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Targeting immunometabolism
during cardiorenal injury: roles of
conventional and alternative
macrophage metabolic fuels
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United States, *Mississippi Center for Obesity Research, University of Mississippi Medical Center, Jackson,
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Macrophages play critical roles in mediating and resolving tissue injury as well as
tissue remodeling during cardiorenal disease. Altered immunometabolism,
particularly macrophage metabolism, is a critical underlying mechanism of
immune dysfunction and inflammation, particularly in individuals with
underlying metabolic abnormalities. In this review, we discuss the critical roles
of macrophages in cardiac and renal injury and disease. We also highlight the roles
of macrophage metabolism and discuss metabolic abnormalities, such as obesity
and diabetes, which may impair normal macrophage metabolism and thus
predispose individuals to cardiorenal inflammation and injury. As the roles of
macrophage glucose and fatty acid metabolism have been extensively discussed
elsewhere, we focus on the roles of alternative fuels, such as lactate and ketones,
which play underappreciated roles during cardiac and renal injury and heavily
influence macrophage phenotypes.
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1 Introduction

Macrophages play critical roles in the response to injury in acute and chronic cardiac and
renal diseases. Macrophages are necessary for driving reparative fibrosis and scar tissue
formation during acute injury, but may perpetuate reactive fibrosis and dysfunction during
chronic injury (Cao et al., 2015; Dutta and Nahrendorf, 2015; Justin Rucker and Crowley,
2017; Hulsmans et al., 2018; Mouton et al., 2018; Engel and Chade, 2019; Han et al., 2019;
Mouton et al., 2020; Cantero-Navarro et al,, 2021; Chen et al., 2022). Cardiac and renal injury
are often accompanied by changes in tissue metabolism. Recent evidence suggests that
metabolic shifts drive critical processes and gene expression in macrophages, which are
influenced by substrate availability and preference (Ayala et al., 2019; Batista-Gonzalez et al.,
2019; Bezold et al.,, 2019; Jing et al., 2020; Mouton et al., 2020; Geeraerts et al., 2021; Jiang
et al., 2022; Matsuura et al.,, 2022). In this brief review, we discuss the basic roles of
macrophages during these types of injury, and review the literature on immunometabolic
shifts in the context of changes in whole tissue metabolism during injury. Finally, we discuss
metabolic disorders (e.g., obesity, diabetes) which may alter substrate availability/preference
and thus the immunometabolic response to injury.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2023.1139296/full
https://www.frontiersin.org/articles/10.3389/fphys.2023.1139296/full
https://www.frontiersin.org/articles/10.3389/fphys.2023.1139296/full
https://www.frontiersin.org/articles/10.3389/fphys.2023.1139296/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2023.1139296&domain=pdf&date_stamp=2023-04-28
mailto:amouton@umc.edu
mailto:amouton@umc.edu
https://doi.org/10.3389/fphys.2023.1139296
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2023.1139296

Mouton et al.

2 Roles of macrophages during cardiac
injury

2.1 Acute injury

Myocardial infarction (MI) affects ~1 million United States
citizens each year (Mouton et al., 2018; DeBerge et al., 2019;
Mouton et al., 2020). Remodeling of the left ventricle after MI
occurs in three phases: inflammation, proliferative/granulation,
and scar maturation. Macrophages play critical roles in all three
phases of the post-MI remodeling process (Ma et al, 2018).
During the inflammatory phase, lymphocyte antigen 6C
(Ly6C) expressing monocytes are attracted to the infarct
region via gradients of chemokines, particularly CCL2 and
CCL7, and then activated by exposure to damage-associated
molecular patterns (DAMPs) in the heart (Peet et al., 2020). A
much smaller second wave of Ly6C-low monocytes is also
recruited to the heart, a process that depends on the
CX3CR1 chemokine (Dutta and Nahrendorf, 2015). Tissue
resident macrophages, which prevent adverse remodeling, are
mostly depleted during this initial inflammatory phase (Bajpai
etal., 2019; Dick et al., 2019). During the proliferative phase, pro-
inflammatory macrophages (M1) derived from Ly6C-high
monocytes begin to undergo differentiation into anti-
(M2),
resident M2 macrophages proliferate and begin to repopulate
(Heidt et al., 2014; Ma et al., 2018). The scar maturation phase is

characterized by reparative fibrosis of the infarcted area, which

inflammatory macrophage subsets while surviving

forms an organized tensile collagenous scar capable of preventing
rupture (Dutta and Nahrendorf, 2015; DeBerge et al., 2019;
Mouton et al, 2020). As the scar fully matures, infarct
macrophages are almost completely derived from resident
sources, assuming an M2 phenotype by secreting mediators
such as transforming growth factor-beta-1 (TGFPl) and
interleukin (IL)-10 to promote myofibroblast differentiation
and maintain immune quiescence (Heidt et al., 2014; Sager
et al.,, 2016; Mouton et al., 2018). After MI, the remote non-
infarcted zone also undergoes remodeling, typically at a much
later time point. This is due to increased wall stress and
compensatory  workload, leading  to hypertrophy,
inflammation, and fibrosis, and ultimately development of
heart failure in ~50% of MI patients (Sutton and Sharpe,
2000). In summary, macrophages play a critical role in the
early response to MI, and are mainly derived from infiltrating

monocytes.

2.2 Chronic injury

While the roles of macrophages have been heavily emphasized in
acute ischemic cardiac injury, less is known about their roles during
chronic cardiac injury, such as occurs with hypertension/pressure
overload and heart failure with preserved ejection fraction (HFpEF).
However, recent studies have shed new light on the roles of
injury.
macrophage expansion occurs after transverse aortic constriction

macrophages during chronic cardiac Significant

(TAC) in mice, peaking at 1 week and returning to baseline levels by
2 weeks (Revelo et al., 2021). There is some controversy over which
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subpopulations characterize this initial macrophage expansion, as
some investigators have reported that a Ly6Clow population
predominates, while others have reported that Ly6C-high
monocytes predominate (Weisheit et al., 2014; Patel et al., 2018).
In any case, after 4-6 weeks of TAC, a second wave of Ly6Chigh
monocytes begin to expand in the bone marrow and spleen before
infiltrating the heart and causing deterioration of cardiac function
(Liao et al., 2018; Bizou et al., 2021). As in the case of acute injury,
resident macrophages appear to play a protective/reparative role
during chronic injury, as depletion of resident macrophages with a
CD115 blocking antibody exacerbates fibrosis and stimulates
angiogenesis.

In addition to chronic conditions associated with impaired
systolic function, macrophages may also play a role in heart
failure with preserved ejection fraction (HFpEF) (Hulsmans et al.,
2018; DeBerge et al.,, 2019). Cardiac macrophage proliferation is
observed in HFpEF patients, and macrophage-derived IL-10
promotes cardiac fibrosis in a mouse model of HFpEF, indicating
that excessive M2 activation may contribute to HFpEF (Hulsmans
et al,, 2018). Conversely, high fat diet-induced diastolic dysfunction
is associated with expansion of M1 macrophages, which can be
attenuated by depleting macrophages or administering an IL-1
receptor antagonist (Liu et al., 2023). However, further studies
are needed to investigate other potential mechanisms by which
macrophages contribute to HFpEF, such as the ability of pro-
inflammatory cytokines released by macrophages to contribute to
endothelial dysfunction, which impairs nitric oxide-mediated
cardiomyocyte relaxation (Paulus and Tschope, 2013; Paulus and
Zile, 2021; Schiattarella et al., 2022).

3 Roles of macrophages during renal
injury

3.1 Acute injury

Acute kidney injury (AKI) is caused by a variety of insults,
including sepsis, hypoxia, or hypovolemic shock, that may result in
rapid decline of kidney function (Han et al., 2019). The injured
kidney can be repaired and regenerated, depending on the extent of
the injury, but severely injured renal tissue is ultimately replaced by
fibrotic tissue, leading to permanent declines in renal function
(Chen et al,, 2022). Much like the heart, circulating monocytes
infiltrate the injured kidney in response to DAMPs and chemokine
gradients, and differentiate towards M1-like macrophages (Chen
et al,, 2022). Although an acute inflammatory response is necessary
for repair/regeneration of the injured kidney, excessive or prolonged
M1 macrophage activation (i.e., due to heightened inflammation in
T2D or obese patients) can exacerbate injury due to the actions of
inflammatory cytokines, which induce further glomerular and
tubular injury by promoting apoptosis of parenchymal cells and
driving fibrosis (Cao et al., 2015). M1 macrophages can also cause
endothelial dysfunction, leading to increased glomerular pressures
and ultimately further injury and additional impairment of
glomerular filtration (Engel and Chade, 2019; Engel et al., 2019).
Like the injured heart, timely polarization towards an M2 phenotype
promotes resolution of inflaimmation and optimal healing/
regeneration in AKI (Cao et al., 2015).
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Shifts in whole tissue and macrophage metabolic shifts during cardiorenal injury. The healthy heart primarily relies on fatty acid oxidation,
followed by glucose oxidation, with minor contributions from lactate and ketone oxidation. The kidney primarily relies on glucose oxidation, followed by
fatty acid oxidation (mainly in the proximal tubule), with minor contributions from lactate and ketone oxidation. During cardiac injury, ketone oxidation
and glycolysis are increased, while mitochondrial dysfunction results in impaired fatty acid and glucose oxidation. Macrophages within these tissues

also shift their metabolic status. Resident macrophages rely on fatty acid and glucose oxidation, while monocytes and M1 macrophages primarily rely on
glycolysis. M2 macrophages also primarily rely on glucose and fatty acid oxidation. Red text indicates unknown pathways. PT—proximal tubule.

3.2 Chronic injury

Macrophages also play a role in chronic kidney disease (CKD),
which is most commonly caused by hypertension and/or metabolic
disorders such as obesity and type 2 diabetes (T2D) (Hall et al,,
2021). Hypertension causes renal injury via increased glomerular
pressures as well as local and systemic increases in SNS/RAAS
activation, which promote M1 macrophage polarization (Justin
Rucker and Crowley, 2017). Another major feature of some forms
of hypertension is increased sodium reabsorption, leading to
increased interstitial sodium levels (Fehrenbach and Mattson,
2020; Ruggeri Barbaro et al, 2021). High salt (ie., increased
interstitial levels) can act as a

sodium monocyte

chemoattractant, and promotes M1 polarization via a
mechanism, that is, not yet precisely understood (Willebrand
and Kleinewietfeld, 2018; Ruggeri Barbaro et al.,, 2021). Both
M1 and M2 macrophages, as well as intermediate phenotypes,
contribute to renal dysfunction in CKD (Wen and Crowley, 2020;
Cantero-Navarro et al., 2021). During CKD, DAMPs are
continuously generated, and thus monocytes are continuously
recruited from bone marrow reservoirs. These monocytes

ultimately give rise to M1 macrophages, which promote
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parenchymal cell apoptosis and endothelial

followed by M2 macrophages which promote tissue fibrosis.

dysfunction,

4 Roles of conventional fuels during
cardiorenal injury

Metabolic reprogramming is a hallmark of polarization between
pro- and anti-inflammatory macrophages (Zhang et al., 2019a; Viola
et al., 2019; Mouton et al., 2020; Mouton and Hall, 2020; Mouton et al.,
2021). In this section we discuss ways in which different macrophage
subsets utilize conventional fuels, such as glucose, fatty acids, and
glutamine during cardiorenal injury, in the context of changes in
cardiac and renal metabolism during health and disease (Figure 1).

