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Hypothyroidism confers tolerance to cerebral malaria
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The modulation of the host’s metabolism to protect tissue from damage induces tolerance to infections increasing
survival. Here, we examined the role of the thyroid hormones, key metabolic regulators, in the outcome of malaria.
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Hypothyroidism confers protection to experimental cerebral malaria by a disease tolerance mechanism. Hypothyroid
mice display increased survival after infection with Plasmodium berghei ANKA, diminishing intracranial pressure
and brain damage, without altering pathogen burden, blood-brain barrier disruption, orimmune cell infiltration. This
protection is reversed by treatment with a Sirtuin 1 inhibitor, while treatment of euthyroid mice with a Sirtuin 1 activator
induces tolerance and reduces intracranial pressure and lethality. This indicates that thyroid hormones and Sirtuin 1
are previously unknown targets for cerebral malaria treatment, a major killer of children in endemic malaria areas.

INTRODUCTION

Malaria, caused by Plasmodium falciparum, is a devastating disease
that results in the infection of millions of people each year (1) (www.
who.int/teams/global-malaria-programme/reports/). Cerebral malaria
(CM), which affects mainly children under the age of 5, is the most
lethal form of the disease (2). CM is characterized by disruption of
the blood-brain barrier (BBB), brain swelling leading to an increase
in intracranial pressure (ICP) with compression of cerebral vessels,
and hemorrhaging, which causes altered consciousness, seizures,
paralysis, coma, and ultimately death. Infection with Plasmodium
berghei ANKA (PbA) strain in C57BL/6 mice is widely used as a
model of experimental CM (ECM), recapitulating the progression
of CM in humans (3). Control of infections involves not only pathogen
clearance by activation of the immune system but also disease toler-
ance (4), which enables the host tissues to limit the consequences of
the infection without interfering directly with the host’s pathogen
load (5). Metabolic reprogramming is required for disease tolerance,
diminishing tissue damage, and maintaining homeostatic parameters
within a dynamic range compatible with the host survival (6).
The master regulators of metabolism Sirtuin 1 (Sirtl), adenosine
monophosphate-activated protein kinase (AMPK), and mammalian
target of rapamycin complex 1 (mTORC1) are key energy sensors
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that respond to energy, nutrient, and stress stimuli. Sirtl increases
energy expenditure (7, 8) and is associated with metabolic and age-
related health benefits (9, 10). AMPK plays a key role in the regula-
tion of protein and lipid metabolism in response to changes in fuel
availability (11), and mTORCI also controls many fundamental
processes, from protein synthesis to autophagy (12).

Several disease tolerance mechanisms have been reported in the
host response to malaria. The malaria survival advantage conferred
by human hemoglobin variants (13) in a mice model of ECM with
sickle cell trait has been shown to occur irrespective of parasite load
(14). Dietary restriction (15), a high-fat diet (16, 17), adrenal
hormones (18), targeting glutamine metabolism with a glutamine
analog (19), or inhibiting glycolysis (20) also protects against ECM,
reinforcing the idea that the host metabolic state plays a major role
in tolerance against this disease. One of the most recognized actions
of the thyroid hormones (THs; thyroxine or T4 and triiodothyronine
or T3) is the regulation of the metabolic cycles, increasing energy
expenditure (21). THs regulate energy expenditure via the central
nervous system (22-24) and through a direct role in the major met-
abolic tissues (25). Under conditions of severe infection, a decline of
TH levels is a common phenomenon called the “euthyroid sick
syndrome” or “nonthyroidal illness syndrome” (NTIS) (26), dimin-
ishing the metabolic rate of the host, which could represent an
emergency response to the infection. Although it has been reported
that thyroid gland function decreases during malaria infection
(27, 28), the role of the thyroidal status in experimental models of
malaria has not yet been examined. Iodine deficiency is still today an
important public health problem (29). In underdeveloped countries
where malaria prevails, there are endemic areas of iodine deficiency
and consequently of insufficient TH secretion, as iodine is an essential
component of the TH molecule (see www.ign.org/cm_data/IGN_
Global_Map_AllPop_30May2017.pdf and www.cdc.gov/malaria/about/
distribution.html). Reduction of thyroid gland activity during
malaria infection could aggravate the outcome of the disease, but it
could also constitute a defense mechanism.

Here, we show that hypothyroidism confers tolerance to CM in
mice, reducing ICP and increasing survival without altering pathogen
load. Sirtl is involved in this effect, since this protection is reversed by
treatment with the Sirtl inhibitor EX-527. Furthermore, treatment
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of normal thyroid function mice with the Sirtl activator SRT1720
mimics the effect of hypothyroidism, promoting tolerance and re-
ducing ICP and lethality. Our findings suggest that targeting Sirt1 is
a potential coadjuvant treatment for CM.

RESULTS
Hypothyroidism promotes survival in ECM
Infection with PbA of euthyroid mice caused 100% lethality at days 6
to 7 after infection. In contrast, more than 40% of hypothyroid mice
receiving a low-iodine diet and antithyroidal drugs were still alive at
day 15 (Fig. 1A). At day 5 after infection, all euthyroid mice presented
ECM symptoms, including paralysis and ataxia (stage 3). At day 6,
they usually suffered convulsions and coma (stage 4) before death,
while infected hypothyroid mice presented no ECM symptoms
(Fig. 1B and movies S1 and S2). About 40% of the hypothyroid mice
never presented clear symptoms of ECM, but they eventually died
from anemia at days 18 to 20 after infection (fig. S1A). Parasitemia
levels were similar in both groups during the course of the infection
(Fig. 1C), suggesting that hypothyroidism may confer tolerance
to ECM. At day 6 after infection, both euthyroid and hypothyroid
mice lost about 10% of body weight (BW; Fig. 1D), regardless of the
fact that hypothyroid mice had a lower BW on the day of the infec-
tion, since hypothyroidism resulted in strongly reduced weight gain
(fig. S1B). Infected euthyroid mice presented NTIS, with a marked
decrease of total circulating T3 and T4 levels at day 6 after infection.
Predictably, hypothyroid mice displayed a severe decrease of circu-
lating THs at the times tested (Fig. 1E). In addition, the levels of
hepatic Deiodinase ] mRNA, a widely used readout of TH action (30),
faithfully reproduced the levels of circulating hormones (fig. S1C).
Shifting euthyroid mice to hypothyroid diet at day 0, but not
at day 3 of PbA infection, arrested ECM development, and animals
survived (Fig. 1F). Switching of hypothyroid animals to control diet
and treatment with TH in the drinking water at day 3 after infection
accelerated their death, and when the switch was made on the same
day of infection, they died on day 6. (Fig. 1G). Intracerebroventricular
(ICV) administration of T3 to hypothyroid mice for 6 days also
accelerated death and appearance of ECM symptoms. While more
than 80% of the animals injected with vehicle survived at day 7, only
50% of the animals injected with T3 were alive at day 5 and 17% died
as early as day 4. Once the treatment stopped, both groups showed
a similar survival (Fig. 1H). These results suggest that the effects of
the TH are at least partially exerted directly in the brain. In addition,
omission of the antithyroidal drug KClO4 did not reduce survival of
hypothyroid mice, indicating that extremely severe hypothyroidism
is not required for protection against ECM. Last, hyperthyroidism
increased the sensitivity to ECM, as all hyperthyroid-infected
mice died at day 5, 1 day earlier than the euthyroid mice (Fig. 1I).
Adrenalectomy, which has been shown to enhance mortality in
C57BL/6 mice infected with the parasite strains P. berghei Edinburgh
(PbNK65-EPBNK65) or New York (PINK65-NY), accelerating death
by hypoglycemia at days 7 to 10 after infection (18), did not alter
lethality by PbA in euthyroid mice, which died at day 6 before de-
veloping strong hypoglycemia. In addition, adrenalectomy did not
reverse the effect of hypothyroidism on increased survival (fig. S2).
These data indicate that the thyroidal status plays an important role
in the outcome of ECM. However, this TH-driven effect was lost in the
outcome of non-CM caused by Plasmodium yoelii YM (Fig. 1, ] and K)
and did not render BALB/c mice susceptible to ECM when infected
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with PbA, as both euthyroid and hyperthyroid mice died without
developing ECM symptoms (not illustrated).

