussion
Despite a significant amount of evidence for the pathological role 
of oxidative stress in the development of preeclampsia, clinical 
data from 2 major antioxidant vitamin trials have been nega-
tive.28,29 One possible reason for these negative findings may be 

Figure 2.  L-ergothioneine (ERG) improves fetal 
outcomes in reduced uterine perfusion pressure 
(RUPP) rats. RUPP rats (n=8) show reduced 
(A) pup weight and (B) placental weight and 
(C) litter size compared with sham group (n=8). 
Administration of ERG (25 mg/kg per d) improved 
fetal outcome in RUPP rats. Data are presented 
as mean±SEM. *P<0.05, **P<0.01, ***P<0.001.

Figure 3.  L-ergothioneine (ERG) reduces 
circulating antiangiogenic factor sFlt-1 (soluble 
fms-like tyrosine kinase-1) in reduced uterine 
perfusion pressure (RUPP) rats: circulating 
levels of sFlt-1 were significantly increased in 
RUPP rats (n=8) compared with sham controls 
(n=8). Administration of ERG significantly 
reduced circulating sFlt-1 levels in RUPP rats. 
Data are presented as mean±SEM. *P<0.05.
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due to the fact these interventions missed the primary intracel-
lular producer of ROS, namely the mitochondria, or because in 
the presence of free or poorly liganded iron, substances such as 
ascorbate are actually pro-oxidant.9 In the present study, ERG—
an amino acid with potent antioxidant properties—attenuated hy-
pertension and rescued fetal growth restriction in the preclinical 
RUPP rat model of preeclampsia, which closely mimics many 
aspects of preeclampsia during human pregnancy. Additionally, 
this study also reported the novel finding of reduced mitochon-
drial H

2
O

2
 levels in vivo following ERG administration. This 

work has highlighted that ERG acts as a potent antioxidant that 
ameliorates a number of phenotypic features of preeclampsia in a 
preclinical model of disease and mediated, in part, by the reduc-
tion of mROS. This work consequently proposes the potential of 
ERG as a viable therapeutic for the prevention of preeclampsia.

ERG is a water-soluble amino acid that is derived en-
tirely from dietary sources. It has garnered much attention 

recently as a potential therapeutic intervention,13,30–33 partly 
because of its preferential accumulation within tissues 
undergoing significant oxidative stress. A recent study inves-
tigating the reproductive safety profile of ERG in pregnant 
Sprague Dawley rats established that ERG was well toler-
ated and with no adverse effects on a number of parame-
ters (number of mating days, gestation length, pup viability 
index, or litter parameters).34 Furthermore, ERG treatment 
of diabetic rats significantly improved embryo formation 
and quality.31 Collectively, these data suggest ERG treatment 
may be safe to use in pregnancy and may prevent embryo 
malformations mediated by oxidative stress early in preg-
nancy. Consequently, we decided to administer ERG at an 
early point in pregnancy (GD11) in the preclinical RUPP 
model of preeclampsia.

The therapeutic effects of ERG in response to induced 
tissue damage in models of ischemia-reperfusion injury in 
the liver35 and intestine22 have previously been reported by 
the dampening of markers of oxidative stress and inflamma-
tion. Our novel data using ERG reported a reduction in hy-
pertension and an improvement in fetal weight in response 
to placental ischemia in the preclinical RUPP model of pree-
clampsia, in part, due to regulation of mROS. Recent evidence 
identified a prominent role for mROS in modulating hyperten-
sion.36 Using 2 in vivo murine models of hypertension (Ang 
II [angiotensin II] induced and deoxycorticosterone acetate  
salt), this group established that using a mitochondria-targeted 
antioxidant (Mito-Tempo) alleviated endothelial dysfunction, 
reduced vascular mitochondrial superoxide and subsequent 
hypertension.36 Furthermore, similar to our work, Vaka et al37 
showed in the preclinical RUPP model that placental ischemia 
dysregulated mitochondrial function with elevated mROS and 
identified that treatment with mitochondria-targeted antioxi-
dants attenuated hypertension with improvement in fetal out-
comes in treated RUPP rats.