Glucose

Glucose metabolism is critical for normal cardiac and renal
function. Next to fatty acids, glucose oxidation is a major source of
ATP for the heart. The inner medullary nephrons of the kidneys also
heavily rely on glucose (Figure 1). (Mizuno et al., 2017; Lopaschuk
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etal,, 2020; Wen et al,, 2021; Luong et al., 2022) The outer medulla of
the nephron is a major source of gluconeogenesis, after the liver
(Wen et al,, 2021). In addition to the parenchymal cells of the heart
and kidney, glucose is a critical fuel for both M1 and
M2 macrophages. Glucose is initially metabolized through the
glycolysis pathway, yielding two molecules of pyruvate. This
pyruvate can then either be reduced to lactate, typically during
hypoxic conditions, or taken up into mitochondria and oxidized in
the tricarboxylic acid (TCA) cycle. In M1 macrophages, increased
expression of glycolytic enzymes is mediated by the hypoxia-
inducible factor-1 alpha (HIF-la) transcription factor. HIF-1a is
activated mainly by hypoxia, but also by inflammatory stimuli via
the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) pathway (Viola et al., 2019).

Increased glucose uptake and glycolysis result in activation of
the pentose phosphate pathway (PPP) via conversion of glucose-
6-phosphate to ribulose-5-phosphate. The PPP produces ribose-
5-phosphate for proliferating cells, as well as NADPH for pro-
inflammatory processes such as the pathogen-killing oxidative
burst and synthesis of pro-inflammatory lipid mediators (Viola
et al, 2019). M2 macrophages also utilize glucose, mainly
through glucose oxidation (aerobic glycolysis) (Tan et al,
2015; Viola et al., 2019). Inhibiting glucose oxidation prevents
M2 polarization, while enhancing glucose oxidation through the
pyruvate dehydrogenase complex attenuates lipopolysaccharide-
induced inflammatory responses (Tan et al., 2015). However,
glucose uptake is markedly increased in M1 compared to
M2 macrophages, likely due to their reliance on glycolysis
which produces much less ATP than full oxidation (Cho et al.,
2022).

Altered glucose metabolism is a hallmark of polarized macrophages
after cardiac injury (Mouton et al, 2018). Drastic upregulation of
hypoxia responses and glycolytic genes are observed by RNA-
sequencing in macrophages at day 1 after MI in mice (Mouton
et al, 2018). This is followed by significant upregulation of
mitochondrial pathways and oxidative phosphorylation at day 3,
likely as a result of increased oxygen delivery from angiogenesis,
which is associated with macrophage polarization toward a
reparative M2 phenotype (Mouton et al., 2018). Transgenic studies
have revealed that different HIF isoforms differentially regulate
macrophage glucose and fatty acid metabolism after MI (DeBerge
et al, 2021a). For example, HIF-la upregulates glycolysis, while
HIF-2a suppresses mitochondrial fatty acid oxidation to promote an
inflammatory phenotype (DeBerge et al., 2021a). Further studies by the
same group showed that the receptor tyrosine kinase AXL, which is
involved in the clearance of apoptotic cells, is upregulated in
macrophages during myocardial ischemia and promotes STAT1-
mediated activation of HIF-1a, leading to increased glycolysis and
inflammation (DeBerge et al., 2021b). This HIF-1a-mediated induction
of glycolysis promotes cleavage and inactivation of MerTK, a major
receptor involved in phagocytosing apoptotic cells, thus worsening
cardiac repair (DeBerge et al, 2021b). Another study showed that
administration of aminooxyacetic acid, an inhibitor of aspartate
aminotransferase, inhibits glycolysis and M1 polarization by
restoring the TCA cycle and decreasing levels of succinate (Zhao
et al,, 2020).

Glucose metabolism may also play a role in immunometabolic
reprogramming during renal injury. Gene expression profiles from
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renal biopsies in patients with various inflammatory kidney
disorders [i.e., systemic lupus nephritis (SLE)] demonstrate
downregulation of TCA cycle and fatty acid oxidation genes, and
upregulation of glycolytic and PPP genes which co-localized with
inflammatory markers (Grayson et al., 2018). Similar results have
been reported in a mouse model of autoimmune-associated
nephritis, which induces glycolytic and inflammatory renal
macrophage phenotypes, as well as downregulation of fatty acid
oxidation genes (Jing et al., 2020). Furthermore, in vivo inhibition of
glycolysis using 2-deoxyglucose attenuates renal inflammation and
injury (Jing et al., 2020). In diabetic kidney disease, high glucose
levels promote macrophage activation via HIF-la activation
mediated by TGF-p-activated kinase 1-binding protein-1 (TABI),
and inhibiting TABI1 alleviates kidney inflammation and disease
progression (Zeng et al., 2020). In a model of unilateral ureteral
obstruction, sphingosine-1-phosphate promotes macrophage
glycolysis and inflammation via the sphingosine kinase 2 (Sphk2)
pathway, suggesting that sphingolipid signaling may be a critical
immunometabolic regulator in kidney injury (Ghosh et al., 2018).

Regulation of glucose metabolism in the kidney may depend on
the local environment as the cortex has a high aerobic metabolic rate
due to tubular sodium reabsorption, and thus a higher blood flow,
while the medulla is more hypoxic (Basso et al., 2021). Tubular
epithelial cells (TECs) are one of the major parenchymal cells of the
kidney, and reprogram their metabolism from fatty acid oxidation to
glycolysis in response to stress and inflammatory stimuli, similar to
macrophages (van der Rijt et al., 2022). TECs can participate in
immunometabolic cross-talk with macrophages, as extracellular
secreted from TECs
macrophage glycolysis (Jia et al., 2022), suggesting that TECs and
macrophages share similar metabolic reprogramming pathways and

vesicles in diabetic mice promote

thus may be similarly affected by immunometabolic interventions
(Li et al., 2021).

4.2 Fatty acids

Fatty acid metabolism is important for normal function of the
heart and kidneys. At rest, the healthy heart and kidney cortex rely
mainly on fatty acid oxidation (Figure 1). (Baverel et al., 1995;
Lopaschuk et al., 2020; Dong et al., 2021; Wen et al, 2021)
Macrophage metabolic reprogramming involves distinct changes
in the mitochondrial TCA cycle, which is influenced by glucose and
fatty acid oxidation (Zhang et al, 2019b; Viola et al., 2019). In
inflammatory macrophages, the TCA cycle is truncated at key points
to allow accumulation of key metabolites, in particular succinate and
itaconate (Viola et al., 2019). In M2 macrophages, however, the TCA
cycle is fully activated to generate NADH and FADH, to fuel
oxidative phosphorylation (OXPHOS). The fuel for macrophage
mitochondrial OXPHOS is largely derived from beta-oxidation of
fatty acids, which are taken up by circulating lipoproteins or as free
fatty acids (Batista-Gonzalez et al., 2019). While fatty acid oxidation
clearly supports M2 polarization, there is controversy as to whether
the M2 macrophage phenotype relies on fatty acid oxidation, as
some studies indicate that glucose or glutamine oxidation is
sufficient to support the M2 phenotype (Batista-Gonzalez et al.,
2019). However, in the context of cardiac injury, fatty acid oxidation
appears to be important, as macrophages in the infarcted heart use
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fatty acids derived from engulfed dying cells to fuel mitochondrial
OXPHOS and reparative gene expression (Zhang et al., 2019b).

4.3 Glutamine

Glutamine is the most abundant amino acid in the body and a
critical fuel for all tissues, including macrophages, and decreased
plasma glutamine levels are associated with cardiometabolic disease
(Durante, 2019; Ren et al., 2019; Viola et al., 2019). Glutamine plays
roles in  inflammatory and  reparative  macrophages.
M1 macrophages use glutamine as a precursor of glutamate,
which is used to form gamma-aminobutyric acid (GABA) and
fuels M1 polarization via replenishment of succinate and
aspartate (Jiang et al., 2022). In M2 macrophages, glutamine can
be used as an energy source via its conversion to alpha-ketoglutarate
in the TCA cycle, which potentiates OXPHOS and is an activator of
the histone demethylase Jmjd3 which epigenetically activates M2-
associated genes (Liu et al, 2017). While both M1 and
different

M2 macrophages consume more glutamine and have higher

M2  macrophages use glutamine in roles,
levels of intracellular glutamine, and glutamine deprivation
promotes M1 polarization (Palmieri et al., 2017; Ma et al., 2022).

Surprisingly few studies have investigated the role of
macrophage glutamine metabolism in the context of cardiorenal
injury. Several studies indicate that glutamine administration
protects against cardiac injury in response to cardiotoxic cancer
drugs (Shao et al., 2020), sepsis (Yin et al., 2014), severe burn (Yan
et al., 2012), and ischemia/reperfusion (Liu et al., 2007), and renal
inflammation and injury in response to sepsis (Su et al.,, 2021).
However, glutamine metabolism appears to be a maladaptive
phenomenon during pressure-overload induced heart failure, and
blocking glutamine metabolism improves cardiac function in this
model (Yoshikawa et al., 2022).

5 Potential roles of alternative fuels
during cardiorenal injury

Although glucose, fatty acids, and glutamine are the
conventional body fuels under steady state conditions, several
tissues such as the heart and kidney can utilize alternative fuels
during non-steady state and even pathological conditions. In this
section, we discuss the contributions of alternative fuels, including
ketones and lactate, to the macrophage phenotype during
cardiorenal injury (Bellomo, 2002; Dong et al., 2021).

5.1 Ketones

Given the rise in popularity of low-carbohydrate/ketogenic diets,
many recent studies have focused on the roles and potential therapeutic
effects of the major ketone bodies, including beta-hydroxybutyrate
(BHB) and acetoacetate (AA) (Abbasi, 2018). Both the heart and
kidneys are capable of metabolizing ketones during starvation or
consumption of ketogenic diets, and consume exogenously infused
ketones in humans (Baverel et al., 1995; Mizuno et al., 2017; Puchalska
and Crawford, 2017; Cuenoud et al,, 2020; Lopaschuk et al., 2020).
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During injury, the heart and kidneys can increase ketone oxidation as
an adaptation to chronic pathological stress (Figure 1). (Horton et al,
2019; Lopaschuk et al., 2020; Tomita et al.,, 2020) The kidneys play an
important role in reabsorption of ketones, particularly in the proximal
tubules which reabsorb close to 100% of filtered ketones during states of
ketosis and thus conserve energy (Puchalska and Crawford, 2017;
Palmer and Clegg, 2021).