Enhanced splenic response in PbA-infected

hypothyroid mice

Infected euthyroid and hypothyroid mice displayed similar hemo-
grams (fig. S3, A and B), with the exception of a somewhat stronger
reduction of red blood cell and platelet values in hypothyroid mice
at day 6 after infection. Besides, infected hypothyroid mice showed
increased levels of interferon-y (IFN-y) and CXCL-1, a tendency
toward a higher circulating tumor necrosis factor-a (TNF-a),
interleukin-1 (IL-6), and CCL-2, and a significant increase of IL-10
(fig. S3C). Circulating glucose levels were reduced in both groups
to a similar extent upon infection (fig. S3D). Thus, hypothyroid
mice show reduced severe ECM pathology despite having similar
hemograms and glycemia, and a higher cytokine display than
euthyroid mice.

Spleen is crucial for a proper immune response to malaria (31).
Although hypothyroid mice displayed noticeable spleen atrophy, at
day 6 after infection, they showed a marked splenomegaly, with a sig-
nificantly higher increase in spleen size and weight than euthyroid
mice (fig. S4A). Histological analysis of infected spleens from both
groups showed the typical malaria infection appearance: abundant
erythroid cells and hyperplastic lymphoid follicles with an extended
infiltration into red pulp (fig. S4B). In parallel to splenic weight
changes, uninfected hypothyroid mice displayed a reduced number
of splenocytes, but at day 6 after infection, hypothyroid mice showed
a stronger increase in splenic cellularity, including erythroid cells,
than euthyroid mice (fig. S4C). Among the different late erythroblasts,
gated as described in (32) and fig. S5 (A and B), infected hypo-
thyroid mice showed a reduced number of Ery B with respect to the
euthyroid mice, and Ery C supported in both groups the major in-
crease at day 6 after infection (fig. S4D). Splenic leukocytes and dif-
ferent myeloid and T cell lineages included therein were reduced in
the hypothyroid mice before infection and augmented significantly
in these mice, but not in euthyroid mice, upon infection (fig. S4E).
Before infection, the number of B cells was reduced in hypothyroid
spleens, but increased in both groups after infection, reaching similar
values (fig. S4F).

Expression of CD49d and CD11c (which defines the PbA-specific
T cells) (33), of CXCR3 and CCR5 (chemokine receptors required
for their migration to the brain) (34, 35), of the activation marker
CD69, of Granzyme B (required for the development of CM) (36),
and of Ki67 (a marker of cell proliferation) revealed a rather similar
activation state on splenic T helper and cytotoxic cells between
euthyroid and hypothyroid mice before the infection and at day 6
after the PbA inoculation (figs. S6 and S7). Plasmacytoid dendritic
cells showed increased expression of the activation marker CD86 in
infected hypothyroid mice with respect to the euthyroid mice, a dif-
ference that could not be observed in type 1 conventional dendritic
cells (fig. S8). All these data indicate that PbA infection compensates
the spleen atrophy generated by hypothyroidism with a massive in-
crease in the number of different splenic cell types with the expected
activation state at the late ECM stage.

Hypothyroidism does not prevent BBB disruption in ECM

Despite their reduced BW, hypothyroid mice maintained a normal
brain weight (Fig. 2A). BBB breakdown is a hallmark of ECM (2),
and hypothyroidism did not protect its integrity, as assessed by
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Fig. 1. Hypothyroidism protects from ECM. (A) Kaplan-Meier plot of euthyroid mice (fed a normal iodine diet) and hypothyroid mice (fed a low iodine diet with
propylthiouracil and KCIO,4 in the drinking water) infected with PbA (n =34, 36). (B) Clinical stage of the mice (n =28, 34). (C) Parasitemia expressed as % of infected erythrocytes
(n=14). (D) Body weight (BW) of euthyroid and hypothyroid mice at the day of PbA infection and at day 6 after infection (n =11 to 13). (E) Total circulating T4and T3 (n =8
to 12). (F) Kaplan-Meier plot of euthyroid mice infected with PbA and shifted to hypothyroid treatment at days 0 and 3 after infection (n=7 to 10). (G) Kaplan-Meier plot
of hypothyroid mice infected with PbA and shifted to normal iodine diet and T4 and T3 treatment at days 0 and 3 after infection (n = 5). (H) Kaplan-Meier plot of hypothyroid-
infected mice after daily intracerebroventricular (ICV) administration of vehicle or 16 ng of T3 for the first 6 days starting at day 0 of infection. Right: Clinical stage of the
animals (n=12to 13). (I) Survival of PbA-infected mice with different thyroidal states: euthyroid, hypothyroid, hypothyroid diet without KCIO4, and hyperthyroid (normal
iodine diet and T4 and T3 pretreatment for 14 days and maintained during the course of the infection, n =8). (J) Kaplan-Meier plot (n =18, 15), parasitemia (n=7), and
circulating hemoglobin (n =7) of euthyroid and hypothyroid mice infected with P. yoelii YM. (K) Same parameters in hyperthyroid and euthyroid mice (n=5, 6). In all
panels, error bars represent means + SEM [one-way analysis of variance (ANOVA) followed by multiple comparisons Tukey test]. *P < 0.05 and ***P < 0.001.
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Fig. 2. Hypothyroidism does not protect the integrity of the BBB. (A) Brain weight, Evans blue staining (n =5 to 6), and representative brain images of the uninfected
mice and at day 6 after infection. 0.D., optical density. (B) Number of brain-infiltrating leukocytes (CD45"), T helper (CD45"CD3*CD4%), T cytotoxic (CD45*CD3*CD8") lympho-
cytes, and monocyte-derived dendritic cells (Mono-DCs; CD45F4/80CD11b*CD206a*MHCII*) (n=5 to 7). (C) Percentage of cytotoxic T lymphocytes positive for CD11a,
CD49d, and intracellular Granzyme B expression, and their corresponding mean fluorescence intensity (MFI) values (n =5 to 6). (D) Levels of the indicated transcripts in
the brains (n =5 to 6). (E) Levels of brain Deiodinase 2 and 3 transcripts (n =6 to 12). In all panels, error bars represent £SEM, one-way ANOVA followed by multiple com-
parisons Tukey test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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extravasation of Evans blue 1 hour after intravenous injection at day 6
after PbA infection (Fig. 2A). Analysis by magnetic resonance
imaging (MRI) after 15 min of an intraperitoneal injection of a
contrast agent based on gadolinium also revealed BBB disruption in
infected hypothyroid mice, although some quantitative differences
in discrete areas with respect to the euthyroid mice were observed.
Thus, while signal intensity was similar in cerebellum, hypothalamus,
or hippocampus of infected euthyroid and hypothyroid mice, in
other regions values were lower in the hypothyroid animals (fig. S9).
The total number of brain-infiltrated helper and cytotoxic T lym-
phocytes, and monocyte-derived dendritic cells, identified as indi-
cated in fig. S5 (C and D), was similar in infected euthyroid
and hypothyroid mice (Fig. 2B). In addition, the percentage of
CD3"CD8" cells positive for CD11a, CD49d, and Granzyme B showed
a similar increase in both groups, suggesting a comparable activa-
tion state (Fig. 2C). Brain mRNA levels of granzyme B and perforin
also showed an analogous induction, and analysis of IL-6 and IFN-y
transcripts revealed a similar pro-inflammatory microenvironment
in the brain of both groups of infected mice. In addition, no signifi-
cant differences between euthyroid and hypothyroid mice in the
levels of PbA mRNA were found (Fig. 2D). All these data confirm
BBB disruption and similar infiltration of leukocytes and entry of
parasites into the brain in both groups of mice. Brain hypothyroidism
was characterized by a tendency toward an increase in transcript
levels of Deiodinase 2 before infection, which regulate the generation
of T3 from T4, as well as with a reduction of Deiodinase 3 transcripts,
the enzyme responsible for T3 degradation (Fig. 2E).