Figure 4.  Impaired vasorelaxation in mesenteric arteries in reduced uterine 
perfusion pressure (RUPP) rats: RUPP rats (n=8) showed significantly 
impaired vasorelaxation in response to BK (bradykinin) compared with 
the sham group (n=8). Administration of L-ergothioneine (ERG) did not 
attenuate the impaired vasorelaxation to BK. Relaxation is calculated as 
a percentage of the maximum contraction and expressed as mean±SEM. 
*P<0.05.

Figure 5.  L-ergothioneine (ERG) regulates 
placental expression of mitochondrial ROS-
detoxifying enzymes in reduced uterine 
perfusion pressure (RUPP) rats. (A) Placental 
expression of PGC-1α (peroxisome proliferator-
activated receptor-γ coactivator 1α), UCP-1 
(uncoupling protein-1), and Nrf2 (nuclear 
factor [erythroid-derived 2]–like 2) expression 
were significantly reduced in RUPP rats 
(n=8) compared with sham group (n=8). 
Administration of ERG significantly increased 
placental expression of all these mitochondrial 
markers in RUPP rats. B, Placental expression 
of antioxidant SOD1 (superoxide dismutase 
1) was significantly increased, whereas 
mitochondrial SOD2 (superoxide dismutase 
2) expression was significantly decreased in 
the RUPP group compared with sham group. 
Administration of ERG significantly increased 
mitochondrial antioxidant SOD1 expression 
in RUPP rats compared with sham, while also 
significantly increased SOD2 expression in 
RUPP rats. Administration of ERG significantly 
increased OCTN1 (organic cation transporter, 
novel, type 1) expression in RUPP rats 
compared with sham. Data are presented as 
mean±SEM. *P<0.05, **P<0.01.
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In this study, we found there was no significant increase 
in urinary protein in the RUPP rats compared with sham rats, 
which has also been reported in a recent RUPP study.38 It 
could be proposed that the short duration of gestation in the 
rat decreases the prospect of inflicting severe renal damage to 
routinely detect proteinuria in these rats. Deleterious circulating 
mediators including sFlt-1 are secreted in response to placental 
ischemia and have devastating consequences on the maternal 
vasculature. Furthermore, we previously detected increased lev-
els of mitochondria-specific superoxide production in human 
umbilical vein endothelial cells incubated with plasma from 
women with preeclampsia compared with matched controls and 
nonpregnant controls.39 Additionally, Zsengeller et al40 estab-
lished an inverse correlation between placental sFlt-1 and mi-
tochondrial complex IV, suggesting that sFlt-1 may be harmful 
to mitochondria in preeclampsia. In our study, ERG treatment 
reduced the circulating levels of sFlt-1 in RUPP rats, indicating 
that ERG may preserve mitochondrial function, in part, by re-
ducing the availability of sFlt-1 to induce mitochondrial dam-
age. The reduction in sFlt-1 as a result of ERG treatment did not 
result in a subsequent reduction in maternal vascular dysfunc-
tion in mesenteric arteries of the RUPP rats; however, future 
work could investigate maternal vascular dysfunction in a more 
physiologically relevant vasculature such as the uterine arteries.

The capacity to accurately measure the concentration of 
ROS, in particular mROS in vivo, has proved to be extremely 
challenging, yet is essential in understanding their physiolog-
ical roles in certain diseases. The detection of mROS such 
as superoxide using fluorescent probes can be inferred, with 
certain caveats, by determining the changes in fluorescence 
or ex vivo tissue measurements of electron transport chain 
complexes, but these methods can be less selective and sensi-
tive. One potential alternative is to use exogenous ratiometric 
probes (MitoB) injected into the animal models, which readily 
accumulate in mitochondria of tissues because of its posses-
sion of a triphenylphosphonium cation and which reacts with 
H

2
O

2
 in vivo to produce a diagnostic exomarker (MitoP) that 

can be accurately quantified by mass spectrometry.41

In this study, we have shown for the first time that this method 
of measuring mitochondrial H

2
O

2
 production in vivo is appli-

cable in a rat model, without any adverse effects on reproductive 
safety. Furthermore, we reported that mitochondrial H

2
O

2
 was 

increased in kidney tissue in the RUPP group compared with 
the sham group. This is in agreement with recent work by Vaka 

et al,37 who showed an increase in mROS in kidney tissue in 
the RUPP group by examining electron transport chain activity 
and cellular respiration ex vivo using isolated mitochondria from 
kidney tissues.37 More importantly, treatment with ERG resulted 
in a significant reduction in mitochondria-specific H

2
O

2
 produc-

tion in kidney tissue in RUPP rats, indicating that ERG may be 
mediating its therapeutic effects, in part, by directly reducing 
mROS production in the preclinical model of preeclampsia.