Increased availability of ketones, especially via exogenous
administration, protects against cardiac and renal dysfunction and
injury in several preclinical models as well as in human patients.
Chronic BHB infusion prevents pathological remodeling in murine
and canine models of HF (Horton et al., 2019; Yurista et al., 2021),
while acute BHB administration increases myocardial blood flow in
healthy human subjects (Gormsen et al., 2017) and improves cardiac
function in patients with HFrEF (Nielsen et al., 2019). Oral ketone
administration also improves cardiac function and inflammation in a
porcine model of MI (Yurista et al., 2021). Exogenous ketones can
protect against different types of renal injury, including ischemia-
reperfusion (Tajima et al., 2019), hypertension (Ishimwe et al., 2020),
salt sensitivity (Chakraborty et al., 2018), and diabetes (Tomita et al.,
2020). The roles of ketogenic diets on renal function and disease
progression are less clear. Ketogenic diets have been postulated to
protect against kidney disease by attenuating inflammation, oxidative
stress, and mitochondrial dysfunction; however, these assumptions
are largely based on studies in which exogenous ketones are
administered (Kundu et al, 2022). In rodent models, ketogenic
diets have been reported to ameliorate acute ischemic kidney
injury (Rojas-Morales et al, 2022). However, another study
showed that a short-term (4 weeks) ketogenic diet exacerbated
renal injury in spontaneously-hypertensive (SH) rats, which was
associated with impaired glucose tolerance and increased activation
of the renin-angiotensin-aldosterone system (Jia et al, 2021).
However, no injury was noted in the wild-type group, indicating
that SH rats may not tolerate a ketogenic diet well. Overall, more
studies are needed to evaluate the impact of ketogenic diet on
cardiovascular disease.

Ketones have potent anti-inflammatory roles in macrophages
(Figure 2). (Youm et al, 2015; Puchalska et al, 2019) BHB ketone
therapy lessens macrophage-mediated inflammation and disease severity
in patients with colitis (Huang et al, 2022). BHB directly blocks
inflammasome formation and macrophage activation, which is
independent of its energetic capacity (Youm et al,, 2015). In a mouse
model of stroke, BHB limits neuronal injury by activating a G-protein
coupled receptor (HCA2) to promote anti-inflammatory macrophage
polarization (Rahman et al, 2014). On the other hand, liver fibrosis
induced by a fibrogenic diet is exacerbated in mice lacking the enzyme
that oxidizes ketone bodies to acetyl-CoA (SCOT) in macrophages
(Puchalska et al., 2019), indicating that activation of signaling pathways
and metabolism are important for the anti-inflammatory effects of BHB
depending on the type of injury and tissue. In summary, ketones exert
anti-inflammatory actions in macrophages via both metabolic and non-
metabolic pathways.

5.2 Lactate

Lactate is a byproduct of anaerobic glycolysis, via reduction of
pyruvate by lactate dehydrogenase. Far from being a waste product,
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Mechanisms by which alternative fuels promote M2 polarization. BHB and AA (ketones), and lactate, are taken up by MCT1 in the plasma
membrane, then oxidized in the mitochondrial TCA cycle. Increased TCA cycle activity increases levels of alpha-KG, which blocks NLRP3 inflammasome
activation. Full TCA cycle activation also prevents accumulation of succinate, decreasing its activation of HIF-1a and its activation of M1 genes.
Extracellular lactate and BHB can also bind to membrane G-protein coupled receptors, which activate intracellular signaling pathways that block
inflammasome activation. Lactate can also be used to covalently modify histone proteins (lactylation), leading to activation of M2 genes. a-KG—alpha-
ketoglutarate; AA—acetoacetate; BHB—beta-hydroxybutyrate; Gpr—G-protein receptor; HCA2—hydroxycarboxylic acid receptor 2; HIF-1a—hypoxia-
inducible factor 1-alpha; MCT1—monocarboxylate transporter 1; SCOT—succinyl-CoA:3-ketoacid-coenzyme A transferase; TCA—tricarboxylic acid.

lactate has a multitude of metabolic and signaling roles throughout
the body. Both the heart and kidney, specifically the renal cortex,
consume and metabolize a large amount of lactate at rest (Figure 1),
and lactate becomes one of the major fuels for the heart during
intense exercise (Bellomo, 2002; Brooks, 2021; Dong et al., 2021;
Wen et al,, 2021). The renal medulla, on the other hand, produces
large amounts of lactate via glycolysis, which is removed by the
cortex (Bellomo, 2002). The kidneys, as well as the liver, also play a
role in removing excess lactate from the circulation, with most being
metabolized and only a small amount being excreted (Bellomo,
2002). Under normal blood lactate levels, most of the filtered lactate
is reabsorbed in the proximal tubules (Bellomo, 2002). Lactate levels
increase in the pathologically hypertrophied heart and the infarcted
heart as a result of metabolic impairments (Lewis et al., 2018; Dai
et al.,, 2020). In the infarcted heart, this lactate accumulation is a
result of infiltrating glycolytic monocytes (Lewis et al., 2018), and
lactate accumulates in the acutely injured kidney as a result of
increased glycolysis in TECs (Shen et al., 2020).

Similar to ketones, lactate also has potent anti-inflammatory
roles in macrophages (Figure 2). (Caslin et al., 2021; Zhou et al,,
2022a) By accumulating as a result of increased glycolysis in
inflamed tissues, lactate appears to exert negative feedback on the
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inflammatory response, promoting tissue macrophages towards an
M2/pro-reparative phenotype and accelerating wound healing
(Zhang et al., 2020; Jha et al, 2021; Zhou et al., 2022b; Wang
et al., 2022). A prime example of this is in skeletal muscle ischemia,
in which endothelial-derived lactate promotes M2 polarization and
regeneration of the injured tissue, which is lost when the lactate
transporter MCT1 is genetically deleted in macrophages (Zhang
et al., 2020). Consistent with this finding, exogenous lactate appears
to accelerate inflammation resolution and wound healing. After M1,
lactate treatment attenuates inflammation and fibrosis, promotes
M2 polarization, and improves cardiac function (Zhang et al., 2021).
Acute lactate administration improves cardiac function in acute
heart failure patients (Nalos et al., 2014), and improves short and
long-term outcomes in patients with traumatic brain injury (Ichai
et al, 2009). In adult pigs, lactate improves renal vascular
thrombosis and renal function (glomerular filtration rate) in a
model of endotoxemia (Duburcq et al,, 2018). However, lactate
appears to exacerbate complications associated with sepsis (Yang
et al, 2022a; Yang et al., 2022b). Furthermore, lactate’s wound
healing abilities may present a double-edged sword, as lactate has
been shown to promote a myofibroblast phenotype in injured
kidneys (Shen et al., 2020). While myofibroblasts play a role in
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TABLE 1 Mechanisms of M1 macrophage activation in obese/T2D individuals.

Mechanism

Non-metabolic

Metabolic

10.3389/fphys.2023.1139296

Mechanism

Tissue hypoxia HIF-1a activation Hyperglycemia Mitochondrial dysfunctinn; AGEs activation of
AGE receptor (RANGE), NF-kB
Tissue/microvascular Chemokine/cytokine-mediated activation of Hypertriglyceridemia Activation of TLR4 by long chain saturated fatty
injury monocytes acids
Tleptin Activation of Intracellular signalling pathways via = TOmega-6/Omega-3 fatty acid Tproduction of pro-inflammatory eicosanoids
leptin receptor (LepR) ratio
ladiponectin Loss of anti-inflammatory actions via the AdipoR | |Ketogenesis Unknown

receptor

acute wound healing in renal injury, they can also promote tissue
fibrosis when chronically activated (Zhao et al., 2022). Thus, lactate
therapies aimed at reducing macrophage-mediated inflammation
should consider the impact on fibrotic pathways.

Like ketones, the anti-inflammatory mechanisms of lactate
appear to be mediated by metabolic and non-metabolic
mechanisms (Manoharan et al., 2021). Macrophages are capable
of directly metabolizing lactate, and macrophages polarized to an
M2 phenotype by IL-4 undergo a metabolic switch to increase lactate
oxidation, leading to increased TCA cycle activity and OXPHOS
(Geeraerts et al., 2021; Noe et al., 2021). Lactate can also promote
M2 polarization by binding to G-protein coupled receptors in the
plasma membrane, including Gpr132 and Gpr81 (Chen et al., 2017;
Yang et al., 2020). Recent studies have also found a role for lactate in
promoting epigenetic modifications of histone proteins, termed
lactylation (Liu et al, 2022). In macrophages, lactylation
promotes activation of genes involved in wound healing/repair,
such as Argl (Zhang et al,, 2019¢). In a mouse model of MI, the
macrophage M2 genes 1110 and Vegfa were found to have lactylation
regulatory sites and blocking lactylation of these genes exacerbated
post-MI inflammation and impaired angiogenesis (Wang et al.,
2022).

In summary, cardiac and renal injury are characterized by lactate
accumulation in the injured tissue, which may drive activation of
reparative macrophage phenotypes to promote tissue healing.
However, lactate may exacerbate injury during certain disease
states, such as sepsis. Thus, more studies are needed to assess the
role of lactate and macrophage phenotypes across different disease
states.

6 Perturbations of immunometabolic
pathways during metabolic syndrome

Obesity and diabetes represent two of the major factors that
contribute to metabolic dysfunction in patients with cardiorenal
disease (Ray et al, 2016). Obesity and diabetes promote
macrophage-mediated inflammation by altering metabolic
substrates such as glucose and fatty acids, thus directly affecting
macrophage metabolism via changes in available fuels (Table 1)
(Appari et al., 2018; Mouton et al., 2020). In this section, we discuss
the potential effects of obesity and diabetes on macrophage

metabolism, and the ramifications for cardiorenal diseases.
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6.1 Obesity

Over 10% of adults worldwide and 40% of adults in the
United States are considered obese (BMI >30 kg/m?), which is a
risk factor for type 2 diabetes (T2D), hypertension, cardiovascular
disease, and chronic kidney disease (Khwatenge et al., 2021). Obesity
is a major risk factor for hypertension, as ~70% of individuals with
obesity are hypertensive, which causes cardiorenal dysfunction and
injury (Hall et al., 2019; Mouton et al., 2020; Hall et al., 2021).
Furthermore, obesity can cause volume overload of the heart due to
increases in blood volume and venous return, leading to eccentric
hypertrophy (Hall et al., 2021). The incidence of HFpEF is increased
in obesity, which is linked to an inflammatory phenotype (Sabbah
etal., 2020; Hall et al., 2021). In the kidney, obesity causes injury and
hypertension by physical compression due to increased visceral and
renal sinus adipose tissue, as well as activation of the sympathetic
nervous system and renin-angiotensin-aldosterone system, leading
to increased sodium reabsorption (Hall et al., 2019; Hall et al., 2021).

Obesity is a major driver of chronic inflammation linked to
macrophage activation (Appari et al., 2018). Even in “metabolically
healthy” obese individuals, there are increased levels of circulating
pro-inflammatory monocytes compared to lean control subjects
(Christou et al., 2019). The most direct way in which obesity
promotes inflammation is via proliferation and activation of
(ATMs), which
inflammatory cytokines that activate inflammatory pathways in

adipose tissue macrophages secrete  pro-
other organs and tissues, leading to systemic inflammation
(Appari et al, 2018). Obesity is characterized by increases in
circulating free fatty acids and changes in the fatty acid profile
that favor long-chain saturated fatty acids such as palmitate. These
fatty acids activate inflammatory macrophage pathways via toll-like
receptor 4 (TLR4) signaling. Also, high levels of oxidized
phospholipids and ceramides activate inflammatory intracellular
signaling cascades (Dahik et al., 2020; Sharma et al., 2020; Xu
et al.,, 2022).

