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Introduction: Human and murine sickle cell disease (SCD) associated pulmonary
hypertension (PH) is defined by hemolysis, nitric oxide depletion, inflammation,
and thrombosis. Further, hemoglobin (Hb), heme, and iron accumulation are
consistently observed in pulmonary adventitial macrophages at autopsy and
in hypoxia driven rodent models of SCD, which show distribution of ferric and
ferrous Hb as well as HO-1 and ferritin heavy chain. The anatomic localization of
these macrophages is consistent with areas of significant vascular remodeling.
However, their contributions toward progressive disease may include unique,
but also common mechanisms, that overlap with idiopathic and other forms of
pulmonary hypertension. These processes likely extend to the vasculature of
other organs that are consistently impaired in advanced SCD.

Methods: To date, limited information is available on the metabolism of
macrophages or monocytes isolated from lung, spleen, and peripheral blood in
humans or murine models of SCD.

Results: Here we hypothesize that metabolism of macrophages and monocytes
isolated from this triad of tissue differs between Berkley SCD mice exposed for ten
weeks to moderate hypobaric hypoxia (simulated 8,000 ft, 15.4% O2) or normoxia
(Denver altitude, 5000 ft) with normoxia exposed wild type mice evaluated as
controls.

Discussion: This study represents an initial set of data that describes the
metabolism in monocytes and macrophages isolated from moderately hypoxic
SCD mice peripheral lung, spleen, and blood mononuclear cells.

sickle cell disease, hypoxia, spleen, pulmonary hypertension, metabolic disease
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Introduction

Sickle cell disease (SCD) is a genetic hemoglobinopathy that
disproportionally affects ethnic groups worldwide. In the US,
approximately 1 out of every 365 African Americans and 1 out of
16,300 Hispanic Americans are born with this disorder (1). SCD is
caused by a single point mutation in the HBB gene that results in
expression and accumulation of hemoglobin S (HbS) in red blood
cells (RBC) (2-4). Under hypoxic conditions, HbS is polymerized and
forms insoluble fibers that are responsible for RBC sickling and vaso-
occlusions. Although the genetic component of SCD is well defined,
the disease progression manifests in a broad spectrum of
hematological and vascular pathologies including pain, vision loss, leg
ulcers, anemia, acute chest syndrome, splenic RBC sequestration, and
pulmonary hypertension (PH) (5).

Advancements in metabolite analysis have created a new,
unbiased, sensitive, high-throughput tool for scientists to
investigate the etiology of SCD-related comorbidities at a
molecular level and potentially inform on novel therapies. Tissue
and cell specific metabolomics provide a versatile tool to help
define and validate biomarkers for measurement of disease
progression (6-10). Further, omics-based characterization of
transgenic murine models of hemoglobinopathies provides a basic
understanding of the altered metabolic state in murine SCD and
beta thalassemia PH (11).

In the past decade it has become well recognized that dendritic
cell and macrophage polarization contributes toward a wide range of
pathophysiology in both the general and SCD patient populations,
including PH (12-14). For instance, accumulation of pulmonary
vascular macrophages is observed in the peripheral arterial adventitial
sites of human SCD PH lungs at autopsy (12, 13). Our lab has shown
that depletion of macrophages decreases both pulmonary vascular
remodeling and right ventricular systolic pressures in a rat model of
chronic Hb exposure and moderate hypoxia (8,000 feet, 15.4%
0,) (12).

Macrophage metabolic reprogramming is associated with a
pro- or anti-inflammatory state of tissue resident macrophages
(e.g., lung, heart, spleen), with glycolysis, the Krebs cycle, and
arginine/polyamine metabolism representing critical hubs
regulating cell functional fates (15). Studies to date also suggest
that cell origin dictates the metabolic reprogramming (at the
transcriptional and functional levels) of resident versus recruited
macrophages in the context of acute lung injury (16, 17). Thus, it
is reasonable to suggest that macrophages in SCD have an altered
tissue specific metabolic state and that studying these differences
in tissues and blood will further define their role in PH
development and other sequela of SCD.

In the current study macrophages were obtained from
homozygous Berkeley (Berk) SCD mice following exposure to 10
weeks of moderate simulated hypobaric hypoxia to accelerate PH
progression (18). Here, we test the hypothesis that the metabolism
of lung and spleen tissue macrophages as well as PBMCs is altered
in cohorts of Berk mice housed at either 8,000 feet (15.4% O,) or sea
level (21% O,). The hypothesis is formed based on our studies
that
Berk SCD mice that associates with sickling, accelerated

demonstrate chronic moderate hypoxia induces PH in

erythrophagocytosis of injured RBCs and macrophage accumulation
of iron (12, 19, 20).
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Materials and methods
Animals