PGC-1α is a transcriptional coactivator that orchestrates 
a number of mitochondrial functions including antioxidant 
defense system and oxidative metabolism.42,43 Consequently, 
PGC-1α directs the expression of mitochondrial ROS-
detoxifying enzymes including superoxide dismutases (SOD1 
and SOD2) and UCP-1, which are directly induced by this tran-
scriptional orchestrator and Nrf2 nuclear receptor.44 UCP-1 is 
a mitochondrial transporter with a well-defined role in regulat-
ing adaptive thermogenesis45; more recently, it has been shown 
to mediate inflated mROS production, in part, via mild uncou-
pling.46 Further evidence to support our theory is provided by 
the fact that placental expression of markers of mitochondrial 
ROS-detoxifying enzymes and their transcriptional regulators 
were significantly improved in ERG-treated RUPP rats, in con-
trast to their reduced expression in RUPP rats.

At present, only one study has investigated the pharmacoki-
netics of ERG administration in human subjects.30 ERG was rap-
idly absorbed and retained within the tissue/plasma with relatively 
low urinary excretion (<4% of administered dose). This work was 
further extended by Tang et al, who established that ERG and its 
metabolites are widely distributed in various tissues in male mice 
administered ERG over a range of days. This group also estab-
lished that ERG was highly retained in the body and suggested 
this could be as a result of possible reabsorption by the kidneys.47

This study provides evidence of the therapeutic potential 
of ERG in a preclinical model of preeclampsia. ERG improved 
both hypertension and fetal weight in the RUPP rat model of 
preeclampsia. Furthermore, ERG treatment significantly al-
tered mitochondrial function in both the kidney and placental 
tissue, which may, in part, be responsible for the beneficial 
effects on phenotypic features of preeclampsia in the RUPP 
model. Given its favorable safety profile, its long half-life 
and resistance to auto-oxidation and multiple mechanisms of 
action, not least its ability to regulate mitochondrial function, 
further studies are needed to explicitly define the protective 
mechanisms of ERG in treating preeclampsia in humans.

Figure 6.  L-ergothioneine (ERG) reduces 
mitochondria-specific H2O2 levels. Rats 
were injected with MitoB for 4 h, and the 
ratios of MitoP/B were determined by 
Liquid Chromatography with tandem Mass 
Spectrometry. Data are represented as 
mean±SEM of 3 samples per group and 
corrected for ratio. Statistical analysis 
determined by a 2-way ANOVA followed by 
Bonferroni post hoc test was applied.*P<0.05. 
RUPP indicates reduced uterine perfusion 
pressure.
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Perspectives
The causes of preeclampsia have remained an enigma despite 
intense research efforts in recent decades. Consequently, 
effective interventions and treatments remain elusive, and 
currently, there is no effective treatment for preeclampsia. 
Overall, this study provides evidence that exaggerated mROS 
can play a pathological role in the development of hyper-
tension in response to placental ischemia in a preclinical rat 
model of preeclampsia. Additionally, this study demonstrates 
that ERG—a nutraceutical antioxidant—ameliorates some 
of the phenotypic features of preeclampsia in a preclinical 
model of disease, in part, by the reduction of mROS. This 
work opens a new avenue of investigations for new thera-
peutic options for preeclampsia.

Acknowledgments
We thank Dr Jean-Claude Yadan, PhD, Tetrahedron, Paris, France, for 
providing us with L-ergothioneine. We thank Emer Groarke, Clinical 
Biochemist, Cork University Hospital, Cork, for helping with the 
measurement of microalbumin:creatinine ratios of urine samples.