Despite increased availability of fatty acids which fuel OXPHOS,
ATMs from obese mice prefer glycolysis due to adipose tissue
hypoxia, which activates HIF-la-mediated glycolytic metabolism
(Serbulea et al.,, 2018; Sharma et al., 2020). ATMs shift to storing
lipids rather than oxidizing them during obesity (Mooli and
Ramakrishnan, 2022). Increased levels of omega-6/omega-3 fatty
acids and arachidonic acid are characteristic of obesity (Simopoulos,

2016; Rombaldova et al., 2017; Xu et al., 2021), and can shift the
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synthesis of lipid mediators towards pro-inflammatory, rather than
pro-resolving (Rombaldova et al,, 2017; Xu et al.,, 2021).

Obesity may also promote macrophage activation via changes in
adipokines (Mouton et al., 2020). Leptin is a major satiety hormone
secreted by adipose tissue and is often elevated in obese patients
(Mouton et al, 2020). Leptin also promotes macrophage
M1 polarization (Mouton et al, 2020). On the other hand,
obesity decreases levels of adiponectin, an anti-inflammatory
adipokine (Mouton et al., 2020).

Obesity impairs ketogenesis in the liver, mainly through
increased insulin levels that counteract ketogenesis as well as
continuous supplies of glucose and fatty acids either obtained
from the diet or saturated glycogen and adipose stores (Vice
2005; Puchalska and Crawford, 2017; Mooli and
Ramakrishnan, 2022). Obesity also impairs ketone oxidation in

et al,

skeletal muscles of female patients with obesity (Vice et al,
2005). On the other hand, obesity was recently reported to
increase skeletal muscle ketone oxidation in mice (Al Batran
et al, 2020). Thus, the impact of obesity on cardiac and renal
ketone metabolism remains unclear (Selvaraj et al., 2020; Kolwicz,
2021).

Obesity may affect lactate metabolism, although the data are less
clear. Plasma lactate levels are higher in individuals with obesity,
possibly as a result of increased anaerobic glycolysis in white
adipocytes (Lovejoy et al, 1992; Chondronikola et al, 2018;
Krycer et al,, 2020; Lagarde et al, 2021). Recent studies have
shed light on the role of adipose tissue-derived lactate in
macrophage metabolic remodeling. Increased levels of adipocyte-
derived lactate promoted M1 polarization in ATMs during obesity,
suggesting a unique role for lactate in ATMs (Feng et al., 2022; Lin
et al., 2022). On the other hand, chronic administration of lactate
attenuated adipose tissue inflammation, M1 polarization, and
insulin resistance in mice on a high-fat diet, indicating that
exogenously administered lactate may exert its effects via
different mechanisms than endogenously-produced lactate by
ATMs (Cai et al, 2022). Given that lactate administration
appears to be protective after MI and renal injury (Duburcq
et al, 2018; Zhang et al,, 2021), as previously discussed, further
studies are needed to determine the role of lactate during obesity-
related cardiorenal injury.

6.2 Diabetes

Type II diabetes (T2D) is an increasingly prevalent metabolic
disorder, and is closely associated with obesity (Mouton et al., 2020).
T2D is mainly characterized by systemic insulin resistance, leading
to hyperinsulinemia and hyperglycemia (Mouton et al., 2020; da
Silva et al., 2020). Diabetic cardiomyopathy (DCM) is characterized
by ventricular wall thinning and impaired contractile function as
well as cardiac inflammation (Kaur et al.,, 2021). T2D can also
indirectly impair cardiac function by drastically increasing the risk
of developing hypertension, coronary artery disease, and MI.
Patients with T2D are at greater risk of MI and T2D exacerbates
post-MI inflammation while impairing wound healing and
worsening cardiac function, and increasing mortality (von Bibra
and John Sutton, 2011; Yap et al., 2019; Yang et al., 2019; Rawal et al.,
2019; Paolisso et al., 2021; Marfella et al., 2003; Terlecki et al., 2013).
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T2D is also a major risk factor for renal injury and dysfunction, and
diabetic kidney disease (DKD) is characterized by glomerular and
tubulointerstitial injury and inflammation (Maric and Hall, 2011).
The proximal tubule of the nephron, as the major site of glucose
reabsorption, is particularly sensitive to elevated glucose levels, and
undergoes significant hypertrophy during the early stages of DKD
due to increased tubular reabsorption (Barrera-Chimal and Jaisser,
2020). T2D also dramatically increases the development of renal
injury and failure during hypertension (Wang et al., 2020).

T2D interacts with macrophage immunometabolic pathways in
several ways. In addition to the mechanisms previously discussed for
obesity, the most obvious way in which T2D promotes
which
macrophages to supranormal levels of glucose (Mouton et al,
2020; Orliaguet et al., 2020). Exposure to high glucose either in

M1 polarization is via hyperglycemia, exposes

vivo or in vitro appears to decrease macrophage glycolysis,
indicating a non-glycolytic role for high glucose levels in
promoting M1 polarization (Pavlou et al, 2018; Ayala et al,
2019; Matsuura et al., 2022). High glucose levels may instead
promote M1 polarization via accumulation of advanced glycation
end products (AGEs), which are recognized by receptors for AGEs
(RAGESs), which activate the NF-«xB pathway (Jin et al., 2015; Bezold
etal., 2019). Patients with T2D typically suffer from hyperlipidemia
due to impaired insulin signaling in adipose tissues, leading to
macrophage lipotoxicity (Li et al., 2022a).

T2D is associated with alterations in ketone metabolism.
Hyperglycemia has been shown to impair hepatic ketogenesis
(Fletcher et al,, 2019; Chung et al., 2022). However, ketones are
often elevated in uncontrolled T2D, perhaps due to impaired ability
to metabolize them. Glucose and fatty acids, which are elevated in
T2D (Luong et al., 2022), compete with ketones in the mitochondria,
thus lowering their utilization (Abdul Kadir et al., 2020; Garcia et al.,
20205 Petrick et al., 2020). Contrary to the failing heart in non-T2D
subjects, which increases ketone oxidation, hearts from subjects with
T2D
downregulation of ketolytic enzymes (Turko et al.,, 2001; Brahma

show impairments in ketone metabolism due to
et al,, 2020). Given that ketones are more efficiently oxidized in the
mitochondria and boost mitochondrial function during T2D (Parry
et al, 2018; Chung et al, 2022), ketone therapy may restore
mitochondrial function during T2D.

One of the most popular therapeutics currently used to manage
glucose levels in T2D is sodium-glucose transporter-2 (SGLT2)
inhibitors, which increase glucose excretion by the kidney
(Saucedo-Orozco et al, 2022). In addition to lessening renal
injury in T2D, these drugs are efficacious in treating heart failure
in non-diabetic patients (Saucedo-Orozco et al., 2022). One of the
mechanisms by which SGLT2 inhibitors are thought to exert their
cardiorenal-protective effects is by elevating levels of ketone bodies,
which reduce macrophage M1 polarization by activating the
NLRP3 inflammasome (Kim et al., 2020; Saucedo-Orozco et al.,
2022). Empagliflozin, one of the major SGLT?2 inhibitors, increases
ketolytic enzyme expression and ketone oxidation in the heart after
MI (Yurista et al., 2019). Contrary to the heart, the kidney energetic
profile has been reported to shift from fatty acid oxidation to ketone
oxidation in a rat model of diabetic nephropathy (Tomita et al.,
2020). However, administration of ketones or raising ketones with
empagliflozin ameliorated renal injury and dysfunction in a
ketogenic-dependent manner, indicating that the switch to
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ketolytic metabolism is not sufficient to maintain renal function
during T2D (Tomita et al., 2020). Whether T2D directly impairs
macrophage ketone metabolism remains to be studied.

T2D also affects lactate metabolism. T2D decreases lactate
uptake in human hearts (Mizuno et al, 2017) and decreases
lactate oxidation in rat hearts, concomitant with decreased
glucose oxidation and increased fatty acid oxidation (Chatham
et al., 1999; Dong et al., 2021). High glucose levels have also
been shown to affect lactate metabolism in non-macrophage cell
types in vitro, such as impairing lactate oxidation in myotubes (Lund
et al, 2019) and decreasing Mctl expression in tumor cells (De
Saedeleer et al., 2014). However, the consequence of impaired lactate
oxidation in the T2D heart is still unclear. The role of lactate
metabolism in DKD is even less clear. The diabetic kidney has
been reported to shift from glucose oxidation to glycolytic
metabolism even in the presence of oxygen (Warburg effect),
leading to accumulation of lactate (Zhang et al., 2018). Given the
fact that mitochondrial dysfunction and impaired OXPHOS is a
hallmark of DKD, it could be speculated that along with the shift
towards glycolysis, lactate oxidation may be impaired, leading to
systemic and local increases in lactate (Zhang et al, 2018). As
discussed previously, lactate promotes a metabolic shift in
fibroblasts to promote a myofibroblast phenotype, leading to
renal fibrosis (Ding et al., 2017; Shen et al., 2020) and linking
increased lactate in DKD to aggravated injury (Laustsen et al., 2019;
Lee et al, 2022). However, the role of macrophage lactate
metabolism in T2D remains to be determined.

7 The central nervous system (CNS) and
macrophage activation

The CNS plays critical roles in regulating full body metabolism,
especially via inputs to the autonomic nervous system from the
hypothalamus (Myers and Olson, 2012). Recent evidence suggests
that the CNS may also play an important role in modulating
macrophage activation. The autonomic nervous system regulates
immune responses via sympathetic and parasympathetic inputs to
the spleen and bone marrow, (Baez-Pagan et al, 2015; Rocha-
Resende et al, 2021), as well as inflammatory responses during
cardiac and renal injury (Inoue, 2021; Rocha-Resende et al., 2021).
In general, sympathetic activation leading to release of norepinephrine
modulates macrophage phenotypes via activation of alpha-adrenergic
receptors, which promotes M1 phenotypes, while activation of beta-
adrenergic receptors promotes M2 phenotyptes, although there are
some exceptions (Freire et al, 2022). Meanwhile, parasympathetic
activation of a7 nicotinic acetylcholine receptor (a 7nAChR) by
acetylcholine mediates anti-inflammatory responses in macrophages,
mainly via inhibition of signaling pathways including NF-kB, STATS3,
2015).
parasympathetic activity using drugs that inhibit acetylcholinesterase

and heme oxygenase (Baez-Pagan et al, Increasing
(e.g, donepezil) protects the heart against cardiac remodeling and
improves prognosis in heart failure induced by ischemia/reperfusion
injury (Li et al,, 2020; Li et al., 2022b). This cardiac protective effect can
be prevented by blockade of peripheral a7nAChR (183), indicating that
the a7nAChR is also critical for the cardiac protection conferred by the
direct
involvement of a7nAChR in macrophages in cardiac protection is

cholinergic  anti-inflammatory pathway. However, the
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still unclear. Stimulation of the vagus nerve also attenuates renal
dysfunction and injury after acute kidney injury induced by bilateral
ischemia/reperfusion (Inoue et al., 2016; Inoue, 2021). During CKD,
chronic sympathetic activation overrides the cholinergic anti-
inflammatory system, leading to chronic inflammation which may
worsen renal injury (Hilderman and Bruchfeld, 2020). Pilot studies in
hemodialysis patients implanted with cervical vagal nerve stimulation
implants have shown promise for treating chronic inflammation during
CKD (Hilderman and Bruchfeld, 2020).