Hypothyroidism protects from ECM-induced swelling

and brain damage

ECM is associated with brain swelling and parenchymal lesions (37).
T2-weighted MR images of the olfactory bulb, which plays a key
role in the pathogenesis of ECM (38), showed the existence of
hypointense areas (compatible with microhemorrhages) accompanied
by hyperintensity (edema) in the central area in all infected euthyroid
mice, but not in hypothyroid mice (Fig. 3A). Hematoxylin and eosin
(H&E)-stained sections of the whole brain corroborated that infected
euthyroid mice exhibited a significantly higher number of micro-
hemorrhages (Fig. 3B). In infected euthyroid mice, but in none of
the hypothyroid mice, edema was also propagated from the bulb to
the rostral migratory stream, the subventricular zone, and the dorsal
migratory stream, reaching the striatum and the corpus callosum
and causing brain thickening (Fig. 3C).

Crushing of the cerebellum and brainstem herniation as a conse-
quence of brain edema is considered to be a major cause of death in
ECM (37) and in children with CM (39). PbA infection significantly
increased brain volume and the cerebral area in euthyroid but not
in hypothyroid mice (Fig. 3D). To quantify changes due to edema,
the distances illustrated in Fig. 3D were measured in mid-sagittal
T2-weighted images. While total brain length was not altered by
infection (line 1), brain thickness (line 2) augmented in the euthyroid
mice upon infection without changing in the hypothyroid mice.
Brain compression also led to a change in the shape of the cerebellum
in euthyroid but not in hypothyroid mice, as cerebellar length (line 3)
increased, while cerebellar width (line 4) was reduced upon infection
only in euthyroid animals. The distance from the pituitary gland to
the anterior and posterior end of the cerebellum (lines 5 and 6) was
also longer after PbA infection in euthyroid mice without changing in
hypothyroid mice. These results confirm that significant compression,
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as a consequence of brain swelling, did not happen in hypothyroid
mice that showed resistance to ECM. Visual inspection of the brain
images (Fig. 3E) shows not only crushing of the cerebellum and the
pituitary gland in the infected euthyroid mice but also engulfment
of the brainstem into the foramen magnum.

Hypothyroidism protects from increased ICP and cerebral
blood flow damage

The above results are compatible with reduced ICP in infected
hypothyroid mice when compared with infected euthyroid mice.
An increase in ICP directly and proportionally affects the perioptic
nerve space, causing an enlargement of the optic nerve diameter
(40). PbA infection significantly increased ICP in euthyroid but not
in hypothyroid mice (Fig. 4A). These changes appear to be indepen-
dent of effects on peripheral blood pressure that was lower in the
hypothyroid mice before infection and was reduced upon infection,
reaching similar levels in both groups of mice (Fig. 4B). Mannitol
has been proposed as an adjuvant to treat brain edema in CM (41).
However, daily administration of mannitol, starting the day of
infection, did not increase survival and did not modify the clinical
score in infected euthyroid and hyperthyroid mice. Furthermore,
mannitol was ineffective in reducing ICP or neurological symptoms
in infected euthyroid mice (fig. S10).

Fatal outcome in ECM is also associated with compression of the
cerebral vessels and impairment of the cerebral blood flow (CBF) as a
consequence of brain swelling and increased ICP (37). Angiographies
showed that uninfected hypothyroid mice displayed a markedly re-
duced CBF in coronal, axial, and sagittal images (Fig. 4C), which to
our knowledge has not been previously reported. In parallel with
increased ICP, infected euthyroid mice showed strong collapse of
cerebral vessels and a significant reduction of the CBF. In contrast,
CBF maps were quite similar in uninfected and infected hypothyroid
mice (Fig. 4C and movie S3), which agrees with the absence of brain
compression. Thus, hypothyroidism markedly reduces brain damage,
precluding ICP increase and maintaining the CBF in PbA-infected
mice without preventing BBB breakdown and parasite and leukocyte
infiltration into the brain. Shifting euthyroid mice to hypothyroid
diet at day 0 of PbA infection was sufficient to prevent brain vessel
collapse, reducing ECM stage and increasing survival, while CBF
was similarly reduced in euthyroid mice at day 6 and in hyperthyroid
mice at day 5 after infection (fig. S11).

Hypothyroid mice display altered brain metabolic profile
after PbA infection

To analyze whether brain metabolic changes could be involved in
the different outcomes of the disease in euthyroid and hypothyroid
mice, we next conducted an analysis of brain aqueous low-molecular
weight metabolites by nuclear MR spectroscopy before infection
and at day 6 after infection. Clustering analysis showed that, before
infection, hypothyroid brains display metabolic differences with
respect to the euthyroid brains, with a predominance of underex-
pressed metabolites. In euthyroid mice, infection resulted in under-
expression of multiple metabolites, whereas in hypothyroid mice a
general increase was observed. Furthermore, upon infection, a
distinct clustering of euthyroid and hypothyroid samples was ob-
served, with increase in various metabolites in the hypothyroid
animals that was not detected in euthyroid mice (Fig. 5A). We ob-
served statistically significant differences in 22 metabolites, with a
distinct profile depending on the thyroidal status and the infection
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(fig. S12). The metabolic changes indicated a more efficient anaerobic
metabolism in infected hypothyroid mice with a higher increase in
the levels of lactate and a more efficient energy production with
higher creatine levels (42, 43). A significant increase in glutamine
levels was observed upon infection in euthyroid and hypothyroid
brains, but in hypothyroid mice, the levels of N-acetylaspartate and
alanine were also increased, which represents a protective mecha-
nism to palliate the deleterious effects of glutamine accumulation.
Both glycero-phosphocholine and N-acetylaspartate, markers of cell
density and viability (42, 43), were significantly reduced in euthyroid
mice but not in hypothyroid mice after infection. This indicates
again a better response against the infection in hypothyroid mice.
Ketone bodies, produced from short-chain fatty acids, could be an

Rodriguez-Munoz et al., Sci. Adv. 8, eabj7110 (2022) 6 April 2022

important source of fuel for brain metabolism. The levels of
3-hydroxibutyrate increased strongly only in euthyroid mice, indi-
cating that they respond to infection with an enhanced ketone
body-based metabolism, whereas hypothyroid mice used anaerobic
glycolysis and creatine pathways to obtain energy. Principal com-
ponents (PC) analysis (Fig. 5B) revealed separation between infected
and noninfected individuals along the second PC (PC2), which may be
attributed to the influence of higher levels of lactate and glutamine
in infected mice and to higher levels of glycero-phosphocholine in
noninfected mice. Upon infection, euthyroid and hypothyroid mice
displayed a different distribution with respect to PC1 for which
acetylaspartate, alanine, acetylcarnitine, and hydroxybutyrate would
be responsible. These data indicate the existence of metabolomic
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differences in the brain of euthyroid and hypothyroid mice before
and during P. berghei infection.