Sources of Funding
C. McCarthy and R.D. Williamson thank Health Research Board 
Ireland, Health Research Award (HRA-POR-2015-1240) for finan-
cial support. L.C. Kenny thanks Science Foundation Ireland Program 
Grant for INFANT(12/RC/2272), and D.B. Kell thanks the Novo 
Nordisk Foundation (grant NNF10CC1016517) for financial support.

Disclosures
D.B. Kell is a named inventor on a patent application involving the 
biotechnological production of L-(+)-ergothioneine in yeast. The 
other authors report no conflicts.

References
	 1.	 Brown MA, Magee LA, Kenny LC, Karumanchi SA, McCarthy FP, 

Saito S, Hall DR, Warren CE, Adoyi G, Ishaku S; International Society 
for the Study of Hypertension in Pregnancy (ISSHP). The hypertensive 
disorders of pregnancy: ISSHP classification, diagnosis & manage-
ment recommendations for international practice. Pregnancy Hypertens. 
2018;13:291–310. doi: 10.1016/j.preghy.2018.05.004

	 2.	 Tranquilli AL, Dekker G, Magee L, Roberts J, Sibai BM, Steyn W, 
Zeeman GG, Brown MA. The classification, diagnosis and management of 
the hypertensive disorders of pregnancy: a revised statement from the ISSHP. 
Pregnancy Hypertens. 2014;4:97–104. doi: 10.1016/j.preghy.2014.02.001

	 3.	 Redman CW. Preeclampsia: a multi-stress disorder. Rev Med Interne. 
2011;32 (suppl 1):S41–S44. doi: 10.1016/j.revmed.2011.03.331

	 4.	 Hubel CA. Oxidative stress in the pathogenesis of preeclampsia. Proc Soc Exp 
Biol Med. 1999;222:222–235. doi: 10.1046/j.1525-1373.1999.d01-139.x

	 5.	 Giilmezoglu AM, Oosthuizen MMJ, Hofmeyr GJ. Placental malondialde-
hyde and glutathione levels in a controlled trial of antioxidant treatment in 
severe preeclampsia. Hypertension in Pregnancy. 1996;15:287–295.

	 6.	 Gratacós E, Casals E, Deulofeu R, Cararach V, Alonso PL, Fortuny A. 
Lipid peroxide and vitamin E patterns in pregnant women with different 
types of hypertension in pregnancy. Am J Obstet Gynecol. 1998;178:1072–
1076. doi: 10.1016/s0002-9378(98)70550-2

	 7.	 Walsh SW, Vaughan JE, Wang Y, Roberts LJ 2nd. Placental isoprostane 
is significantly increased in preeclampsia. FASEB J. 2000;14:1289–1296. 
doi: 10.1096/fj.14.10.1289

	 8.	 Noris M, Todeschini M, Cassis P, Pasta F, Cappellini A, Bonazzola S, 
Macconi D, Maucci R, Porrati F, Benigni A, et al. L-arginine depletion in 
preeclampsia orients nitric oxide synthase toward oxidant species. Hyper 
tension. 2004;43:614–622. doi: 10.1161/01.HYP.0000116220.39793.c9

	 9.	 Kell DB. Iron behaving badly: inappropriate iron chelation as a major 
contributor to the aetiology of vascular and other progressive inflam-
matory and degenerative diseases. BMC Med Genomics. 2009;2:2. doi: 
10.1186/1755-8794-2-2

	10.	 McCarthy CM, Kenny LC. Mitochondrial [dys]function; culprit in pre-
eclampsia? Clin Sci (Lond). 2016;130:1179–1184. doi: 10.1042/CS20160103

	11.	 Wang Y, Walsh SW. Placental mitochondria as a source of oxidative 
stress in pre-eclampsia. Placenta. 1998;19:581–586. doi: 10.1016/s0143- 
4004(98)90018-2

	12.	 Kenny LC, Broadhurst DI, Dunn W, Brown M, North RA, McCowan L, 
Roberts C, Cooper GJ, Kell DB, Baker PN; Screening for Pregnancy 
Endpoints Consortium. Robust early pregnancy prediction of later pre-
eclampsia using metabolomic biomarkers. Hypertension. 2010;56:741–
749. doi: 10.1161/HYPERTENSIONAHA.110.157297