Leptin may be a critical mediator linking neural pathways to
macrophage activation and metabolism. As mentioned previously,
leptin modulates macrophage activity (Mouton et al., 2020). Since
the leptin-melanocortin system is an important regulator of
autonomic activity and substrate metabolism in peripheral
tissues, it is possible that activation of this pathway in the CNS
affects macrophage phenotypes (Okamoto et al., 2000; Tanaka et al.,
2010). A couple of studies have demonstrated that CNS actions of
leptin mediate immune responses to infectious insults (Tschop et al.,
2010; Flatow et al,, 2017). In a model of renal injury induced by
unilateral ureteral obstruction, central leptin administration
exacerbated renal macrophage infiltration in obese diabetic mice
(Tanaka et al., 2010). However, we recently showed that activation of
the CNS leptin-melanocortin system protects the heart against
progressive heart failure and improves cardiac function after
ischemic injury (Gava et al, 2021; Omoto et al, 2022). Given
these seemingly contradictory findings, additional studies are
needed to examine whether the CNS modulates macrophage
metabolism and inflammation in cardiorenal disease via leptin
signaling or other pathways.

8 Concluding remarks

Macrophage polarization plays a dichotomous role in tissue
repair/regeneration and loss of parenchymal cell function/
field  of
immunometabolism has emerged as a promising therapeutic

fibrosis  during cardiorenal diseases. The
avenue for cardiorenal diseases, particularly in patients with
underlying metabolic impairments. While we have discussed
roles for different metabolic substrates and metabolic shifts in
the parenchymal cells of the heart and kidneys, little is still known
about macrophage metabolism during diseases, particularly with
regards to different macrophage subsets. Metabolism of
alternative fuels, particularly ketones and lactate, has become
increasingly appreciated as playing a critical role during tissue
injury and remodeling, particularly via actions on macrophage-
mediated inflammation. Targeting macrophage-mediated
inflammation and tissue injury is a promising therapeutic
avenue for treating cardiac and renal disease. Multiple studies
have demonstrated that macrophage activation and phenotype
switching are mediated by metabolic

pathways during

cardiorenal injury However, the
mechanisms by which metabolic disorders, such as obesity and
T2D which affect the majority of patients with CVD, cause

macrophage activation remains unclear. Overall understanding

in preclinical models.

of endogenous regulation of these alternative metabolic pathways
in macrophages and their resident tissues is required to fully
optimize therapeutic options, particularly in at-risk individuals.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1139296

Mouton et al.

Author contributions

AM was responsible for preparing the manuscript, particularly
related to the heart. JC was responsible for discussion related to renal
physiology. AS and AO prepared the section on the central nervous
system. JH critically edited the manuscript.

Funding

This work was supported by the National Institute of General
Medical Sciences P20 GM104357 and U54 GM115428 (JH),
National Institute of Diabetes and Digestive and Kidney Diseases
RO1 DKI121411 (JC), and American Heart Association Career
Development Award CDA856365 (AM).

References

Abbasi, J. (2018). Interest in the ketogenic diet grows for weight loss and type
2 diabetes. JAMA 319 (3), 215-217. doi:10.1001/jama.2017.20639

Abdul Kadir, A., Clarke, K, and Evans, R. D. (2020). Cardiac ketone body
metabolism. Biochim. Biophys. Acta Mol. Basis Dis. 1866 (6), 165739. doi:10.1016/j.
bbadis.2020.165739

Al Batran, R., Gopal, K., Capozzi, M. E., Chahade, J. J., Saleme, B., Tabatabaei-Dakhili,
S. A, et al. (2020). Pimozide alleviates hyperglycemia in diet-induced obesity by
inhibiting skeletal muscle ketone oxidation. Cell Metab. 31 (5), 909-919. doi:10.
1016/j.cmet.2020.03.017

Appari, M., Channon, K. M., and McNeill, E. (2018). Metabolic regulation of adipose
tissue macrophage function in obesity and diabetes. Antioxid. Redox Signal 29 (3),
297-312. doi:10.1089/ars.2017.7060

Ayala, T. S, Tessaro, F. H. G, Jannuzzi, G. P., Bella, L. M., Ferreira, K. S., and Martins,
J. O. (2019). High glucose environments interfere with bone marrow-derived
macrophage inflammatory mediator release, the TLR4 pathway and glucose
metabolism. Sci. Rep. 9 (1), 11447. doi:10.1038/s41598-019-47836-8

Baez-Pagan, C. A, Delgado-Velez, M., and Lasalde-Dominicci, J. A. (2015). Activation of
the macrophage a7 nicotinic acetylcholine receptor and control of inflammation.
J. Neuroimmune Pharmacol. 10 (3), 468-476. doi:10.1007/s11481-015-9601-5

Bajpai, G., Bredemeyer, A., Li, W., Zaitsev, K., Koenig, A. L., Lokshina, L, et al. (2019).
Tissue resident CCR2-and CCR2+ cardiac macrophages differentially orchestrate
monocyte recruitment and fate specification following myocardial injury. Circ. Res.
124 (2), 263-278. doi:10.1161/CIRCRESAHA.118.314028

Barrera-Chimal, J., and Jaisser, F. (2020). Pathophysiologic mechanisms in diabetic
kidney disease: A focus on current and future therapeutic targets. Diabetes Obes. Metab.
22 (1), 16-31. doi:10.1111/dom.13969

Basso, P. ., Andrade-Oliveira, V., and Camara, N. O. S. (2021). Targeting immune cell
metabolism in kidney diseases. Nat. Rev. Nephrol. 17 (7), 465-480. d0i:10.1038/s41581-
021-00413-7

Batista-Gonzalez, A., Vidal, R,, Criollo, A., and Carreno, L. J. (2019). New insights on
the role of lipid metabolism in the metabolic reprogramming of macrophages. Front.
Immunol. 10, 2993. doi:10.3389/fimmu.2019.02993

Baverel, G., Ferrier, B., and Martin, M. (1995). Fuel selection by the kidney:
Adaptation to starvation. Proc. Nutr. Soc. 54 (1), 197-212. doi:10.1079/pns19950049

Bellomo, R. (2002). Bench-to-bedside review: Lactate and the kidney. Crit. Care 6 (4),
322-326. doi:10.1186/cc1518

Bezold, V., Rosenstock, P., Scheffler, J., Geyer, H., Horstkorte, R., and Bork, K. (2019).
Glycation of macrophages induces expression of pro-inflammatory cytokines and
reduces phagocytic efficiency. Aging (Albany NY) 11 (14), 5258-5275. doi:10.18632/
aging.102123

Bizou, M., Itier, R., Majdoubi, M., Abbadi, D., Pichery, E., Dutaur, M., et al. (2021).
Cardiac macrophage subsets differentially regulate lymphatic network remodeling
during pressure overload. Sci. Rep. 11 (1), 16801. doi:10.1038/s41598-021-95723-y

Brahma, M. K., Ha, C. M., Pepin, M. E., Mia, S., Sun, Z., Chatham, J. C,, et al. (2020).
Increased glucose availability attenuates myocardial ketone body utilization. J. Am.
Heart Assoc. 9 (15), e013039. doi:10.1161/JAHA.119.013039

Brooks, G. A. (2021). Role of the heart in lactate shuttling. Front. Nutr. 8, 663560.
doi:10.3389/fnut.2021.663560

Cai, H., Wang, X,, Zhang, Z., Chen, J., Wang, F., Wang, L., et al. (2022). Moderate
I-lactate administration suppresses adipose tissue macrophage M1 polarization to

Frontiers in Physiology

10

10.3389/fphys.2023.1139296

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

alleviate obesity-associated insulin resistance. J. Biol. Chem. 298 (4), 101768. doi:10.
1016/j.jbc.2022.101768

Cantero-Navarro, E.,, Rayego-Mateos, S., Orejudo, M., Tejedor-Santamaria, L., Tejera-
Munoz, A, Sanz, A. B, et al. (2021). Role of macrophages and related cytokines in kidney
disease. Front. Med. (Lausanne). 8, 688060. doi:10.3389/fmed.2021.688060

Cao, Q., Harris, D. C,, and Wang, Y. (2015). Macrophages in kidney injury,
inflammation, and fibrosis. Physiol. (Bethesda) 30 (3), 183-194. doi:10.1152/physiol.
00046.2014

Caslin, H. L., Abebayehu, D., Pinette, J. A., and Ryan, J. J. (2021). Lactate is a metabolic
mediator that shapes immune cell fate and function. Front. Physiol. 12, 688485. doi:10.
3389/fphys.2021.688485

Chakraborty, S., Galla, S., Cheng, X, Yeo, J. Y., Mell, B, Singh, V., et al. (2018). Salt-
responsive metabolite, beta-hydroxybutyrate, attenuates hypertension. Cell Rep. 25 (3),
677-689. doi:10.1016/j.celrep.2018.09.058

Chatham, J. C., Gao, Z. P., Bonen, A., and Forder, J. R. (1999). Preferential inhibition
of lactate oxidation relative to glucose oxidation in the rat heart following diabetes.
Cardiovasc Res. 43 (1), 96-106. doi:10.1016/s0008-6363(99)00056-5

Chen, H., Liu, N., and Zhuang, S. (2022). Macrophages in renal injury, repair, fibrosis
following acute kidney injury and targeted therapy. Front. Immunol. 13, 934299. doi:10.
3389/fimmu.2022.934299

Chen, P., Zuo, H, Xiong, H, Kolar, M. J, Chu, Q. Saghatelian, A., et al. (2017).
Gprl32 sensing of lactate mediates tumor-macrophage interplay to promote breast cancer
metastasis. Proc. Natl. Acad. Sci. U. S. A. 114 (3), 580-585. doi:10.1073/pnas.1614035114

Cho, H., Kwon, H. Y., Sharma, A,, Lee, S. H,, Liu, X., Miyamoto, N., et al. (2022).
Visualizing inflammation with an M1 macrophage selective probe via GLUT1 as the
gating target. Nat. Commun. 13 (1), 5974. doi:10.1038/s41467-022-33526-z

Chondronikola, M., Magkos, F., Yoshino, J., Okunade, A. L., Patterson, B. W.,
Muehlbauer, M. J., et al. (2018). Effect of progressive weight loss on lactate
metabolism: A randomized controlled trial. Obes. (Silver Spring) 26 (4), 683-688.
doi:10.1002/0by.22129

Christou, K. A., Christou, G. A., Karamoutsios, A., Vartholomatos, G., Gartzonika, K.,
Tsatsoulis, A., et al. (2019). Metabolically healthy obesity is characterized by a
proinflammatory phenotype of circulating monocyte subsets. Metab. Syndr. Relat.
Disord. 17 (5), 259-265. doi:10.1089/met.2018.0132

Chung, J. Y., Kim, O. Y., and Song, J. (2022). Role of ketone bodies in diabetes-
induced dementia: Sirtuins, insulin resistance, synaptic plasticity, mitochondrial
dysfunction, and neurotransmitter. Nutr. Rev. 80 (4), 774-785. doi:10.1093/nutrit/
nuabl18

Cuenoud, B., Hartweg, M., Godin, J. P., Croteau, E., Maltais, M., Castellano, C. A., et al.
(2020). Metabolism of exogenous D-beta-hydroxybutyrate, an energy substrate avidly
consumed by the heart and kidney. Front. Nutr. 7, 13. doi:10.3389/fnut.2020.00013

da Silva, A. A., do Carmo, J. M, Li, X., Wang, Z., Mouton, A. J., and Hall, J. E. (2020).
Role of hyperinsulinemia and insulin resistance in hypertension: Metabolic syndrome
revisited. Can. J. Cardiol. 36 (5), 671-682. doi:10.1016/j.cjca.2020.02.066