Hypothyroidism prevents behavioral and respirometric
changes in ECM

Next, we evaluated how PbA infection affects global behavioral and
metabolic functions in euthyroid and hypothyroid mice using
respirometry cages (Fig. 6). Mice are nocturnal animals, and before
the infection and during the following four nights, euthyroid mice had
a much higher locomotor activity than hypothyroid mice. However,
from day 4 after infection, euthyroid mice stopped moving, while
the movements of hypothyroid mice were better preserved (Fig. 6A).
The accumulated slope of food and drink consumption also abruptly
stopped rising in infected euthyroid mice at this time, being less affected
in the hypothyroid mice that are hypophagic (Fig. 6, B and C).
During the first 4 days following infection, euthyroid mice showed
a preserved circadian rhythm with higher nocturnal oxygen uptake
(VOy) and CO; output (VCO,) than hypothyroid mice. However,
from the fourth night, VO, and VCO, sharply decreased until death
in euthyroid mice, but not in hypothyroid mice, and during these
last 2 days, the situation was reversed (Fig. 6, D and E). The respiratory
exchange ratio (RER; VCO,/VO,) gives an indication about the
type of fuel source used. During the first four nights, euthyroid mice
presented RER values above 1 and the hypothyroid mice values
were somewhat lower. However, at the late stages of ECM, RER value
decreased in euthyroid mice, indicating a higher rate of fat con-
sumption, which was not so evident in infected hypothyroid mice

Rodriguez-Munoz et al., Sci. Adv. 8, eabj7110 (2022) 6 April 2022

(Fig. 6F). As expected, euthyroid mice also displayed higher energy
expenditure than hypothyroid mice before and at the onset of ECM
symptoms. Again, from the fourth night of infection, energy expen-
diture showed a marked constant decrease until death at days 6 to 7
after infection in euthyroid mice, whereas hypothyroid mice displayed
more stable energy expenditure values during the course of the dis-
ease (Fig. 6G). All these data indicate that hypothyroidism confers
resilience to changes in the behavioral, respirometric, and energy
expenditure parameters at the late stages of the ECM (Fig. 6H).

Regulation of ECM outcome by Sirt1 modulation

Regulation of Sirtl activity appears to be involved in the metabolic
effects of the TH (44). Analysis of Sirt] protein expression in the liver,
a major metabolic tissue, revealed a decrease in Sirtl levels at day 6
after infection in both euthyroid and hypothyroid mice (fig. SI3A).
As areadout of Sirtl activity, nuclear factor kB (NF-xB) p65 acetyl-
ation levels were determined (45). Before infection, acetyl-NF-«xB
p65 levels were lower in euthyroid than in hypothyroid mice. How-
ever, NF-kB p65 acetylation increased at day 6 after infection in
euthyroid but not in hypothyroid mice, indicating a major decrease
in Sirtl activity during the course of PbA infection only under
euthyroid conditions. This occurred despite a reduction of the total
NF-«B p65 levels, which was similar in both groups of infected
mice. mTORC1, another key metabolic enzyme, is also involved in
the metabolic actions of the TH (24), and as a readout of its activity,
the phosphorylation state of p70 S6K and of its substrate S6 was
determined. PbA infection decreased phosphorylation of p70 S6K
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and S6, particularly in euthyroid mice, which showed higher phos-  of leptin to mice with dietary restriction decreases survival (15).
phorylation of both proteins than hypothyroid mice (fig. S13A).  Circulating leptin levels were significantly reduced in the hypothyroid
Dietary restriction increases resistance to ECM by a mechanism that mice and did not increase upon infection, as observed in euthyroid
involves a reduction of leptin and mTORCI activity, and administration ~ mice (fig. S13B). However, administration of a high dose of leptin

Rodriguez-Munoz et al., Sci. Adv. 8, eabj7110 (2022)
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from day 0 of infection did not alter lethality in hypothyroid mice
(fig. S13C), suggesting that hypothyroidism does not induce tolerance
by a leptin-mediated mechanism. AMPK is also an essential kinase
in metabolic regulation and is modulated by the TH (23, 46). Both
total and phosphorylated AMPK (P-AMPK) levels were higher in
the hypothyroid animals before infection, but P-AMPK levels were
similarly reduced in euthyroid- and hypothyroid-infected mice (fig.
S13A). All these data indicate that PbA infection affects the activa-
tion state of different key enzymes involved in metabolic control and
suggest that their distinct regulation in hypothyroid mice might be
involved in the improved disease tolerance to ECM.

Both Sirtl and energy expenditure displayed a major decrease
in infected euthyroid mice, but not in infected hypothyroid mice.
Since Sirtl activates energy expenditure (7, 8, 47), we next analyzed
the possibility that modulation of Sirt1 activity could improve tolerance
to ECM. Thus, we treated euthyroid mice, starting at the day of in-
fection, with the Sirtl activator SRT1720 (48). SRT1720 treatment
significantly increased survival, and about 25% of the mice never
developed ECM symptoms, without altering significantly parasitemia
(Fig. 7A). Treatment of infected euthyroid mice with SRT1720 re-
sulted in reduced cerebral vessel collapse and increased CBF (Fig. 7B
and movie $4), concomitantly with reduced ICP (Fig. 7C) and in-
creased systolic blood pressure (Fig. 7D). SRT1720 also caused
partial reversal of the cerebral width increase and of the cerebellum
change of shape (fig. S14A), a clear improvement of the olfactory
bulb damage and reduced edema in other central brain areas (fig. S14,
B and C). On the other hand, inhibition of Sirt1 activity in hypothyroid
mice by treatment with EX-527 (49) reduced survival to PbA infec-
tion, as all hypothyroid-infected mice treated with the Sirtl inhibitor
died within 5 to 10 days with ECM symptoms. EX-527 did not affect
survival of uninfected hypothyroid mice (Fig. 7E). Angiographies
revealed that hypothyroid-infected mice treated with EX-527 dis-
played increased collapse of cerebral vessels, resulting in a significant
reduction of the CBF (Fig. 7F and movie S5). This was also correlated
with a significant increase in ICP without a significant alteration of
the systolic blood pressure (Fig. 7, G and H), with a change of cerebral
and cerebellar area and thickness, suggestive of brain swelling, as
well as in detectable edema in the olfactory bulb and in other central
brain areas (fig. S15). These results indicate that modulation of Sirt1
activity is involved in hypothyroidism-induced tolerance to ECM
and that activation of Sirtl in euthyroid mice increases tolerance,
improving the outcome of the disease.

DISCUSSION

In this study, we proved that hypothyroidism confers disease toler-
ance to ECM. Without altering the pathogen load, hypothyroidism
prevents the development of severe neurological symptoms and
increases survival. In contrast, hyperthyroid mice die 1 day earlier
than mice with normal thyroid function, further indicating that
thyroidal status is an important determinant for the outcome of
fatal CM.

Thyroidal dysfunction (28) and pituitary hyporesponsiveness (27)
occur in patients suffering complicated malaria, suggesting that
hypothalamic-pituitary thyroid axis dysregulation is involved in an
emergency response to the stress situation generated by the infec-
tion. We show here that mice with CM also develop NTIS with a
strong reduction of circulating TH, although the attained levels are
not as low as those existing in the hypothyroid mice. According to

Rodriguez-Munoz et al., Sci. Adv. 8, eabj7110 (2022) 6 April 2022

our results, it is likely that the thyroidal dysfunction observed in the
experimental murine model and in malaria patients could represent
a defense mechanism trying to diminish the severity of the disease.
Since millions of people live in areas of endemic iodine deficiency,
which can be partially superimposed with endemic malaria, it is
conceivable that the consequent hypothyroidism could confer some
protection against the cerebral form of the disease. This would be
reminiscent of the survival advantage that sickle human hemoglobin
confers to individuals living in endemic areas of malaria (13), al-
though in this case a genetic defect rather than a micronutrient
deficiency would be responsible. Mice expressing sickle hemoglobin
also survive to CM by a disease tolerance mechanism (14).