Aged matched (8 to 10weeks old) female C57Bl/6 WT and Berk
mice were either obtained from Jackson Laboratories (Bar Harbor, ME,
United States) or our in-house Berk mouse colony. Mice were housed
and bred in an AAALAC accredited animal facility at the University of
Colorado, Denver, Anschutz Medical campus and were maintained on a
12:12 light-dark cycle with food and water available ad libitum. Female
heterozygous Berk mice were bred with male homozygous Berk mice to
generate homozygous offspring. Specifically, Berk mice with genotype
Tg(Hu-miniLCR ol Sy Ay & ) Hba®” Hbb" and the hemizygous with
genotype Tg(Hu-miniLCR ol %y 4y & ) Hba”® Hbb’ Hbb* were
littermates. Genotyping of mice used for breeding and experiments was
performed by TransnetYX (Cordova, TN, United States). A total of 24
mice (n=8 per group) were used to evaluate cardiovascular changes and
a subset of 12 mice were utilized for metabolomics (WT: n=6, Berk
mice: n=6) were used in the present investigation. Levels of discomfort
and distress were monitored daily by the in-house animal care staff, with
a veterinarian available as needed. Mice presented with no pain or
discomfort associated with moderate hypoxia and were alert as well as
eating, drinking, and grooming normally while housed. Hypoxia
exposure consisted of mice housed at 8,000feet (15.4% O,) for 10 weeks
as previously described (11-13). All experimental procedures were
conducted under the guidelines recommended by The Journal of
Physiology (21), the National Institutes of Health and were approved by
the Institutional Animal Care and Use Committee at the University of
Colorado, Denver, Anschutz Medical Campus.

Open chest solid state catheterization for
right ventricular systolic pressure analysis

After 10weeks in either normal or hypoxic environmental
conditions, mice underwent terminal open chest right ventricular
pressure measurements (RVSP) function measurements with a 1.2E
FTE-1212B-4,018 pressure volume catheter (Transonic Systems Inc.,
Ithaca, NY) inserted by direct cardiac puncture. Mice were induced
inhaled isoflurane (4-5%), and tracheal incision (~1 cm) was performed.
Next, a tracheal tube was inserted and connected to an Anesthesia
Workstation or Hallowell EMC Microvent and an anesthetic plain was
maintained at 1.0-2.5% isoflurane in 100% oxygen. After which, a
thoracotomy was performed exposing the heart, the pericardium was
resected, and a small hole made at the base of the right ventricle with a
30¢ needle for insertion of the pressure-volume catheter. Steady state
RVSPs, followed by contractility (Ees), and afterload (Ea) (during an
occlusion by retracting the inferior vena cava), were captured and mice
were humanely euthanized by exsanguination and cervical dislocation.
Data was recorded continuously using LabScribe2 and analyzed offline.

Peripheral blood mononuclear cell
isolation

Peripheral blood mononuclear cell

Whole blood samples (1 mL) were obtained from animals via
cardiac puncture, using a syringe with a 26-gage needle, and placed in
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an EDTA treated tube. The blood was transferred to a 15mL conical
tube and diluted 2:1, sterile PBS: blood, and gently mixed.
Lympholyte® Mammal Cell Separation media (Cedarlane Labs,
product # CL5115) was gently added to the bottom of the blood
solution and spun at 1400 rpm for 30 min in a refrigerated centrifuge.
After centrifugation, layers were visualized, the PBMC layer (midlayer)
was extracted and resuspended in a new tube. The isolated PBMC’s
were washed using ~14mL sterile PBS, spun at 1800 rpm for 10 min,
excess PBS was removed, cells were resuspended in 1-2mL for
counting, and the final pellet was frozen in liquid nitrogen and stored
at -80C.

Tissue macrophage isolation

Lung and spleen tissue macrophage collection

The right lung and spleen organ tissues were harvested, finely
minced, and each organ placed individually in 2 mL Eppendorf tubes
containing 1mL of Collagenase D (Sigma Aldrich, product
#11088866001) and DMEM media. The tissues were incubated at 37C
with agitation for 30 min. After incubation, 100 pL of 0.1 M EDTA was
added to the tissue-containing tubes and placed on ice. A single cell
suspension was created by addition of Hanks buffered salt solution
(HBSS, Corning, product #MT21022CV), passing through a 100 pm
filter, and collected in a 15 mL conical tube. The tissue/cell suspension
was spun at 500g for 5min and the supernatant discarded. The
remaining tissue/cell solution was resuspended in 5mL of RBC lysis
buffer (Invitrogen eBiosciences, product #00-4,333-57), incubated at
room temperature for 15 min, and centrifuged at 500 g for 5 min-this
step was repeated if RBC presence was sustained. Next, the cells are
washed with Miltenyi buffer (HBSS, 0.5 M EDTA, Fetal bovine serum),
resuspended in 180uL Miltenyi buffer, and incubated on ice with
CD11b Microbeads (Miltenyi Biotech, product #130-093-636) for
15min. Positive cells were isolated using magnetic Ls columns
(Miltenyi Biotech, product #130-042-401), collected in 2mL
Eppendorf tubes, counted, and then final pellet aliquots were frozen
in liquid nitrogen and stored at -80C.