Dahik, V. D,, Frisdal, E., and Le Goff, W. (2020). Rewiring of lipid metabolism in
adipose tissue macrophages in obesity: Impact on insulin resistance and type 2 diabetes.
Int. J. Mol. Sci. 21 (15), 5505. doi:10.3390/ijms21155505

Dai, C, Li, Q, May, H. L, Li, C, Zhang, G., Sharma, G., et al. (2020). Lactate
dehydrogenase A governs cardiac hypertrophic growth in response to hemodynamic
stress. Cell Rep. 32 (9), 108087. doi:10.1016/j.celrep.2020.108087

frontiersin.org


https://doi.org/10.1001/jama.2017.20639
https://doi.org/10.1016/j.bbadis.2020.165739
https://doi.org/10.1016/j.bbadis.2020.165739
https://doi.org/10.1016/j.cmet.2020.03.017
https://doi.org/10.1016/j.cmet.2020.03.017
https://doi.org/10.1089/ars.2017.7060
https://doi.org/10.1038/s41598-019-47836-8
https://doi.org/10.1007/s11481-015-9601-5
https://doi.org/10.1161/CIRCRESAHA.118.314028
https://doi.org/10.1111/dom.13969
https://doi.org/10.1038/s41581-021-00413-7
https://doi.org/10.1038/s41581-021-00413-7
https://doi.org/10.3389/fimmu.2019.02993
https://doi.org/10.1079/pns19950049
https://doi.org/10.1186/cc1518
https://doi.org/10.18632/aging.102123
https://doi.org/10.18632/aging.102123
https://doi.org/10.1038/s41598-021-95723-y
https://doi.org/10.1161/JAHA.119.013039
https://doi.org/10.3389/fnut.2021.663560
https://doi.org/10.1016/j.jbc.2022.101768
https://doi.org/10.1016/j.jbc.2022.101768
https://doi.org/10.3389/fmed.2021.688060
https://doi.org/10.1152/physiol.00046.2014
https://doi.org/10.1152/physiol.00046.2014
https://doi.org/10.3389/fphys.2021.688485
https://doi.org/10.3389/fphys.2021.688485
https://doi.org/10.1016/j.celrep.2018.09.058
https://doi.org/10.1016/s0008-6363(99)00056-5
https://doi.org/10.3389/fimmu.2022.934299
https://doi.org/10.3389/fimmu.2022.934299
https://doi.org/10.1073/pnas.1614035114
https://doi.org/10.1038/s41467-022-33526-z
https://doi.org/10.1002/oby.22129
https://doi.org/10.1089/met.2018.0132
https://doi.org/10.1093/nutrit/nuab118
https://doi.org/10.1093/nutrit/nuab118
https://doi.org/10.3389/fnut.2020.00013
https://doi.org/10.1016/j.cjca.2020.02.066
https://doi.org/10.3390/ijms21155505
https://doi.org/10.1016/j.celrep.2020.108087
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1139296

Mouton et al.

De Saedeleer, C. J., Porporato, P. E., Copetti, T., Perez-Escuredo, J., Payen, V. L.,
Brisson, L., et al. (2014). Glucose deprivation increases monocarboxylate transporter 1
(MCT1) expression and MCT1-dependent tumor cell migration. Oncogene 33 (31),
4060-4068. doi:10.1038/0nc.2013.454

DeBerge, M., Glinton, K., Subramanian, M., Wilsbacher, L. D., Rothlin, C. V., Tabas,
L, et al. (2021). Macrophage AXL receptor tyrosine kinase inflames the heart after
reperfused myocardial infarction. J. Clin. Invest. 131 (6), e139576. doi:10.1172/
JCI139576

DeBerge, M., Lantz, C., Dehn, S., Sullivan, D. P., van der Laan, A. M., Niessen, H. W.
M,, etal. (2021). Hypoxia-inducible factors individually facilitate inflammatory myeloid
metabolism and inefficient cardiac repair. J. Exp. Med. 218 (9), €20200667. doi:10.1084/
jem. 20200667

DeBerge, M., Shah, S. J., Wilsbacher, L., and Thorp, E. B. (2019). Macrophages in
heart failure with reduced versus preserved ejection fraction. Trends Mol. Med. 25 (4),
328-340. doi:10.1016/j.molmed.2019.01.002

Dick, S. A,, Macklin, J. A., Nejat, S., Momen, A., Clemente-Casares, X., Althagafi, M. G, et al.
(2019). Self-renewing resident cardiac macrophages limit adverse remodeling following
myocardial infarction. Nat. Immunol. 20 (1), 29-39. doi:10.1038/s41590-018-0272-2

Ding, H,, Jiang, L., Xu, ], Bai, F., Zhou, Y., Yuan, Q,, et al. (2017). Inhibiting aerobic
glycolysis suppresses renal interstitial fibroblast activation and renal fibrosis. Am.
J. Physiol. Ren. Physiol. 313 (3), F561-F75. doi:10.1152/ajprenal.00036.2017

Dong, S., Qian, L., Cheng, Z., Chen, C., Wang, K., Hu, S, et al. (2021). Lactate and
myocardiac energy metabolism. Front. Physiol. 12, 715081. doi:10.3389/fphys.2021.
715081

Duburcq, T., Durand, A., Tournoys, A., Gnemmi, V., Gmyr, V., Pattou, F., et al.
(2018). Sodium lactate improves renal microvascular thrombosis compared to sodium
bicarbonate and 0.9% NaCl in a porcine model of endotoxic shock: An experimental
randomized open label controlled study. Ann. Intensive Care 8 (1), 24. doi:10.1186/
513613-018-0367-9

Durante, W. (2019). The emerging role of l-glutamine in cardiovascular health and
disease. Nutrients 11 (9), 2092. doi:10.3390/nu11092092

Dutta, P., and Nahrendorf, M. (2015). Monocytes in myocardial infarction.
Arterioscler. Thromb. Vasc. Biol. 35 (5), 1066-1070. doi:10.1161/ATVBAHA.114.
304652

Engel, J. E,, and Chade, A. R. (2019). Macrophage polarization in chronic kidney
disease: A balancing act between renal recovery and decline? Am. J. Physiol. Ren. Physiol.
317 (6), F1409-F13. doi:10.1152/ajprenal.00380.2019

Engel, J. E., Williams, E., Williams, M. L., Bidwell, G. L., 3rd, and Chade, A. R. (2019).
Targeted VEGF (vascular endothelial growth factor) therapy induces long-term renal
recovery in chronic kidney disease via macrophage polarization. Hypertension 74 (5),
1113-1123. doi:10.1161/HYPERTENSIONAHA.119.13469

Fehrenbach, D. J., and Mattson, D. L. (2020). Inflammatory macrophages in the
kidney contribute to salt-sensitive hypertension. Am. J. Physiol. Ren. Physiol. 318 (3),
F544-F8. doi:10.1152/ajprenal.00454.2019

Feng, T., Zhao, X,, Gu, P, Yang, W., Wang, C., Guo, Q,, et al. (2022). Adipocyte-
derived lactate is a signalling metabolite that potentiates adipose macrophage
inflammation via targeting PHD2. Nat. Commun. 13 (1), 5208. doi:10.1038/s41467-
022-32871-3

Flatow, E. A., Komegae, E. N., Fonseca, M. T., Brito, C. F., Musteata, F. M.,
Antunes-Rodrigues, J., et al. (2017). Elucidating the role of leptin in systemic
inflammation: A study targeting physiological leptin levels in rats and their
macrophages. Am. J. Physiol. Regul. Integr. Comp. Physiol. 313 (5), R572-R82.
doi:10.1152/ajpregu.00171.2017

Fletcher, J. A., Deja, S., Satapati, S., Fu, X, Burgess, S. C., and Browning, J. D. (2019).
Impaired ketogenesis and increased acetyl-CoA oxidation promote hyperglycemia in
human fatty liver. JCI Insight 5, 127737. doi:10.1172/jci.insight.127737

Freire, B. M., de Melo, F. M., and Basso, A. S. (2022). Adrenergic signaling regulation
of macrophage function: Do we understand it yet? Immunother. Adv. 2 (1), 1tac010.
doi:10.1093/immadv/Itac010

Garcia, E., Shalaurova, 1., Matyus, S. P., Oskardmay, D. N, Otvos, J. D., Dullaart, R. P.
F., et al. (2020). Ketone bodies are mildly elevated in subjects with type 2 diabetes
mellitus and are inversely associated with insulin resistance as measured by the
lipoprotein insulin resistance index. J. Clin. Med. 9 (2), 321. doi:10.3390/jcm9020321

Gava, F. N,, da Silva, A. A,, Dai, X., Harmancey, R., Ashraf, S., Omoto, A. C. M,, et al.
(2021). Restoration of cardiac function after myocardial infarction by long-term
activation of the CNS leptin-melanocortin system. JACC Basic Transl. Sci. 6 (1),
55-70. doi:10.1016/j.jacbts.2020.11.007

Geeraerts, X., Fernandez-Garcia, J., Hartmann, F. J., de Goede, K. E., Martens, L.,
Elkrim, Y., et al. (2021). Macrophages are metabolically heterogeneous within the tumor
microenvironment. Cell Rep. 37 (13), 110171. doi:10.1016/j.celrep.2021.110171

Ghosh, M., Thangada, S., Dasgupta, O., Khanna, K. M., Yamase, H. T., Kashgarian,
M,, et al. (2018). Cell-intrinsic sphingosine kinase 2 promotes macrophage polarization
and renal inflammation in response to unilateral ureteral obstruction. PLoS One 13 (3),
€0194053. doi:10.1371/journal.pone.0194053

Gormsen, L. C., Svart, M., Thomsen, H. H., Sondergaard, E., Vendelbo, M. H.,
Christensen, N., et al. (2017). Ketone body infusion with 3-hydroxybutyrate reduces

Frontiers in Physiology

11

10.3389/fphys.2023.1139296

myocardial glucose uptake and increases blood flow in humans: A positron emission
tomography study. J. Am. Heart Assoc. 6 (3), €005066. doi:10.1161/JAHA.116.005066

Grayson, P. C,, Eddy, S., Taroni, J. N., Lightfoot, Y. L., Mariani, L., Parikh, H., et al.
(2018). Metabolic pathways and immunometabolism in rare kidney diseases. Ann.
Rheum. Dis. 77 (8), 1226-1233. doi:10.1136/annrheumdis-2017-212935

Hall, J. E., do Carmo, J. M, da Silva, A. A., Wang, Z., and Hall, M. E. (2019). Obesity,
kidney dysfunction and hypertension: Mechanistic links. Nat. Rev. Nephrol. 15 (6),
367-385. doi:10.1038/s41581-019-0145-4

Hall, J. E,, Mouton, A. ], da Silva, A. A,, Omoto, A. C. M., Wang, Z,, Li, X, et al.
(2021). Obesity, kidney dysfunction, and inflammation: Interactions in hypertension.
Cardiovasc Res. 117 (8), 1859-1876. doi:10.1093/cvr/cvaa336

Han, H. I, Skvarca, L. B., Espiritu, E. B., Davidson, A. J., and Hukriede, N. A. (2019).
The role of macrophages during acute kidney injury: Destruction and repair. Pediatr.
Nephrol. 34 (4), 561-569. doi:10.1007/s00467-017-3883-1