Depending on the type of pathogen, the host requires a specific
metabolic state to achieve optimal disease tolerance. In a seminal
study, Wang et al. (50) described opposite effects of fasting and
glucose metabolism on tolerance to bacterial and viral infection
in mice. Thus, glucose supplementation is detrimental in bacterial
sepsis but protects against mortality in the case of viral infection.
These effects are independent of the pathogen load. This is also
applicable to malaria, as administration of 2-deoxyglucose increases
survival against PbA (20), while the same compound results in strongly
increased lethality in mice infected with Plasmodium chabaudi AJ,
which causes non-CM from which most animals recover (51). As a
previously unknown driver in developing CM, we show here the
importance of TH in tolerance to PbA infection. However, accordingly,
with the specific mechanisms required to attain disease tolerance to
a specific pathogen, our data also show that hypothyroidism does
not protect against non-CM in the experimental model of lethal
infection with the P. yoelii YM parasite.

Hypothyroid mice displayed noticeable spleen hypoplasia
before infection. However, upon malaria infection, these animals
displayed marked splenomegaly with a massive increase in the
number of different splenic cell populations of the three major
hematopoietic lineages. At the late stage of ECM, euthyroid and
hypothyroid mice reached a similar number and activation state of
different splenic hematopoietic cells and showed a similar infiltra-
tion of immune cells into the brain, including CD8" T lymphocytes,
which are critical in the pathogenesis of CM (36, 52, 53). Concomi-
tantly, both types of infected mice presented BBB disruption and
similar expression of PbA and cytokines in the brain at the late ECM
stage. These results in hypothyroid mice are similar to those found
in mice treated with 2-deoxiglucose, which survive to PbA infection
despite showing BBB breakdown, nonaltered brain cytokine tran-
scripts, and similar number and activation of the immune cells
infiltrating the brain (20). Together, these results reinforce the idea
that the protective effect of hypothyroidism against CM specifically
relays in a disease tolerance mechanism that reduces brain damage.
The finding that intracerebral administration of T3 to hypothyroid
mice accelerates ECM development and increases mortality suggests
a direct effect of the hormone on the brain parenchymal tissue.

The cause of death in CM has been attributed to brain compres-
sion and reduction of the blood flow (39). Brain swelling causes
uncontrollable pressure that ultimately kills brainstem neurons re-
sponsible for heart and lung function, which is consistent with cerebral
herniation as a cause of death (52). Hypothyroidism prevents the
appearance of neurological symptoms, reducing the impact on brain
damage, with no evident increase in ICP, brain volume, cerebellar
crushing, or brainstem herniation and with no collapse of the
major cerebral vessels upon PbA infection. Besides, the number of
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hemorrhagic foci, other hallmark of brain damage in CM, is also
significantly reduced in the infected hypothyroid mice. The sym-
pathoadrenal system interacts with the TH at various levels (54), but
hypothyroidism maintains the defense against ECM in adrenalecto-
mized mice, suggesting that the protective role of hypothyroidism is
independent of that system. Furthermore, hypothyroidism can be
associated with arterial stiffness and secondary hypertension in
humans (55), which in turn could reduce cerebral perfusion. How-
ever, uninfected hypothyroid mice showed decreased blood pressure,
suggesting that changes in ICP, independent of peripheral blood
pressure, underlie the effect of hypothyroidism in ECM. Furthermore,
edema, herniation, and impaired CBF occur in infected euthyroid
mice with increased ICP, but not in hypothyroid mice in which ICP
does not increase upon infection, strongly suggesting that the im-
proved survival of hypothyroid mice is a result of reduced ICP.

One of the most recognized actions of the TH is the regulation of
metabolism, increasing energy expenditure (21, 56). Behavioral and
respirometry studies showed that, before infection and at early stages
of PbA infection, hypothyroid mice display a significant reduction
of energy expenditure. At later stages, only euthyroid mice, which
show neurological symptoms of CM, underwent an abrupt decrease
in locomotor activity, O, and CO, exchange, and energy expenditure.
These changes were much less apparent in hypothyroid-infected
mice. The drop in metabolic respiratory activity occurred in sick
euthyroid mice without presenting a clear hypoglycemia or signifi-
cant anemia, which suggests that a central respiratory failure could
be the mechanism responsible and supports the idea that the meta-
bolic state achieved under hypothyroid conditions, with lower loco-
motor and respiratory activity, allows the mice to display improved
tolerance/resilience to the stress caused by PbA infection.

Hypothyroidism might induce tolerance to CM by altering brain
metabolism, and accordingly, metabolic adaptation to infection
differs between euthyroid and hypothyroid animals. Hypothyroid
brains show an improved adaptive response with reduced tissue
injury and protection against the deleterious effects of glutamine
(19). In addition, they show a shift toward a glycolitic anaerobic
metabolism and to the use of creatine pathway to obtain adenosine
triphosphate (ATP), while euthyroid mice respond to infection with
enhanced ketone body-based metabolism. This metabolic signature
shows that hypothyroidism induces a distinct metabolic status in
the brains that are resistant to the damage induced by the parasite.
However, it cannot be directly concluded from these results that
these metabolic changes are responsible for resilience to ECM.
Respirometric studies also suggest that infected euthyroid mice skew
their whole-body metabolism to relay upon stored endogenous fat
energy. After infection, the RER value fell to 0.8 in the euthyroid mice.
A value of 1 or above indicates carbohydrate consumption, while
0.7 signifies that fat is the main fuel source.

The actions of the TH involve the regulation of key enzymes in
both the brain and peripheral tissues (22-24). One of these pathways
involves mTORCI, which mediates protection against CM by caloric
restriction via a reduction of leptin production (15). Although cir-
culating leptin levels were reduced in hypothyroid mice, leptin ad-
ministration did not increase lethality in these animals, discarding
this pathway as a main mediator of tolerance to CM in hypothyroidism.
Sirt1 has been connected to the beneficial effects elicited by calorie
restriction or fasting, increasing energy expenditure (9, 10, 57). There
is a significant overlap between the actions of the TH and Sirtl in
the regulation of metabolic processes such as gluconeogenesis, fatty
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acid oxidation, or mitochondrial function (25, 58). Our results sug-
gest that Sirtl activity is involved in the modulation of tolerance to
CM. Treatment of hypothyroid mice with a Sirt1 inhibitor increases
ICP, brain vessel compression, and lethality, while maintenance of
Sirtl activity during the course of the infection in normal animals
diminishes ICP and improves CBF and survival, without significant
variation in the parasitemia levels. Thus, Sirtl activator, as well as
hypothyroidism, appears to protect against ECM lethality by pre-
venting increased ICP. However, our results do not provide the
ultimate mechanism/s by which hypothyroidism preserves Sirtl
activity during infection and which are the specific cells involved.
Therefore, the functional relationship between THs, Sirtl, and ECM
requires further investigation.

In conclusion, our results indicate that anti-thyroidal drugs could
improve the outcome of CM but hypothyroidism is harmful to
health, especially in children, as THs are essential for brain develop-
ment (59). However, the identification of Sirtl as a mediator of the
action of the TH in the outcome of CM suggests a beneficial func-
tion of Sirtl activators for the treatment of the disease. Although
hypothyroidism or Sirtl activation rescued mice from CM, they
ultimately died during the long period of anemia, probably caused
by accelerated clearance of uninfected erythrocytes associated to the
inability to compensate for red blood cell loss (60). Therefore, the
use of Sirtl activators, in combination with the drugs used to inhibit
parasite replication, might be useful for the treatment of human
CM, which still represents a major clinical problem in endemic
countries. Most children under 5 years old presenting CM die while
traveling to the nearest health care centers or within the first 24 hours
of admission (61). Thus, we can speculate that early adjuvant therapy
based on Sirtl activators to prevent tissue and brain damage could
help to reduce the high intrinsic mortality due to the disease.