	13.	 Tanret C. Sur une base nouvelle retiree du seigle ergote, l’ergothioneine. 
Rend Acad Sci. 1909;149:222–224.

	14.	 Halliwell B, Cheah IK, Drum CL. Ergothioneine, an adaptive antioxidant 
for the protection of injured tissues? A hypothesis. Biochem Biophys Res 
Commun. 2016;470:245–250. doi: 10.1016/j.bbrc.2015.12.124

	15.	 Paul BD, Snyder SH. The unusual amino acid L-ergothioneine is a phys-
iologic cytoprotectant. Cell Death Differ. 2010;17:1134–1140. doi: 
10.1038/cdd.2009.163

	16.	 Zhu BZ, Mao L, Fan RM, Zhu JG, Zhang YN, Wang J, Kalyanaraman B, 
Frei B. Ergothioneine prevents copper-induced oxidative damage to DNA 
and protein by forming a redox-inactive ergothioneine-copper complex. 
Chem Res Toxicol. 2011;24:30–34. doi: 10.1021/tx100214t

	17.	 Kerley RN, McCarthy C, Kell DB, Kenny LC. The potential thera-
peutic effects of ergothioneine in pre-eclampsia. Free Radic Biol Med. 
2018;117:145–157. doi: 10.1016/j.freeradbiomed.2017.12.030

	18.	 Lamhonwah AM, Tein I. Novel localization of OCTN1, an organic cation/
carnitine transporter, to mammalian mitochondria. Biochem Biophys Res 
Commun. 2006;345:1315–1325. doi: 10.1016/j.bbrc.2006.05.026

	19.	 Granger JP, LaMarca BB, Cockrell K, Sedeek M, Balzi C, Chandler D, 
Bennett W. Reduced uterine perfusion pressure (RUPP) model for study-
ing cardiovascular-renal dysfunction in response to placental ischemia. 
Methods Mol Med. 2006;122:383–392. doi: 10.1385/1-59259-989-3:381

	20.	 LaMarca BB, Bennett WA, Alexander BT, Cockrell K, Granger JP. 
Hypertension produced by reductions in uterine perfusion in the pregnant 
rat: role of tumor necrosis factor-alpha. Hypertension. 2005;46:1022–
1025. doi: 10.1161/01.HYP.0000175476.26719.36

	21.	 McCarthy FP, Drewlo S, Kingdom J, Johns EJ, Walsh SK, Kenny LC. 
Peroxisome proliferator-activated receptor-γ as a potential therapeutic 
target in the treatment of preeclampsia. Hypertension. 2011;58:280–286. 
doi: 10.1161/HYPERTENSIONAHA.111.172627

	22.	 Sakrak O, Kerem M, Bedirli A, Pasaoglu H, Akyurek N, Ofluoglu E, 
Gültekin FA. Ergothioneine modulates proinflammatory cytokines and 
heat shock protein 70 in mesenteric ischemia and reperfusion injury. J 
Surg Res. 2008;144:36–42. doi: 10.1016/j.jss.2007.04.020

	23.	 Deiana M, Rosa A, Casu V, Piga R, Assunta Dessì M, Aruoma OI. 
L-ergothioneine modulates oxidative damage in the kidney and liver of 
rats in vivo: studies upon the profile of polyunsaturated fatty acids. Clin 
Nutr. 2004;23:183–193. doi: 10.1016/S0261-5614(03)00108-0

	24.	 Taussky HH. A microcolorimetric determination of creatine in urine by 
the jaffe reaction. J Biol Chem. 1954;208:853–861.