Heidt, T., Courties, G., Dutta, P., Sager, H. B,, Sebas, M., Iwamoto, Y., et al. (2014).
Differential contribution of monocytes to heart macrophages in steady-state and after
myocardial infarction. Circ. Res. 115 (2), 284-295. doi:10.1161/CIRCRESAHA.115.303567

Hilderman, M., and Bruchfeld, A. (2020). The cholinergic anti-inflammatory pathway
in chronic kidney disease-review and vagus nerve stimulation clinical pilot study.
Nephrol. Dial. Transpl. 35 (11), 1840-1852. doi:10.1093/ndt/gfaa200

Horton, J. L., Davidson, M. T., Kurishima, C., Vega, R. B., Powers, J. C., Matsuura, T.
R, et al. (2019). The failing heart utilizes 3-hydroxybutyrate as a metabolic stress
defense. JCI Insight 4 (4), €124079. doi:10.1172/jci.insight.124079

Huang, C., Wang, ], Liu, H,, Huang, R,, Yan, X,, Song, M., et al. (2022). Ketone body
beta-hydroxybutyrate ameliorates colitis by promoting M2 macrophage polarization
through the STAT6-dependent signaling pathway. BMC Med. 20 (1), 148. doi:10.1186/
512916-022-02352-x

Hulsmans, M., Sager, H. B., Roh, J. D., Valero-Munoz, M., Houstis, N. E., Iwamoto, Y.,
et al. (2018). Cardiac macrophages promote diastolic dysfunction. J. Exp. Med. 215 (2),
423-440. doi:10.1084/jem.20171274

Ichai, C., Armando, G., Orban, J. C., Berthier, F., Rami, L., Samat-Long, C., et al.
(2009). Sodium lactate versus mannitol in the treatment of intracranial hypertensive
episodes in severe traumatic brain-injured patients. Intensive Care Med. 35 (3),
471-479. doi:10.1007/s00134-008-1283-5

Inoue, T., Abe, C,, Sung, S. S., Moscalu, S., Jankowski, J., Huang, L., et al. (2016). Vagus
nerve stimulation mediates protection from kidney ischemia-reperfusion injury
through a7nAChR+ splenocytes. J. Clin. Invest. 126 (5), 1939-1952. doi:10.1172/
JCI83658

Inoue, T. (2021). Neuroimmune system-mediated renal protection mechanisms. Clin.
Exp. Nephrol. 25 (9), 915-924. doi:10.1007/s10157-021-02062-3

Ishimwe, J. A., Garrett, M. R., and Sasser, J. M. (2020). 1,3-Butanediol attenuates
hypertension and suppresses kidney injury in female rats. Am. J. Physiol. Ren. Physiol.
319 (1), F106-F14. doi:10.1152/ajprenal.00141.2020

Jha, M. K, Passero, J. V., Rawat, A., Ament, X. H,, Yang, F., Vidensky, S., et al. (2021).
Macrophage monocarboxylate transporter 1 promotes peripheral nerve regeneration
after injury in mice. J. Clin. Invest. 131 (21), e141964. doi:10.1172/JC1141964

Jia, P., Huang, B., You, Y, Su, H,, and Gao, L. (2021). Ketogenic diet aggravates kidney
dysfunction by exacerbating metabolic disorders and inhibiting autophagy in
spontaneously hypertensive rats. Biochem. Biophys. Res. Commun. 573, 13-18.
doi:10.1016/j.bbrc.2021.08.003

Jia, Y., Chen, J., Zheng, Z., Tao, Y., Zhang, S., Zou, M., et al. (2022). Tubular epithelial
cell-derived extracellular vesicles induce macrophage glycolysis by stabilizing HIF-1a in
diabetic kidney disease. Mol. Med. 28 (1), 95. doi:10.1186/s10020-022-00525-1

Jiang, Q., Qiu, Y., Kurland, L. J., Drlica, K., Subbian, S., Tyagi, S., et al. (2022).
Glutamine is required for Ml-like polarization of macrophages in response to
Mycobacterium tuberculosis infection. mBio 13 (4), €0127422. doi:10.1128/mbio.
01274-22

Jin, X,, Yao, T., Zhou, Z., Zhu, J., Zhang, S., Hu, W., et al. (2015). Advanced glycation
end products enhance macrophages polarization into M1 phenotype through activating
RAGE/NF-«B pathway. Biomed. Res. Int. 2015, 732450. doi:10.1155/2015/732450

Jing, C., Castro-Dopico, T., Richoz, N., Tuong, Z. K,, Ferdinand, J. R, Lok, L. S. C,,
et al. (2020). Macrophage metabolic reprogramming presents a therapeutic target in
lupus nephritis. Proc. Natl. Acad. Sci. U. S. A. 117 (26), 15160-15171. doi:10.1073/pnas.
2000943117

Justin Rucker, A., and Crowley, S. D. (2017). The role of macrophages in hypertension
and its complications. Pflugers Arch. 469 (3-4), 419-430. doi:10.1007/s00424-017-
1950-x

Kaur, N., Guan, Y., Raja, R, Ruiz-Velasco, A., and Liu, W. (2021). Mechanisms and
therapeutic prospects of diabetic cardiomyopathy through the inflammatory response.
Front. Physiol. 12, 694864. doi:10.3389/fphys.2021.694864

Khwatenge, C. N., Pate, M., Miller, L. C,, and Sang, Y. (2021). Immunometabolic
dysregulation at the intersection of obesity and COVID-19. Front. Immunol. 12,732913.
doi:10.3389/fimmu.2021.732913

Kim, S. R, Lee, S. G, Kim, S. H., Kim, J. H., Choi, E., Cho, W., et al. (2020).
SGLT?2 inhibition modulates NLRP3 inflammasome activity via ketones and insulin in

frontiersin.org


https://doi.org/10.1038/onc.2013.454
https://doi.org/10.1172/JCI139576
https://doi.org/10.1172/JCI139576
https://doi.org/10.1084/jem.20200667
https://doi.org/10.1084/jem.20200667
https://doi.org/10.1016/j.molmed.2019.01.002
https://doi.org/10.1038/s41590-018-0272-2
https://doi.org/10.1152/ajprenal.00036.2017
https://doi.org/10.3389/fphys.2021.715081
https://doi.org/10.3389/fphys.2021.715081
https://doi.org/10.1186/s13613-018-0367-9
https://doi.org/10.1186/s13613-018-0367-9
https://doi.org/10.3390/nu11092092
https://doi.org/10.1161/ATVBAHA.114.304652
https://doi.org/10.1161/ATVBAHA.114.304652
https://doi.org/10.1152/ajprenal.00380.2019
https://doi.org/10.1161/HYPERTENSIONAHA.119.13469
https://doi.org/10.1152/ajprenal.00454.2019
https://doi.org/10.1038/s41467-022-32871-3
https://doi.org/10.1038/s41467-022-32871-3
https://doi.org/10.1152/ajpregu.00171.2017
https://doi.org/10.1172/jci.insight.127737
https://doi.org/10.1093/immadv/ltac010
https://doi.org/10.3390/jcm9020321
https://doi.org/10.1016/j.jacbts.2020.11.007
https://doi.org/10.1016/j.celrep.2021.110171
https://doi.org/10.1371/journal.pone.0194053
https://doi.org/10.1161/JAHA.116.005066
https://doi.org/10.1136/annrheumdis-2017-212935
https://doi.org/10.1038/s41581-019-0145-4
https://doi.org/10.1093/cvr/cvaa336
https://doi.org/10.1007/s00467-017-3883-1
https://doi.org/10.1161/CIRCRESAHA.115.303567
https://doi.org/10.1093/ndt/gfaa200
https://doi.org/10.1172/jci.insight.124079
https://doi.org/10.1186/s12916-022-02352-x
https://doi.org/10.1186/s12916-022-02352-x
https://doi.org/10.1084/jem.20171274
https://doi.org/10.1007/s00134-008-1283-5
https://doi.org/10.1172/JCI83658
https://doi.org/10.1172/JCI83658
https://doi.org/10.1007/s10157-021-02062-3
https://doi.org/10.1152/ajprenal.00141.2020
https://doi.org/10.1172/JCI141964
https://doi.org/10.1016/j.bbrc.2021.08.003
https://doi.org/10.1186/s10020-022-00525-1
https://doi.org/10.1128/mbio.01274-22
https://doi.org/10.1128/mbio.01274-22
https://doi.org/10.1155/2015/732450
https://doi.org/10.1073/pnas.2000943117
https://doi.org/10.1073/pnas.2000943117
https://doi.org/10.1007/s00424-017-1950-x
https://doi.org/10.1007/s00424-017-1950-x
https://doi.org/10.3389/fphys.2021.694864
https://doi.org/10.3389/fimmu.2021.732913
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1139296

Mouton et al.

diabetes with cardiovascular disease. Nat. Commun. 11 (1), 2127. doi:10.1038/s41467-
020-15983-6

Kolwicz, S. C., Jr. (2021). Ketone body metabolism in the ischemic heart. Front.
Cardiovasc Med. 8, 789458. doi:10.3389/fcvm.2021.789458

Krycer, J. R., Quek, L. E., Francis, D., Fazakerley, D. J., Elkington, S. D., Diaz-Vegas,
A., et al. (2020). Lactate production is a prioritized feature of adipocyte metabolism.
J. Biol. Chem. 295 (1), 83-98. doi:10.1074/jbc. RA119.011178

Kundu, S., Hossain, K. S., Moni, A., Zahan, M. S., Rahman, M. M., and Uddin, M. J. (2022).
Potentials of ketogenic diet against chronic kidney diseases: Pharmacological insights and
therapeutic prospects. Mol. Biol. Rep. 49 (10), 9749-9758. doi:10.1007/s11033-022-07460-8

Lagarde, D., Jeanson, Y., Portais, J. C., Galinier, A., Ader, I, Casteilla, L., et al. (2021).
Lactate fluxes and plasticity of adipose tissues: A redox perspective. Front. Physiol. 12,
689747. doi:10.3389/fphys.2021.689747

Laustsen, C., Lipso, K., Ostergaard, J. A., Nielsen, P. M., Bertelsen, L. B., Flyvbjerg, A.,
et al. (2019). High intrarenal lactate production inhibits the renal pseudohypoxic
response to acutely induced hypoxia in diabetes. Tomography 5 (2), 239-247.
doi:10.18383/j.tom.2019.00003

Lee, D. Y, Kim, J. Y., Ahn, E., Hyeon, J. S, Kim, G. H., Park, K. ], et al. (2022).
Associations between local acidosis induced by renal LDHA and renal fibrosis and
mitochondrial abnormalities in patients with diabetic kidney disease. Transl. Res. 249,
88-109. doi:10.1016/j.trs1.2022.06.015

Lewis, A. J. M., Miller, J. J., Lau, A. Z., Curtis, M. K., Rider, O. J., Choudhury, R. P,
et al. (2018). Noninvasive immunometabolic cardiac inflammation imaging using
hyperpolarized magnetic resonance. Circ. Res. 122 (8), 1084-1093. doi:10.1161/
CIRCRESAHA.117.312535

Li, H., Tsokos, M. G., Bhargava, R., Adamopoulos, I. E., Menn-Josephy, H., Stillman, I.
E., et al. (2021). IL-23 reshapes kidney resident cell metabolism and promotes local
kidney inflammation. J. Clin. Invest. 131 (12), e142428. doi:10.1172/JCI142428