Metabolomics

Lung and spleen macrophages and PBMCs were extracted in
methanol:acetonitrile:water (5,3,2v/v/v — ata 1 x 10°/ml and 10 mg/
mL ratios) prior to UHPLC-MS analyses (Vanquish-QExactive,
Thermo Fisher), as previously described.

Statistical analysis

Hemodynamics: statistical comparisons for tissue and
hemodynamic data measurements were completed with the analysis
of variance (ANOVA) and Post-hoc analyses were completed with the
Tukey-Kramer multiple comparison tests with statistical software
package GraphPad (version 9.0). Other multivariate analyses,
including hierarchical clustering analyses, heat maps, partial least
square-discriminant analyses (PLS-DA), two-way ANOVA were
performed with MetaboAnalyst 5.0 (22). Bar plots with superimposed

dot plots were generated with Metabolite Autoplotter (23, 24). Data
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are presented as a mean + standard error of the mean (SEM). Statistical
comparisons for data measurements were completed with an a priori
analysis using one tailed students ¢ test for comparisons between
wildtype vs. normoxic Berk and normoxic Berk vs. Berk hypoxia
exposed. Statistical analysis was completed using the statistical
software package GraphPad (version 9.1). Statistical significance was
defined as p <0.05.

Results

Cardiovascular phenotypes are different in
wild type and Berk mice exposed to
moderate hypoxia

To demonstrate differences in cardiovascular function between
healthy wild type and Berk mice housed at sea level and moderate
hypoxia, right ventricular systolic pressures (RVSP), ventricular to
vascular coupling (ratio of contractility to afterload), and the Fulton
index (RV/LV +S) were also compared between the four groups. At
20weeks of age there was no differences in RVSP pressures (a
reflection of pulmonary arterial pressure), ventricular vascular
coupling ratio (contractility / afterload; a measure of energy transfer
between heart and lung with a normal ratio~ 1), and Fulton index
(measurement of right ventricular hypertrophy) between the wild type
(WT) and Berk Sea level cohorts (Figure 1). After 10weeks of
moderate hypoxia exposure Berk mice had higher RVSPs
(27.44+1mm Hg wild type and 32.65+1.1 Berk; p<0.001; Berk
hypoxia vs. wild type hypoxia; Figure 1A), lower ventricular to
vascular coupling ratio (0.48+0.06 Berk vs. 0.91+0.07 wild type;
p<0.005; Figure 1B), and higher Fulton index (0.42+0.03 Berk vs.
0.308+0.013 wild type; p<0.004; Figure 1C). As expected and
congruent with our prior studies, these data demonstrate that unlike
WT mice Berk mice exposed to moderate hypoxia develop a different
pulmonary vascular phenotype more closely resembling active
progression of pulmonary hypertension than wild type mice. These
aberrant hemodynamic observations appear to be consistent with lung
vascular pathology in human SCD-PH (Figure 1D).

Metabolic phenotypes of PBMCs, spleen or
lung macrophages are significantly
different

Metabolomics analyses were performed on circulating PBMCs
and resident splenic and lung macrophages (Figure 2A). Two-way
ANOVA highlighted significant differences based on cell origin,
with PBMCs clustering apart from resident macrophages.
Hierarchical clustering analysis of the significant metabolites by
ANOVA (Figure 2B) showed that the metabolic profiles of lung and
spleen macrophages were overall comparable to each other, which
was to be expected as they are fully differentiated resident
macrophages. PBMCs from Berk mice were significantly different
from WT PBMCs, while in resident macrophages differences
emerged only upon 10-week exposure to moderate hypoxia
(Figure 2B). Currently, it is unknown if splenic macrophages are
recruited to the lung in PH pathogenesis and is a target of our
ongoing studies.
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suggest consistency with results from Berk mice (A-C).

Cardiovascular phenotypes of wildtype and berk-ss exposed to hypoxia. (A) Right ventricular systolic pressures (RVSP); (B) Right ventricular to
pulmonary vascular coupling ratio; (C) Right ventricular hypertrophy or Fulton index. *p<0.05, **p<0.005, ***p<0.002, ****p<0.001. RV-right ventricle;
LV+S left ventricle plus septum; Ees- contractility; Ea- Afterload. (D) Pulmonary vascular changes in in human SCD-PH at autopsy: Top — peripheral
lung vasculature macrophage iron accumulation in adventitia and Middle, iron loaded vascular and alveolar macrophages (tissue sections from patient
reported in previous studies. Bottom image shows established plexiform lesion associated with advanced pulmonary vascular remodeling). Pathologies