	25.	 Walsh SK, English FA, Johns EJ, Kenny LC. Plasma-mediated vascular 
dysfunction in the reduced uterine perfusion pressure model of pree-
clampsia: a microvascular characterization. Hypertension. 2009;54:345–
351. doi: 10.1161/HYPERTENSIONAHA.109.132191

	26.	 Bridges LE, Williams CL, Pointer MA, Awumey EM. Mesenteric artery 
contraction and relaxation studies using automated wire myography. J Vis 
Exp. 2011:3119. doi: 10.3791/3119

	27.	 Logan A, Shabalina IG, Prime TA, Rogatti S, Kalinovich AV, Hartley RC, 
Budd RC, Cannon B, Murphy MP. In vivo levels of mitochondrial hy-
drogen peroxide increase with age in mtDNA mutator mice. Aging Cell. 
2014;13:765–768. doi: 10.1111/acel.12212

	28.	 Poston L, Briley AL, Seed PT, Kelly FJ, Shennan AH; Vitamins in Pre-
Eclampsia (VIP) Trial Consortium. Vitamin C and vitamin E in pregnant 
women at risk for pre-eclampsia (VIP trial): randomised placebo-controlled 
trial. Lancet. 2006;367:1145–1154. doi: 10.1016/S0140-6736(06)68433-X

	29.	 Chappell LC, Seed PT, Kelly FJ, Briley A, Hunt BJ, Charnock-Jones DS, 
Mallet A, Poston L. Vitamin C and E supplementation in women at risk 
of preeclampsia is associated with changes in indices of oxidative stress 
and placental function. Am J Obstet Gynecol. 2002;187:777–784. doi: 
10.1067/mob.2002.125735

	30.	 Cheah IK, Tang RM, Yew TS, Lim KH, Halliwell B. Administration of 
pure ergothioneine to healthy human subjects: uptake, metabolism, and 
effects on biomarkers of oxidative damage and inflammation. Antioxid 
Redox Signal. 2017;26:193–206. doi: 10.1089/ars.2016.6778

	31.	 Guijarro MV, Indart A, Aruoma OI, Viana M, Bonet B. Effects of ergo-
thioneine on diabetic embryopathy in pregnant rats. Food Chem Toxicol. 
2002;40:1751–1755. doi: 10.1016/s0278-6915(02)00177-1

D
ow

nloaded from
 http://ahajournals.org by on A

pril 30, 2020



568    Hypertension    February 2020

	32.	 Cheah IK, Ng LT, Ng LF, Lam VY, Gruber J, Huang CYW, Goh FQ, 
Lim KHC, Halliwell B. Inhibition of amyloid-induced toxicity by ergo-
thioneine in a transgenic caenorhabditis elegans model. FEBS Lett. 
2019;593:2139–2150. doi: 10.1002/1873-3468.13497

	33.	 Ames BN. Prolonging healthy aging: longevity vitamins and proteins. 
Proc Natl Acad Sci U S A. 2018;115:10836–10844. doi: 10.1073/pnas. 
1809045115

	34.	 Forster R, Spézia F, Papineau D, Sabadie C, Erdelmeier I, Moutet M, 
Yadan JC. Reproductive safety evaluation of L-Ergothioneine. Food Chem 
Toxicol. 2015;80:85–91. doi: 10.1016/j.fct.2015.02.019

	35.	 Bedirli A, Sakrak O, Muhtaroglu S, Soyuer I, Guler I, Riza Erdogan A, 
Sozuer EM. Ergothioneine pretreatment protects the liver from ischemia-
reperfusion injury caused by increasing hepatic heat shock protein 70. J 
Surg Res. 2004;122:96–102. doi: 10.1016/j.jss.2004.06.016

	36.	 Dikalova AE, Bikineyeva AT, Budzyn K, Nazarewicz RR, McCann L, 
Lewis W, Harrison DG, Dikalov SI. Therapeutic targeting of mitochon-
drial superoxide in hypertension. Circ Res. 2010;107:106–116. doi: 
10.1161/CIRCRESAHA.109.214601

	37.	 Vaka VR, McMaster KM, Cunningham MW Jr, Ibrahim T, Hazlewood R, 
Usry N, Cornelius DC, Amaral LM, LaMarca B. Role of mitochondrial 
dysfunction and reactive oxygen species in mediating hypertension in the 
reduced uterine perfusion pressure rat model of preeclampsia. Hypertension. 
2018;72:703–711. doi: 10.1161/HYPERTENSIONAHA.118.11290

	38.	 Morton JS, Levasseur J, Ganguly E, Quon A, Kirschenman R, Dyck JRB, 
Fraser GM, Davidge ST. Characterisation of the Selective Reduced 
Uteroplacental Perfusion (sRUPP) model of preeclampsia. Sci Rep. 
2019;9:9565. doi: 10.1038/s41598-019-45959-6