MATERIALS AND METHODS

Mice

C57BL/6 mice from Charles River Laboratories, maintained in
the animal house of the Instituto de Investigaciones Biomédicas
“Alberto Sols,” were used in this study. All animal experiments were
done following the Institutional Animal Care and Use Committee
(IACUC) guidelines in agreement with the European Community
Law (86/609/EEC) and the Spanish law (R.D. 1201/2005), with
approval of the Ethics Committee of the Consejo Superior de Inves-
tigaciones Cientificas and Comunidad de Madrid.

Generation of hypothyroid, euthyroid, and

hyperthyroid mice

To induce hypothyroidism, 4- to 5-week-old male mice were fed with
an iodine-deficient diet containing 0.15% of the antithyroidal drug
propylthiouracil (E15551-04, Sniff) and with KClO4 (10 g/liter)
(460494, Merck) in the drinking water for 4 weeks before the ex-
periment. Control euthyroid animals were fed with a control diet
(E15552-24, Sniff), the same diet without propylthiouracil but sup-
plemented with potassium iodide to contain 1.15 mg/kg. Mice fed
with the control diet were made hyperthyroid by adding T4 (25 ng/g
of mice; IRMM468, Sigma-Aldrich) and T3 (95 ng/g of mice; T-2877,
Sigma-Aldrich) in the drinking water, from 14 days before infection
until the end of the experiment. Drinking water was changed every
day. Unless otherwise indicated, mice were maintained with the
chosen diet until the end of the experiment.

120f 17

2202 ‘ST |udy uo eleue) Uelo) ap Sewled Se ap PepsieAiun e BI0°8ous 105 MMM//:SAny WoJ | papeo lumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Design of the ECM model

Only 8- to 9-week-old male mice were infected with P. berghei
strain ANKA (PbA, MRA-311, BEI Resources) or with P. yoelii
YM (MRA?755, BEI Resources), by an intraperitoneal injection of
1 x 10 infected red blood cells obtained from previously infected
donor mice. Mice received food ad libitum, and drinking water was
supplemented with para-amino benzoic acid at 0.05% to ensure
in vivo parasite growth. Parasitemia was monitored from blood
smears fixed with methanol, stained with Wright’s solution
(1013830500, Merck) under x100 magnification, and calculated
using Fiji program. Mice were monitored daily for clinical stage of
ECM. Stages were defined by the presentation of no symptoms (0),
piloerection (1), medium piloerection and mild ataxia (2), ataxia
and paralysis (3), and convulsions and coma (4) (62). Videos of the
different mice were performed with video edition software Canva.
When mice showed severe ECM (stage 4), they were sacrificed
by CO, asphyxiation according to ethical guidelines, and the day of
death was considered to be the following day.

Mice treatments

Euthyroid mice were injected intraperitoneally daily starting the
day of the infection with the Sirt1 activator SRT1720 (HY-15145,
MedChemExpress) (48) at a dose of 20 mg/kg in 100 pl. SRT1720
was dissolved in 10% dimethyl sulfoxide (DMSO) (D2438, Sigma-
Aldrich) and 20% 2-hydroxypropyl-B-cyclodextrin (H5784, Merck)
in phosphate-buffered saline (PBS). Hypothyroid mice were treated
daily, starting at the day of the infection with the Sirtl inhibitor
EX-527 (E7034, Sigma-Aldrich) (49), at a dose of 10 mg/kg in 50 pl.
EX-527 was dissolved in 4% DMSO and 10% 2-hydroxypropyl-B-
cyclodextrin in PBS. In parallel, other sets of mice were treated
with the corresponding vehicle without the drug. Twenty micrograms
per mice of recombinant mouse leptin (498-OB, R&D Systems)
dissolved in PBS was administered twice a day by intraperitoneal
injection, starting the day of the infection. Five hundred micro-
liters of mannitol (25% in 0.9% saline; Sigma-Aldrich) or vehicle
(control) was daily injected in mice starting at day 0 of infec-
tion. For ICV treatment, cannulae were stereotaxically implanted
into hypothyroid mice as previously described (24, 46) using
the following coordinates: 1.2 mm lateral to bregma, 0.6 mm
posterior, 2 mm deep. Four days after implantation, animals were
inoculated with PbA and T3 (16 ng in 4 pl of saline; Sigma-Aldrich)
or vehicle was administered ICV daily for 6 days until the cannulae
collapsed. ICV administration was performed 1 hour before
turning the lights off. Adrenal glands were surgically removed from
euthyroid and hypothyroid mice, and the corresponding control
animals were sham-operated. The drinking water of the adrenal-
ectomized animals was supplemented with 0.9% NaCl. Mice
were allowed to recover from the surgery for 14 days before
PbA inoculation.

Hemograms

Mice were sacrificed using CO, overdose exposure, according to
ethics guidelines. Blood samples were collected in EDTA tubes
(1591126, EVEREST) by heart puncture. Hemograms from EDTA
blood samples (400 pl) were determined at SEROLAB S.L (Madrid).
Peripheral blood hemoglobin was determined by lysis of 10 pl of
whole blood in 1 ml of water followed by optical density reading at
540 nm in the BioTek EL340 Microplate Reader and subsequently
converted to the corresponding concentration.
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Determination of circulating cytokines

Serum plasma was obtained by centrifugation of blood samples
for 5 min at 2000 rpm. Circulating cytokines were determined
using the Cytokine Response Panel Kit (740622, BioLegend) ac-
cording to the manufacturer’s instructions, and samples were
subsequently subjected to flow cytometry analysis on CytoFLEX S
(Beckman and Coulter). The concentration of the different cytokines
was calculated using the software LEGENDplex V8.0 supplied by
BioLegend.

Quantification of glucose and leptin

Glucose measurement was carried out in blood drops from tails
using an Accu-Check Aviva detector (6453970037, Roche). Leptin
levels were measured in serum samples, obtained by centrifugation
of blood samples for 5 min at 2000 rpm, by using the Mouse Leptin
ELISA Kit (90030, Cristalchem), following the manufacturer’s
instructions.

Quantification of total circulating T3 and T4

High-specific activity '*I-T3 and '*°1-T4 (3000 uCi/ug) were ob-
tained using radioactive iodine (NEZ033A, Perkin Elmer) and
(3-5)-T2 (D0629, Sigma-Aldrich) and T3 (T2877, Sigma-Aldrich)
as substrates, respectively, as previously described (63). The separation
of the labeled products was modified using ascending paper chroma-
tography for 16 hours in the presence of butanol:ethanol:ammonia
0.5 N (5:1:2) as solvent. 1251_T3 and '*°I-T4 were eluted and kept in
ethanol at 4°C. TH concentration was analyzed by radioimmuno-
assays (RIAs) after extraction and purification of plasma samples.
Briefly, tracer amounts of '*’I-T3 or '**I-T4 were added to individual
80-ul aliquots of plasma and total T3 and T4 were extracted with
methanol (1:6), evaporated to dryness, and dissolved in RIA buffer
for determinations. The dynamic range was 0.4 to 100 pg of T3 per
tube and 2.5 to 320 pg of T4 per tube. Samples were processed in
duplicate, and the final results were calculated on the basis of the
amount of hormone detected in the assay, the recovery of the tracers
added, and the volume of the extracted plasma sample. High-specific
activity '*’I-T4 and '*’I-T3 as well as and anti-T3 and anti-T4
antisera (originally generated by M. J. Obregon) were provided by
A. Guadafo-Ferraz, IIBM.