Glycolysis and Krebs cycle alterations in
PBMCs from Berk mice in hypoxia

Focusing on PBMCs, we noted a significant difference between
WT and Berk mice, which was evident by clustering across principal
component 1 (explaining 47.7% of the total variance) in PLS-DA
analyses (Figure 3A). An overview of the top 20 metabolites across
PCl is provided in Supplementary Figure 1 — mostly comprising of
amino acids and free fatty acids. Altitude also had a lesser, albeit
still significant effect on PBMC metabolism in both WT and Berk
mice, effect that was captured by PC2 (17.1% of the total variance).
In Figure 3B, we report the top 50 metabolites across the four
groups as determined by two-way ANOVA. Metabolites in this list
are enriched for glycolytic metabolites (fructose bisphosphate,
lactate), amino acids (lysine, phenylalanine, proline, tyrosine -
increasing in Berk mice), tryptophan metabolites (anthranilate,
indole - increasing in Berk mice; serotonin, indoxyl, indole-acetate,
indole-pyruvate - decreasing in Berk mice), free fatty acids
linoleate, octadecatrienoate,
docosahexanoate - all

(heptanoate, octanoate,

eicosatetraenoate, eicosapentanoate,
increasing in Berk, but decreasing in hypoxia), acetyl-carnitines

(AcCa C2, C4, C4-OH, C5-OH - increasing in hypoxia, only in
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WT). To further expand on these observations, we then focused on
metabolites from the main energy-generating pathways, glycolysis
and the Krebs cycle (Figure 3C). Results show that hypoxia
promoted increases in the levels of all glycolytic metabolites in WT
mice, but not in Berk mice. Elevated levels of carboxylic acids
(including citrate, alpha-ketoglutarate — aKG, 2-hydroxyglutarate,
succinate, fumarate) were observed in the hypoxic WT PMBCs, but
not in Berk mice. Similar considerations can be made for short
chain acyl-carnitines, all increasing in WT PBMCs upon exposure
to hypoxia, but in Berk mice. Hypoxia was accompanied by
consumption of reduced glutathione (GSH) and accumulation of
the oxidized form (GSSG) in WT, but not in Berk mice.

Spleen macrophages from Berk mice show
distinct metabolic responses to moderate
hypoxia compared to control mice

Metabolomics analyses of WT and Berk splenic macrophages
following exposure to moderate hypoxia revealed a significant effect of
reduced oxygen availability on metabolism (Figure 4A). Following
exposure to hypoxia, splenic macrophages from WT mice, but not Berk
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FIGURE 2
Experimental design for wild type and berk mice exposed to chronic
hypoxia. (A) After 10-week exposure to either normoxic conditions
or mild hypoxic conditions, peripheral blood mononuclear cells
(PBMCs) and lung and splenic macrophages were isolated, and
metabolomics were analyzed. (B) All metabolites analyzed from all
samples.

mice, were characterized by lower levels of several glycolytic metabolites,
including hexose phosphate, fructose bisphosphate, phosphoglycerate
(Figures 4B,C). Hypoxia also promoted decreases in 2-hydroxyglutarate,
fumarate in WT splenic macrophages, and decreases in reduced and
oxidized glutathione in both WT and Berk macrophages. Berk mice
were characterized by higher levels of multiple acyl-carnitines (C3, C4,
C6, C8) in splenic macrophages (Figures 4B,C). Berk mouse splenic
macrophages were characterized by higher (than WT) levels of highly
fatty
docosahexaenoic acid), a phenomenon that was exacerbated by hypoxia

unsaturated acids  (especially eicosapentaenoic  and
(Figure 4C). Together, these data highlight that wildtype mice have a
rapid glycolytic flux, whereas the Berk mice rely on carnitine

metabolism (an indication of pulmonary hypertension).

Lung macrophages from Berk mice show
distinct metabolic phenotypes in response
to moderate hypoxia

data from

PLS-DA analysis of metabolomics

macrophages showed distinct metabolic phenotypes between WT

lung
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controls and Berk mouse lung macrophages, in normoxia and
hypoxia (PC1 explaining 35% of total variance-Figure 5A).
Hierarchical clustering analysis of the top 50 metabolites by
two-way ANOVA highlighted significant increases in the levels
of several saturated and monounsaturated fatty acids (C12, 14
and 16 series) in WT lung macrophages exposed to moderate
hypoxia, compared to the other groups. Consistent with
observations in splenic macrophages, lung macrophages were
characterized by lower levels of multiple glycolytic metabolites
following exposure to hypoxia (hexose phosphate, fructose
bisphosphate, phosphoglycerate) and carboxylic acids (citrate,
fumarate in Berk mice-Figure 5C). Unique signature in Berk
mouse lung macrophages, reduced and oxidized glutathione
levels were higher than WT counterparts at baseline and upon
exposure to hypoxia (Figure 5B). Consistent with observations in
splenic macrophages, hydorxyisovaleryl-carnitine (AcCa C5-OH)
was the lowest in WT hypoxic lung macrophages (Figure 5C). To
summarize, hypoxic exposure caused the WT lung macrophages
mice to utilize the TCA cycle and fatty acids for energy. The berk
mice, however, used amino acids and the glutathione pathway.
The glutathione pathway is critical to maintaining redox
homeostasis, which is disrupted in PH pathogenesis.