	39.	 McCarthy C, Kenny LC. Therapeutically targeting mitochondrial redox 
signalling alleviates endothelial dysfunction in preeclampsia. Sci Rep. 
2016;6:32683. doi: 10.1038/srep32683

	40.	 Zsengellér ZK, Rajakumar A, Hunter JT, Salahuddin S, Rana S, Stillman  
IE, Ananth Karumanchi S. Trophoblast mitochondrial function is impaired 
in preeclampsia and correlates negatively with the expression of soluble 
fms-like tyrosine kinase 1. Pregnancy Hypertens. 2016;6:313–319. doi: 
10.1016/j.preghy.2016.06.004

	41.	 Logan A, Cochemé HM, Li Pun PB, Apostolova N, Smith RA, Larsen L, 
Larsen DS, James AM, Fearnley IM, Rogatti S, et al. Using exomarkers 
to assess mitochondrial reactive species in vivo. Biochim Biophys Acta. 
2014;1840:923–930. doi: 10.1016/j.bbagen.2013.05.026

	42.	 Puigserver P. Tissue-specific regulation of metabolic pathways through the 
transcriptional coactivator PGC1-alpha. Int J Obes (Lond). 2005;29(suppl 
1):S5–S9. doi: 10.1038/sj.ijo.0802905

	43.	 Kelly DP, Scarpulla RC. Transcriptional regulatory circuits controlling 
mitochondrial biogenesis and function. Genes Dev. 2004;18:357–368. 
doi: 10.1101/gad.1177604

	44.	 Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM. 
A cold-inducible coactivator of nuclear receptors linked to adap-
tive thermogenesis. Cell. 1998;92:829–839. doi: 10.1016/s0092- 
8674(00)81410-5

	45.	 St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jäger S, Handschin C, 
Zheng K, Lin J, Yang W, et al. Suppression of reactive oxygen species 
and neurodegeneration by the PGC-1 transcriptional coactivators. Cell. 
2006;127:397–408. doi: 10.1016/j.cell.2006.09.024

	46.	 Oelkrug R, Kutschke M, Meyer CW, Heldmaier G, Jastroch M. 
Uncoupling protein 1 decreases superoxide production in brown adi-
pose tissue mitochondria. J Biol Chem. 2010;285:21961–21968. doi: 
10.1074/jbc.M110.122861

	47.	 Tang RMY, Cheah IK, Yew TSK, Halliwell B. Distribution and accumula-
tion of dietary ergothioneine and its metabolites in mouse tissues. Sci Rep. 

2018;8:1601. doi: 10.1038/s41598-018-20021-z

What Is New?
•	There is growing evidence implicating mitochondrial dysfunction in the 

pathophysiology of preeclampsia.
•	The nutraceutical antioxidant L-ergothioneine reduces blood pressure 

and rescues fetal growth restriction in the reduced uterine perfusion 
pressure preclinical model of preeclampsia.

•	Using a novel ratiometric mass spectrometry probe, we established that 
L-ergothioneine exerts its therapeutic effects, in part, by reducing the 
renal production of mitochondria-specific H

2
O

2
.

What Is Relevant?
•	There is overwhelming evidence for deleterious role of exaggerated ox-

idative stress in the pathophysiology of preeclampsia, yet clinical trials 
of antioxidant interventions were not clinically effective in treating this 
disease.

•	One potential explanation is that these antioxidants may have missed the 
intracellular mitochondrial reactive oxygen species production.

•	This study provides further evidence that therapies targeting mitochon-
dria are an exciting new avenue of investigation for the treatment of 
preeclampsia.

Summary

L-ergothioneine is a water-soluble amino acid with potent anti-
oxidant properties. L-ergothioneine alleviates the clinical charac-
teristics of preeclampsia, in part, via regulation of mitochondria-
specific reactive oxygen species production in the reduced uterine 
perfusion pressure rat model of preeclampsia. Intriguingly, L-ergo-
thioneine has been shown to have an encouraging safety profile in 
recent human studies, which further adds to its potential as a novel 
viable therapeutic for the prevention of preeclampsia.

Novelty and Significance
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