Identification of splenic hematopoietic cells by

flow cytometry (FACS)

Splenocytes were collected and purified using a gentleMACS disso-
ciator and Mouse Spleen Dissociation kit (130-095-926, Miltenyi),
according to the manufacturer’s instruction. Cell suspensions were
filtered through a 70-pum cell strainer and pelleted by centrifugation
at 300g for 5 min. To lyse erythrocytes, pelleted cells were resus-
pended in 1 ml of VersaLyse lysing solution (A09777, Beckman
Coulter); 2 min later, 3 ml of fluorescence-activated cell sorting
(FACS) buffer [PBS, 2% fetal bovine serum (FBS), and 5 mM EDTA]
was added, and cells were centrifuged and washed. The different cell
samples (0.5 x 10° to 2 x 10° cells) were stained for the indicated
surface markers required (see table S1) for 20 min at room tempera-
ture and subsequently washed twice with FACS buffer. For intra-
cellular staining, cells were fixed, permeabilized with the use of a
fixation/permeabilization kit (00-5523-00, Thermo Fisher Scien-
tific), and incubated with the corresponding antibody. When
possible, live and dead cells were distinguished by adding SYTOX
Green (S7020, Life Technologies) or 4’,6-diamidino-2-phenylindole
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(D9542, Sigma-Aldrich) 5 min before flow cytometry analysis.
Unstained cells were used as a negative control to establish the flow
cytometer voltage settings, and single-color positive controls were
used to adjust compensation. To identify the different splenic cells,
without treatment with lysis solution, cells were subjected to flow
cytometry analysis as described (32, 64). The absolute number of cells
was calculated by adding Perfect-Count Microspheres (CYTPCM-100,
Cytognos) to the flow cytometry samples. The flow cytometry data
were acquired using FACSCanto II (Becton and Dickinson) or
CytoFLEX S (Beckman and Coulter) and analyzed with Flow]Jo or
CytoExpert software.

Identification of infiltrated hematopoietic cells in

brain by flow cytometry

To identify brain-infiltrated leukocytes by flow cytometry, brain
samples were carefully extracted just after animal sacrifice, minced,
and processed in the gentleMACS dissociator using the Adult
Brain Dissociation Kit (130-107-677, Miltenyi). Samples were
subsequently filtered through a 70-um cell strainer, and cells were
centrifuged in a 36% Percoll gradient (P1644, Sigma-Aldrich)/
Dulbecco’s modified Eagle’s medium-Hepes (DF-041, Sigma-
Aldrich), enriched with 10% FBS (10270-106, Gibco) and 0.4%
Hanks’ balanced salt solution (14185-045, Gibco) for 30 min at
800g at room temperature. Erythrocytes were lysed in 400 pl of
VersaLyse lysing solution (A09777, Beckman Coulter), as described
above, and cells were stained for the indicated surface markers (see
table S1). Cell number determination and FACS analysis were per-
formed as described above.

Systolic blood pressure

Blood pressure was measured by tail-cuff plethysmography. For this,
animals were trained for 1 week before initial blood pressure mea-
surements and 1 day before PbA infection. Then, blood pressure
was measured at day 6 after infection in the BP-2000 Blood Pressure
Analysis System (Visitech Systems, USA). Measurements were
done always at the same time of the day from 8 a.m. to 10 a.m.
At least 10 individual observations were performed and averaged
for each animal.

Brain-blood barrier permeability

Mice were injected intravenously through the retro-orbital venous
sinus with 100 ul of Evans blue (E2129, Sigma-Aldrich) diluted at
10 mg/ml in PBS, at day 6 after infection. After 1 hour, brains were
extracted, weighted, and incubated in formamide (295876, Sigma-
Aldrich) at 37°C for 2 days. Absorbance was measured spectrophoto-
metrically in the BioTek 340 Microplate Reader at 620 nm, and data
were corrected by brain weight.

Histopathological studies

Brains and spleens were removed without any perfusion. Spleen and
one cerebral hemisphere for each animal were fixed in 4% buffered
formalin (141328, PanReac AppliChem) during 72 hours. Coronal
sections were embedded in paraffin wax (253211, PanReac AppliChem).
Serial 5-um sections were stained with H&E (75290, PanReac
AppliChem; 4530, Merck). The number of hemorrhages was quan-
tified using Fiji ImageJ software (65). Hemorrhages were estimated
using a Max-Entropy thresholding method for the eosin intensity
values, determined by the “Colour deconvolution” tool and posteriorly
visually identified and revised in the original image for each section.
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The area of the brain tissue in each section was also quantified using
Fiji Image]J software, using an Otsu thresholding method of the 8-bit
image. Data collected from quantification of the sections for each
mouse were expressed as the number of microhemorrhages per
square millimeter of cerebral tissue.

Western blot analysis

Mouse livers were homogenized in ice with cold lysis buffer [50 mM
Hepes (3375 Sigma-Aldrich), 1% Triton X-100 (T8787, Sigma-Aldrich),
50 mM sodium pyrophosphate tetrabasic (P8010, Sigma-Aldrich),
0.1 mM sodium fluoride (7920, Sigma-Aldrich), 10 mM EDTA
(E9884, Sigma-Aldrich), 10 mM sodium orthovanadate (S6508,
Sigma-Aldrich), and 1:100 protease inhibitor mix (GE80-6501-23,
GE Healthcare, pH 7.5)]. Samples were centrifuged at 14,000 rpm
for 30 min at 4°C, the supernatant was collected, and protein con-
centration was measured using the Pierce BCA Protein Assay Kit
(23227, Thermo Fisher Scientific). Protein samples (30 to 50 pg)
were diluted with lysis buffer (20 ul per sample). After the addition
of 2x Laemmli buffer (53401, Sigma-Aldrich), samples were boiled
for 5 min and loaded onto 4 to 15% SDS-polyacrylamide gel elec-
trophoresis (4561086, Bio-Rad) gel gradient, together with protein
molecular weight standard (B4MWPO03, Cultek). Gels were trans-
ferred to polyvinylidene difluoride membranes (IPVHO00010,
Merck Millipore), subsequently incubated with the corresponding
primary antibodies, and developed with an anti-rabbit peroxidase-
labeled antibody or with anti-mouse peroxidase-labeled antibody
(see table S1). Blots were imaged using medical x-ray films blue
(Agfa) in a medical film processor (model SRX-101A, Konica) and
analyzed by quantitative densitometry using Image] software.
Protein levels were normalized with respect to B-tubulin, used as a
loading control.

Quantitative real-time PCR assays

Tissue from liver, brain, and spleen was frozen immediately after
dissection and homogenized in RNase-Free Disposable Pellet Pestles
(16339635, Fisher Scientific). RNA was extracted with TRI Reagent
Solution (AM9738, Invitrogen) and quantified in NanoDrop ND-100
(Thermo Fisher Scientific). One microgram of RNA was treated
with RNase-Free DNase (79254, Qiagen), and cDNA synthesis was
performed with the iScript cDNA Synthesis Kit (170-8891, Bio-Rad)
with oligo-dT and Random hexamer primers in a reaction protocol
of 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C. Quantitative
polymerase chain reaction (PCR) was performed with Fast SYBR
Green Master Mix (4385612, Applied Biosystems) on a Stratagene
Mx3005P Real-Time PCR machine with the primers shown in table
S2. The thermal cycling conditions used were activation of the poly-
merase at 95°C for 20 s, 40 cycles of denaturation at 95°C for 3 s, and
annealing and extend step at 60°C for 30 s. Data analysis was done
using the comparative cycle threshold (Cr) method, and transcripts
were normalized to the internal control hypoxanthine-guanine
phosphoribosyltransferase (HPRT).