Discussion

To date our studies in human and murine sickle cell disease
(SCD) associate pulmonary hypertension (PH) have focused on
hemoglobin (Hb), heme, and iron accumulation in pulmonary
macrophages and their potential contributions toward progressive
disease (11-13, 19, 25, 26). SCD is associated with increased
incidence of PH and splenomegaly (27, 28). Although the
development of PH is consistent with increasing age, the spleen
is one of the most common and early organs to be affected in
SCD (29-31). From a perspective of both PH and spleen function
in SCD, it is recognized that macrophages are critically important
in both the development of PH and processing of damaged red
blood cells, respectively (12, 28, 34). While both the lung and
spleen are capable of recruiting macrophages from the circulating
monocyte pool, the metabolic differences between peripheral
blood mononuclear cells (PBMC), lung, and spleen macrophages
is unclear. In the current study, we hypothesized that the
metabolomic profile of PBMCs, lung, and spleen macrophages
would be altered in cohorts of Berk mice housed in normoxic
(21% O,) and moderate hypoxia (8,000 feet equal to 15.4% O,).
This hypothesis is formed on the basis that moderate hypoxia
induces disease progression and accelerates erythrophagocytosis
in Berk mice. To date we are unaware of any study that compares
metabolomic profiles of circulating, lung, and spleen
macrophages between healthy and SCD mice in normoxic and
moderate hypoxic environments.

Confirming our previous work Berk mice housed in moderate
hypoxia show increased RVSPs, ventricular to vascular coupling
ratio, and RV hypertrophy that is consistent with the development
PH associated with increased hemolysis (11, 19).

The metabolomic profiles of PBMC show dysregulation in
amino acids, free fatty acids, and tryptophan metabolism in
between Berk housed in both normoxic and hypoxic
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environments. Furthermore, moderate hypoxia alters the
metabolomic profile in both strains of mice, demonstrating that
even mild hypoxia can induce metabolic reprogramming of
PBMCs. The metabolomic profile of PBMC populations in Berk
mice show higher amino acids, free fatty acids, and tryptophan
metabolites in comparison to wild type cohorts. Previous studies
have shown that these pathways are all up-regulated in bone
marrow-derived macrophages following erythrophagocytosis,
ex-vivo. As such, the observation of elevated amino acid levels in
Berk mice is consistent with phagocytosis of RBCs associated
with hemoglobin polymerization, RBC sickling, and tissue
damage from vaso-occlusion. Further, circulating PBMC are
recruited to the lung and contribute to pulmonary vascular
disease (11, 12). However, macrophages isolated from the lungs
of wild type and Berk mice housed in either normoxia or hypoxia
do not demonstrate a similar metabolic signature to PBMCs. This
observation provides evidence to suggest that PBMC recruited to
the lung may be metabolically reprogrammed within the
pulmonary microenvironment. Although less clear, increases in
free fatty acid and tryptophan metabolites, indole and
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of
inflammation (21, 35, 36, 37). Though speculative at this stage, it

anthranilate, suggest a macrophage driven process
is interesting to note that these pathways are largely influenced
by the interaction of blood and blood cells within the microbiome.
Dysregulation of iron metabolism in SCD may thus affect
siderophilic bacteria in the gut microbiome, and ultimately
impact circulating cell levels of tryptophan metabolites and
fatty acids.

Lung macrophages isolated from wild type and Berk mice
housed in a normoxic environment show similar metabolic
profiles. Compared to normoxic cohorts wild type mice exposed
to moderate hypoxia showed both increases in glycolytic and
fatty acid metabolites, consistent with hypoxia as a pro-
inflammatory stressor. In contrast, lung macrophages in hypoxic
Berk mice showed suppressed glycolytic metabolites, and
increased pyruvate generation to meet the higher energy
requirements caused from chronic exposure to hypoxia (21).
Further, Berk mice exposed to hypoxia demonstrated higher
ascorbate, and higher reduced and oxidized glutathione
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Metabolites from splenic macrophages. (A) 3D PCA analysis of splenic macrophages isolated from wildtype or Berk mice exposed to normoxic
conditions or mild hypoxic conditions. (B) Top 50 metabolites via heatmap analysis. (C) Major metabolites from different metabolic pathways.
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metabolites consistent with a hemolysis driven compensatory
antioxidant processes (11, 19).

Splenic macrophages isolated from Berk mice exposed to
hypoxia show a unique metabolomic signature consisting of
higher levels of short (C3, C4) and medium (C6, C8) chain
acylcarnitines. The well-established biologic function of
acylcarnitines is to transport acyl groups from the cytosol into
the mitochondria matrix for B-oxidation and sustain cell activity
(38, 39). However, acycarnitines are increasingly identified as
important indicators of metabolic disorders (38). It is possible
that iron does alter mitochondria metabolism in iron overloaded
macrophages. An equally plausible explanation is that altered
iron metabolism or heme synthesis in SCD results in the
dysregulation of catabolism of branched chain amino acids that
fuel succinyl-CoA synthesis in mitochondria. This in turn results
in the accumulation of short chain fatty acyl-carnitine metabolites
(in equilibrium with their CoA counterparts). Notably, similar
phenotypes are observed in other hemolytic disorders, such as
pyruvate kinase deficiency or propionic acidemia.

Frontiers in Medicine

07

In conclusion, this study was designed to address an initial
understanding of how macrophages may contribute to PH, splenomegaly,
vascular, or other metabolic disorders associated with SCD. To better
understand mechanistic underpinnings of macrophage function in the
sequela of SCD, future studies will focus on interrogating macrophages,
analyzing metabolomic signatures and associating these findings with end
organ injury and disease endpoints. The work presented herein provides
a platform to expand on these concepts.
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components in peripheral blood mononuclear cells (PBMCs, A), splenic
macrophages (B), and lung macrophages isolated from wildype and Berk mice
in normoxic or hypoxia conditions. The top 30 significantly different
metabolites are shown.

frontiersin.org


https://doi.org/10.3389/fmed.2023.1149005
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/articles/10.3389/fmed.2023.1149005/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2023.1149005/full#supplementary-material

Lisk et al.

References

1. CDC. Learn more about sickle cell disease. Centers for Disease Control and
Prevention. (2023). Available at: https://www.cdc.gov/ncbddd/sicklecell/index.html
(accessed September 17, 2018).

2. Inusa B, Hsu L, Kohli N, Patel A, Ominu-Evbota K, Anie K, et al. Sickle cell
disease—genetics, pathophysiology, clinical presentation and treatment. Int ] Neonat
Screen. (2019) 5:20. doi: 10.3390/ijns5020020

3. Naik RP, Haywood C. Sickle cell trait diagnosis: clinical and social implications.
Hematology. (2015) 2015:160-7. doi: 10.1182/asheducation-2015.1.160

4. Klings ES, Kato GJ, Gladwin MT. Management of Patients with Sickle Cell Disease.
JAMA. (2015) 313:91. doi: 10.1001/jama.2014.15898

5. Ballas SK. Defining the phenotypes of sickle cell disease. Hemoglobin. (2011)
35:511-9. doi: 10.3109/03630269.2011.610477

6. Schrimpe-Rutledge AC, Codreanu SG, Sherrod SD, McLean JA. Untargeted
metabolomics strategies — challenges and emerging directions. ] Am Soc Mass Spectrom.
(2016) 27:1897-05. doi: 10.1007/s13361-016-1469-y

7. Bujak R, Struck-Lewicka W, Markuszewski MJ, Kaliszan R. Metabolomics for
laboratory diagnostics. J Pharm Biomed Anal. (2015) 113:108-0. doi: 10.1016/j.
jpba.2014.12.017

8. Khamis MM, Adamko DJ, El-Aneed A. Mass spectrometric based approaches in
urine metabolomics and biomarker discovery. Mass Spectrom Rev. (2015) 36:115-4. doi:
10.1002/mas.21455

9. Muthubharathi BC, Gowripriya T, Balamurugan K. Metabolomics: small molecules
that matter more. Mol Omics. (2021) 17:210-9. doi: 10.1039/d0mo00176g

10. Johnson CH, Ivanisevic J, Siuzdak G. Metabolomics: beyond biomarkers and
towards mechanisms. Nat Rev Mol Cell Biol. (2016) 17:451-9. doi: 10.1038/nrm.2016.25

11. Buehler PW, Swindle D, Pak DI, Fini MA, Hassell K, Nuss R, et al. Murine models
of sickle cell disease and beta-thalassemia demonstrate pulmonary hypertension with
distinctive features. Pulm Circul. (2021) 11:55996. doi: 10.1177/20458940211055996

12. Redinus K, Baek JH, Yalamanoglu A, Shin HKH, Moldova R, Harral JW, et al. An
Hb-mediated circulating macrophage contributing to pulmonary vascular remodeling
in sickle cell disease. JCI Insight. (2019) 4. doi: 10.1172/jci.insight.127860

13. Buehler PW, Swindle D, Pak DI, Ferguson S, Majka SM, Karoor V, et al. Hemopexin
dosing improves cardiopulmonary dysfunction in murine sickle cell disease. Free Radic
Biol Med. (2021) 175:95-7. doi: 10.1016/j.freeradbiomed.2021.08.238

14. Kelly B, O’Neill LA. Metabolic reprogramming in macrophages and dendritic cells
in innate immunity. Cell Res. (2015) 25:771-4. doi: 10.1038/cr.2015.68

15. McCubbrey AL, McManus SA, McClendon JD, Thomas SM, Chatwin HB, Reisz
JA, et al. Polyamine import and accumulation causes immunomodulation in
macrophages engulfing apoptotic cells. Cell Rep. (2022) 38:110222. doi: 10.1016/j.
celrep.2021.110222

16. Mould K], Barthel L, Mohning MP, Thomas SM, McCubbrey AL, Danhorn T, et al.
Cell origin dictates programming of resident versus recruited macrophages during acute
lung injury. Am J Respir Cell Mol Biol. (2017) 57:294-6. doi: 10.1165/rcmb.2017-00610C