Analysis of mice behavioral and respirometric parameters

Respiratory and metabolic analysis was performed at the animal
facility of the IIBM (Madrid, Spain). Metabolic parameters were
measured using a 16-chamber TSE Phenomaster monitoring system
(TSE Systems GmbH, Bad Homburg, Germany). Animals were
placed into the Phenomaster room 72 hours before the onset of the
experiment to ensure a correct adaption. Then, mice were housed
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individually in cages and, 48 hours later, inoculated with PbA. Data
on food and water consumption, energy expenditure, periphery and
central movements, VO,, and VCO, were captured every hour
during 8 days and stored using the TSE Phenomaster software.
Respiratory exchange rate (RER) corresponds to coefficient VCO,/
VO,, and energy expenditure was calculated as (3.185 + 1.232 x
RER) x VO,. Day was considered between 8 a.m. and 8 p.m. when
lights are on.

Magnetic resonance imaging

MRI experiments were performed at the High Field Magnetic
Resonance Imaging Service (IIBM, Madrid, Spain; www.iib.uam.es/
portal/web/siermac). MRI acquisitions were performed on a Bruker
BioSpec MRI system (Bruker Medical GmbH, Ettlingen, Germany)
using a 7.0-T horizontal-bore superconducting magnet, equipped
with a 'H selective birdcage resonator of 23 mm and a Bruker
gradient insert with 90 mm of diameter (maximum intensity, 36 G/cm).
The animals were first placed in an anesthesia induction chamber
with 3% IsoFlo (Ecuphar) and pure oxygen as carrier gas at a flow
rate of 0.8 liter min~" for 4 min. Subsequently, anesthetized animals
were placed on the bed of the MRI system. All data were acquired
using a Hewlett-Packard console running ParaVision 7 software
(Bruker Medical GmbH) operating on a Linux platform. The mice,
placed into the center of the volume radio frequency coil and posi-
tioned in the magnet, were under continuous inhalation of anesthesia
via a nose cone with a mask connected to the anesthetic gas main-
tained between 1.5 and 2% IsoFlo with the help of the spectrometer
to maintain the respiratory cycle between 60 and 80 beats per minute.
The temperature of the animal was maintained with a recirculating
water bed at 37°C, and its physiological status was monitored using
the BioTrig physiological monitoring system (SA Instruments, Stony
Brook, NY), which displays the respiratory cycle and body tempera-
ture. T1-weighted (T1W) spin-echo anatomical images were acquired
with a multislice multiecho sequence and the following parameters:
repetition time (TR) = 350 ms; echo time (TE) = 10 ms; averages
(Av) = 3; field of view (FOV) = 2.3 cm; acquisition matrix = 256 x
256 corresponding to an in-plane resolution of 89 x 89 um?; slice
thickness = 1.00 mm; and number of slices = 14 axial, 10 sagittal,
and 6 coronal. T2W spin-echo anatomical images were acquired
with a rapid acquisition with relaxation enhancement (RARE) se-
quence and the following parameters: TR = 2500 ms; TE = 26 ms;
RARE factor = 8; Av = 4; FOV = 2.3 cm; acquisition matrix =
256 x 256 corresponding to an in-plane resolution of 89 x 89 um?
slice thickness = 1.00 mm; and number of slices = 14 axial, 10 sagittal,
and 6 coronal. Angiograms were acquired with two-dimensional
(2D) gradient echo time-of-flight sequence MR angiography without
contrast agent and displayed in maximum intensity projection with
the following parameters: TR = 15 ms, TE = 2.6 ms, TR = 15 ms, FA
(flip angle) = 80°, 160 slices of 0.3 mm without gap, matrix = 256 x
256, and FOV = 38 x 38 mm. Angiography images were obtained
from a 3D construction made with Image] with the effect “Thermal
Lut.” Data were quantified using the same brightness threshold pa-
rameters for all animals. Angiography videos were performed with
Fiji program, treated all with the same brightness/contrast parameters.
BBB permeability was assessed by contrast-enhanced T1W imaging
and axial images, which were taken 15 min after intraperitoneal injec-
tion of gadolinium-diethylenetriamine pentaacetic acid (0.3 mmol/kg,
Magnevist, Bayer Health Care Pharmaceuticals). 2D-axial TIW
precontrast and postcontrast images were used to calculate gadolinium
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enhancement maps. The index was calculated as the difference
between the postcontrast and precontrast image signal divided by
the precontrast image signal in a pixel-by-pixel way, and the mean
value of different brain structures was computed. Brain volume was
calculated as the summation of the volumes of all the T1 axial and
midsagittal slices with Image]. Two researchers measured inde-
pendently the brain surface and distances from mid-sagittal images
with Image] and RadiAnt DICOM Viewer software. Brain surface
was calculated using the length between the olfactory bulb and the
posterior end of the cerebellum and from the brain height stemming
from the pituitary gland.

Intracranial pressure

ICP was determined measuring the optic nerve sheath diameter
in T2-weighted coronal MRI images (40), with slice thickness of
1.00 mm, in both eyes, and the mean value was calculated.

Brain 'H-NMR spectrophotometry metabolomic analysis
Brain samples, lyophilized and pulverized (50 mg of dry brain),
were shipped on dry ice to Biosfer Teslab (Reus, Spain; https://
biosferteslab.com) for the analysis by nuclear magnetic resonance
(NMR) spectroscopy. Tissue samples were homogenized by ultra-
sonication during 10 min. Aqueous extracts were obtained from the
brain tissue using the 1-butanol:methanol method (66) with slight
modifications. BUME was optimized for batch extractions with
di-isopropyl ether replacing heptane as the organic solvent, and
the aqueous phase was subjected to three subsequently lipid ex-
traction cycles. Aqueous extracts were recovered and completely
dried in SpeedVac until evaporation of organic solvents and frozen
at —80°C until "H-NMR analysis. Aqueous extracts were reconstituted
in deuterated PBS containing 2.32 mM trimethylsilyl propionate
and transferred to 5-mm NMR glass tubes. 'H-NMR spectra
were measured at 600.20 MHz using an Avance III-600 Bruker
spectrometer. 1D 'H pulse experiments were carried out using the
nuclear Overhauser effect spectroscopy presaturation sequence to
suppress the residual water peak at around 4.7 parts per million for
aqueous extracts. For the analysis of the metabolites, the NMR area
associated with the concentration of each metabolite was obtained
after the spectral analysis by using an in-house line-shape fitting
based on algorithm developed to deconvolute the preprocessed
NMR spectra by using Lorentzian and Gaussian functions to mini-
mize the fitting error (43). The NMR areas were transformed into
concentration units by using specific conversion factors depending on
the proton numbers of the molecular structure generating the signal
and a trimethylsilylpropanoic acid internal standard as previously
described (42). Each metabolite was identified by checking for all its
resonances along the spectra and then quantified using line-shape
fitting methods on one of its signals.

Statistical analysis

Two-tailed Student’s ¢ tests were used for comparisons between two
groups. One-way analysis of variance (ANOVA) with post hoc Tukey
test was used to compare all pairs of columns from at least three differ-
ent groups, and survival curves were analyzed with Kaplan-Meier
test. The results are always expressed as means + SEM. P < 0.05
was considered statistically significant. The significance of ANOVA
posttest or the Student’s ¢ test in the experimental groups indicated
in the figures is shown as *P < 0.05, **P < 0.01, and ***P < 0.001.
Statistics was performed with GraphPad Prism 7.0 software.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj7110

View/request a protocol for this paper from Bio-protocol.
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