17.Janssen WJ, Danhorn T, Harris C, Mould K], Lee FFY, Hedin BR, et al.
Inflammation-induced alternative pre-mRNA splicing in mouse alveolar macrophages.
G3 (Bethesda, Md). (2020) 10:555-7. doi: 10.1534/g3.119.400935

18. Manci EA. Pathology of Berkeley sickle cell mice: similarities and differences with
human sickle cell disease. Blood. (2006) 107:1651-8. doi: 10.1182/blood-2005-07-2839

19. Ferguson SK, Redinius K, Yalamanoglu A, Harral JW, Hyen Baek J, Pak D, et al.
Effects of living at moderate altitude on pulmonary vascular function and exercise
capacity in mice with sickle cell anaemia. J Physiol. (2019) 597:1073-85. doi: 10.1113/
JP275810

20. Ferguson SK, Redinius KM, Harral JW, Pak DI, Swindle DC, Hirai DM, et al. The
effect of dietary nitrate supplementation on the speed-duration relationship in mice with
sickle cell disease. J Appl Physiol (Bethesda, Md: 1985). (2020) 129:474-2. doi: 10.1152/
japplphysiol.00122.2020

Frontiers in Medicine

09

10.3389/fmed.2023.1149005

21. Batista-Gonzalez A, Vidal R, Criollo A, Carrefio LJ. New insights on the role of
lipid metabolism in the metabolic reprogramming of macrophages. Front Immunol.
(2020) 10:10. doi: 10.3389/fimmu.2019.02993

22.Pang Z, Chong ], Zhou G, de Lima Morais DA, Chang L, Barrette M, et al.
MetaboAnalyst 5.0: narrowing the gap between raw spectra and functional insights. Nucleic
Acids Res. Published online May 21. (2021) 49:W388-96. doi: 10.1093/nar/gkab382

23. Pietzke M, Vazquez A. Metabolite AutoPlotter - an application to process and
visualise metabolite data in the web browser. Cancer Metab. (2020) 8:15. doi: 10.1186/
540170-020-00220-x

24. Gordeuk VR, Castro OL, Machado RE. Pathophysiology and treatment of
pulmonary hypertension in sickle cell disease. Blood. (2016) 127:820-8. doi: 10.1182/
blood-2015-08-618561

25. Yalamanoglu A, Deuel JW, Hunt RC, Baek JH, Hassell K, Redinius K, et al.
Depletion of haptoglobin and hemopexin promote hemoglobin-mediated lipoprotein
oxidation in sickle cell disease. Am J Physiol Lung Cell Mol Physiol. (2018) 315:L765-74.
doi: 10.1152/ajplung.00269.2018

26. Freeman AT, Ataga KI. Pulmonary endarterectomy as treatment for chronic
thromboembolic pulmonary hypertension in sickle cell disease. Am ] Hematol. (2015)
90:E223-4. doi: 10.1002/ajh.24192

27. Rubio-Rivas M, Homs NA, Cuartero D, Corbella X. The prevalence and incidence
rate of pulmonary arterial hypertension in systemic sclerosis: systematic review and
meta-analysis. Autoimmun Rev. (2021) 20:102713. doi: 10.1016/j.autrev.2020.102713

28. Parent F, Bachir D, Inamo J, Lionnet E, Driss F, Loko G, et al. A hemodynamic
study of pulmonary hypertension in sickle cell disease. N Engl ] Med. (2011) 365:44-53.
doi: 10.1056/NEJMoal005565

29. Hooft van Huijsduijnen RA, Bollekens ], Dorn A, Benoist C, Mathis D. Properties
of a CCAAT box-binding protein. Nucleic Acids Res. (1987) 15:7265-82. doi: 10.1093/
nar/15.18.7265

30. Al-Salem AH. Splenic complications of sickle cell Anemia and the role of
splenectomy. ISRN Hematol. (2011) 2011:1-7. doi: 10.5402/2011/864257

31. Butrous G. Pulmonary hypertension: from an orphan disease to a global epidemic.
Glob Cardiol Sci Pract. (2020) 2020:€202005. doi: 10.21542/gcsp.2020.5

32.Kato GJ, Steinberg MH, Gladwin MT. Intravascular hemolysis and the
pathophysiology of sickle cell disease. J Clin Investig. (2017) 127:750-0. doi: 10.1172/
jcig9741

33. Tubman VN, Makani J. Turf wars: exploring splenomegaly in sickle cell disease in
malaria-endemic regions. Br ] Haematol. (2017) 177:938-6. doi: 10.1111/bjh.14592

34. Faes C, Ilich A, Sotiaux A, Sparkenbaugh EM, Henderson MW, Buczek L, et al.
Red blood cells modulate structure and dynamics of venous clot formation in sickle cell
disease. Blood. (2019) 133:2529-41. doi: 10.1182/blood.2019000424

35. Sorgdrager FJH, Naudé PJW, Kema IP, Nollen EA, Deyn PPD. Tryptophan
metabolism in Inflammaging: from biomarker to therapeutic target. Front Immunol.
(2019) 10:565. doi: 10.3389/fimmu.2019.02565

36. Vats R, Kaminski TW, Brzoska T, Leech JA, Tutuncuoglu E, Katoch O, et al. Liver
to lung microembolic NETs promote Gasdermin-D-dependent inflammatory lung
injury in sickle cell disease. Blood. Published online June. (2022) 140:1020-37. doi:
10.1182/blood.2021014552

37. Vats R, Brzoska T, Bennewitz MEF, Jimenez MA, Pradhan-Sundd T, Tutuncuoglu
E, et al. Platelet extracellular vesicles drive Inflammasome-IL-1p-dependent lung injury
in sickle cell disease. Am J Respir Crit Care Med. (2020) 201:33-46. doi: 10.1164/
rccm.201807-13700¢

38. Dambrova M, Makrecka-Kuka M, Kuka J, Vilskersts R, Nordberg D, Attwood MM,
et al. Acylcarnitines: nomenclature, biomarkers, therapeutic potential, drug targets, and
clinical trials. Pharmacol Rev. (2022) 74:506-1. doi: 10.1124/pharmrev.121.000408

39. Adebiyi MG, Manalo JM, Xia Y. Metabolomic and molecular insights into sickle
cell disease and innovative therapies. Blood Adv. (2019) 3:1347-55. doi: 10.1182/
bloodadvances.2018030619

frontiersin.org


https://doi.org/10.3389/fmed.2023.1149005
https://www.frontiersin.org/journals/medicine
https://www.cdc.gov/ncbddd/sicklecell/index.html
https://doi.org/10.3390/ijns5020020
https://doi.org/10.1182/asheducation-2015.1.160
https://doi.org/10.1001/jama.2014.15898
https://doi.org/10.3109/03630269.2011.610477
https://doi.org/10.1007/s13361-016-1469-y
https://doi.org/10.1016/j.jpba.2014.12.017
https://doi.org/10.1016/j.jpba.2014.12.017
https://doi.org/10.1002/mas.21455
https://doi.org/10.1039/d0mo00176g
https://doi.org/10.1038/nrm.2016.25
https://doi.org/10.1177/20458940211055996
https://doi.org/10.1172/jci.insight.127860
https://doi.org/10.1016/j.freeradbiomed.2021.08.238
https://doi.org/10.1038/cr.2015.68
https://doi.org/10.1016/j.celrep.2021.110222
https://doi.org/10.1016/j.celrep.2021.110222
https://doi.org/10.1165/rcmb.2017-0061OC
https://doi.org/10.1534/g3.119.400935
https://doi.org/10.1182/blood-2005-07-2839
https://doi.org/10.1113/JP275810
https://doi.org/10.1113/JP275810
https://doi.org/10.1152/japplphysiol.00122.2020
https://doi.org/10.1152/japplphysiol.00122.2020
https://doi.org/10.3389/fimmu.2019.02993
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1186/s40170-020-00220-x
https://doi.org/10.1186/s40170-020-00220-x
https://doi.org/10.1182/blood-2015-08-618561
https://doi.org/10.1182/blood-2015-08-618561
https://doi.org/10.1152/ajplung.00269.2018
https://doi.org/10.1002/ajh.24192
https://doi.org/10.1016/j.autrev.2020.102713
https://doi.org/10.1056/NEJMoa1005565
https://doi.org/10.1093/nar/15.18.7265
https://doi.org/10.1093/nar/15.18.7265
https://doi.org/10.5402/2011/864257
https://doi.org/10.21542/gcsp.2020.5
https://doi.org/10.1172/jci89741
https://doi.org/10.1172/jci89741
https://doi.org/10.1111/bjh.14592
https://doi.org/10.1182/blood.2019000424
https://doi.org/10.3389/fimmu.2019.02565
https://doi.org/10.1182/blood.2021014552
https://doi.org/10.1164/rccm.201807-1370oc
https://doi.org/10.1164/rccm.201807-1370oc
https://doi.org/10.1124/pharmrev.121.000408
https://doi.org/10.1182/bloodadvances.2018030619
https://doi.org/10.1182/bloodadvances.2018030619

	Moderate hypoxia induces metabolic divergence in circulating monocytes and tissue resident macrophages from Berkeley sickle cell anemia mice
	Introduction
	Materials and methods
	Animals
	Open chest solid state catheterization for right ventricular systolic pressure analysis
	Peripheral blood mononuclear cell isolation
	Peripheral blood mononuclear cell
	Tissue macrophage isolation
	Lung and spleen tissue macrophage collection
	Metabolomics
	Statistical analysis

	Results
	Cardiovascular phenotypes are different in wild type and Berk mice exposed to moderate hypoxia
	Metabolic phenotypes of PBMCs, spleen or lung macrophages are significantly different
	Glycolysis and Krebs cycle alterations in PBMCs from Berk mice in hypoxia
	Spleen macrophages from Berk mice show distinct metabolic responses to moderate hypoxia compared to control mice
	Lung macrophages from Berk mice show distinct metabolic phenotypes in response to moderate hypoxia

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