Li, H. D, You, Y. K,, Shao, B. Y., Wu, W. F., Wang, Y. F.,, Guo, J. B,, et al. (2022). Roles
and crosstalks of macrophages in diabetic nephropathy. Front. Immunol. 13, 1015142.
doi:10.3389/fimmu.2022.1015142

Li, M., Zheng, C., Kawada, T., Inagaki, M., Uemura, K., and Sugimachi, M. (2020).
Intracerebroventricular infusion of donepezil prevents cardiac remodeling and
improves the prognosis of chronic heart failure rats. J. Physiol. Sci. 70 (1), 11.
doi:10.1186/s12576-020-00739-0

Li, M., Zheng, C., Kawada, T., Uemura, K., Inagaki, M., Saku, K, et al. (2022). Early
donepezil monotherapy or combination with metoprolol significantly prevents
subsequent chronic heart failure in rats with reperfused myocardial infarction.
J. Physiol. Sci. 72 (1), 12. doi:10.1186/s12576-022-00836-2

Liao, X, Shen, Y., Zhang, R., Sugi, K, Vasudevan, N. T., Alaiti, M. A, et al. (2018). Distinct
roles of resident and nonresident macrophages in nonischemic cardiomyopathy. Proc. Natl.
Acad. Sci. U. S. A. 115 (20), E4661-E9. doi:10.1073/pnas.1720065115

Lin, Y., Bai, M., Wang, S., Chen, L., Li, Z,, Li, C,, et al. (2022). Lactate is a key mediator
that links obesity to insulin resistance via modulating cytokine production from adipose
tissue. Diabetes 71 (4), 637-652. doi:10.2337/db21-0535

Liu, H.,, Huang, Y., Zhao, Y., Kang, G. J, Feng, F, Wang, X, et al. (2023).
Inflammatory =~ macrophage interleukin-1p  mediates high-fat  diet-induced
Heart Failure with preserved Ejection Fraction. JACC Basic Transl. Sci. 8 (2),
174-185. doi:10.1016/j.jacbts.2022.08.003

Liu, J., Marchase, R. B,, and Chatham, J. C. (2007). Glutamine-induced protection of
isolated rat heart from ischemia/reperfusion injury is mediated via the hexosamine
biosynthesis pathway and increased protein O-GIcNAc levels. J. Mol. Cell Cardiol. 42
(1), 177-185. doi:10.1016/j.yjmcc.2006.09.015

Liu, P. S, Wang, H, Li, X, Chao, T., Teav, T., Christen, S., et al. (2017). a-
ketoglutarate orchestrates macrophage activation through metabolic and epigenetic
reprogramming. Nat. Immunol. 18 (9), 985-994. doi:10.1038/ni.3796

Liu, X,, Zhang, Y., Li, W,, and Zhou, X. (2022). Lactylation, an emerging hallmark of
metabolic reprogramming: Current progress and open challenges. Front. Cell Dev. Biol.
10, 972020. doi:10.3389/fcell.2022.972020

Lopaschuk, G. D., Karwi, Q. G., Ho, K. L., Pherwani, S., and Ketema, E. B. (2020).
Ketone metabolism in the failing heart. Biochim. Biophys. Acta Mol. Cell Biol. Lipids
1865 (12), 158813. doi:10.1016/j.bbalip.2020.158813

Lovejoy, J., Newby, F. D., Gebhart, S. S., and DiGirolamo, M. (1992). Insulin resistance
in obesity is associated with elevated basal lactate levels and diminished lactate
appearance following intravenous glucose and insulin. Metabolism 41 (1), 22-27.
doi:10.1016/0026-0495(92)90185-d

Lund, J., Ouwens, D. M., Wettergreen, M., Bakke, S. S., Thoresen, G. H., and Aas, V.
(2019). Increased glycolysis and higher lactate production in hyperglycemic myotubes.
Cells 8 (9), 1101. doi:10.3390/cells8091101

Luong, T. V., Abild, C. B., Bangshaab, M., Gormsen, L. C., and Sondergaard, E. (2022).
Ketogenic diet and cardiac substrate metabolism. Nutrients 14 (7), 1322. doi:10.3390/
nul4071322

Ma, G,, Zhang, Z,, Li, P., Zhang, Z., Zeng, M., Liang, Z., et al. (2022). Reprogramming
of glutamine metabolism and its impact on immune response in the tumor
microenvironment. Cell Commun. Signal 20 (1), 114. doi:10.1186/s12964-022-00909-0

Frontiers in Physiology

12

10.3389/fphys.2023.1139296

Ma, Y., Mouton, A. ], and Lindsey, M. L. (2018). Cardiac macrophage biology in the
steady-state heart, the aging heart, and following myocardial infarction. Transl. Res. 191,
15-28. doi:10.1016/j.trs1.2017.10.001

Manoharan, I, Prasad, P. D., Thangaraju, M., and Manicassamy, S. (2021). Lactate-
dependent regulation of immune responses by dendritic cells and macrophages. Front.
Immunol. 12, 691134. doi:10.3389/fimmu.2021.691134

Marfella, R., Siniscalchi, M., Esposito, K., Sellitto, A., De Fanis, U., Romano, C., et al.
(2003). Effects of stress hyperglycemia on acute myocardial infarction: Role of
inflammatory immune process in functional cardiac outcome. Diabetes Care 26
(11), 3129-3135. doi:10.2337/diacare.26.11.3129

Maric, C,, and Hall, J. E. (2011). Obesity, metabolic syndrome and diabetic
nephropathy. Contrib. Nephrol. 170, 28-35. doi:10.1159/000324941

Matsuura, Y., Shimizu-Albergine, M., Barnhart, S., Kramer, F., Hsu, C. C., Kothari, V.,
et al. (2022). Diabetes suppresses glucose uptake and glycolysis in macrophages. Circ.
Res. 130 (5), 779-781. doi:10.1161/CIRCRESAHA.121.320060

Mizuno, Y., Harada, E., Nakagawa, H., Morikawa, Y., Shono, M., Kugimiya, F., et al.
(2017). The diabetic heart utilizes ketone bodies as an energy source. Metabolism 77,
65-72. doi:10.1016/j.metabol.2017.08.005

Mooli, R. G. R., and Ramakrishnan, S. K. (2022). Emerging role of hepatic ketogenesis
in fatty liver disease. Front. Physiol. 13, 946474. doi:10.3389/fphys.2022.946474

Mouton, A.J., DeLeon-Pennell, K. Y., Rivera Gonzalez, O. J., Flynn, E. R., Freeman, T.
C., Saucerman, J. J., et al. (2018). Mapping macrophage polarization over the myocardial
infarction time continuum. Basic Res. Cardiol. 113 (4), 26. do0i:10.1007/s00395-018-
0686-x

Mouton, A. ], Flynn, E. R,, Moak, S. P., Aitken, N. M., Omoto, A. C. M., Li, X,, et al.
(2021). Dimethyl fumarate preserves left ventricular infarct integrity following
myocardial infarction via modulation of cardiac macrophage and fibroblast
oxidative metabolism. J. Mol. Cell Cardiol. 158, 38-48. doi:10.1016/j.yjmcc.2021.05.008

Mouton, A. J., and Hall, J. E. (2020). Novel roles of immunometabolism and
nonmyocyte metabolism in cardiac remodeling and injury. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 319 (4), R476-R84. doi:10.1152/ajpregu.00188.2020

Mouton, A. ], Li, X, Hall, M. E., and Hall, J. E. (2020). Obesity, hypertension, and
cardiac dysfunction: Novel roles of immunometabolism in macrophage activation and
inflammation. Circ. Res. 126 (6), 789-806. doi:10.1161/CIRCRESAHA.119.312321

Myers, M. G., Jr., and Olson, D. P. (2012). Central nervous system control of
metabolism. Nature 491 (7424), 357-363. doi:10.1038/nature11705

Nalos, M., Leverve, X., Huang, S., Weisbrodt, L., Parkin, R,, Seppelt, L, et al. (2014).
Half-molar sodium lactate infusion improves cardiac performance in acute heart failure:
A pilot randomised controlled clinical trial. Crit. Care 18 (2), R48. doi:10.1186/cc13793

Nielsen, R., Moller, N., Gormsen, L. C., Tolbod, L. P., Hansson, N. H., Sorensen, .,
et al. (2019). Cardiovascular effects of treatment with the ketone body 3-
hydroxybutyrate in chronic heart failure patients. Circulation 139 (18), 2129-2141.
doi:10.1161/CIRCULATIONAHA.118.036459

Noe, J. T., Rendon, B. E., Geller, A. E., Conroy, L. R., Morrissey, S. M., Young, L. E. A.,
et al. (2021). Lactate supports a metabolic-epigenetic link in macrophage polarization.
Sci. Adv. 7 (46), eabi8602. doi:10.1126/sciadv.abi8602

Okamoto, S., Irie, Y., Ishikawa, I., Kimura, K., and Masayuki, S. (2000). Central leptin
suppresses splenic lymphocyte functions through activation of the corticotropin-
releasing hormone-sympathetic nervous system. Brain Res. 855 (1), 192-197. doi:10.
1016/s0006-8993(99)02409-9

Omoto, A. C. M., do Carmo, J. M., Nelson, B., Aitken, N., Dai, X., Moak, S., et al.
(2022). Central nervous system actions of leptin improve cardiac function after
ischemia-reperfusion: Roles of sympathetic innervation and sex differences. J. Am.
Heart Assoc. 11 (21), €027081. doi:10.1161/JAHA.122.027081

Orliaguet, L., Dalmas, E., Drareni, K, Venteclef, N., and Alzaid, F. (2020).
Mechanisms of macrophage polarization in insulin signaling and sensitivity. Front.
Endocrinol. (Lausanne) 11, 62. doi:10.3389/fend0.2020.00062

Palmer, B. F,, and Clegg, D. J. (2021). Starvation ketosis and the kidney. Am.
J. Nephrol. 52 (6), 467-478. doi:10.1159/000517305

Palmieri, E. M., Menga, A., Martin-Perez, R., Quinto, A., Riera-Domingo, C., De
Tullio, G., et al. (2017). Pharmacologic or genetic targeting of glutamine synthetase
skews macrophages toward an M1-like phenotype and inhibits tumor metastasis. Cell
Rep. 20 (7), 1654-1666. doi:10.1016/j.celrep.2017.07.054

Paolisso, P., Foa, A., Bergamaschi, L., Donati, F., Fabrizio, M., Chiti, C., et al. (2021).
Hyperglycemia, inflammatory response and infarct size in obstructive acute myocardial
infarction and MINOCA. Cardiovasc Diabetol. 20 (1), 33. doi:10.1186/s12933-021-
01222-9

Parry, H. A,, Kephart, W. C., Mumford, P. W., Romero, M. A., Mobley, C. B., Zhang,
Y., et al. (2018). Ketogenic diet increases mitochondria volume in the liver and skeletal
muscle without altering oxidative stress markers in rats. Heliyon 4 (11), €00975. doi:10.
1016/j.heliyon.2018.00975

Patel, B., Bansal, S. S., Ismahil, M. A., Hamid, T., Rokosh, G., Mack, M., et al. (2018).
CCR2(+) monocyte-derived infiltrating macrophages are required for adverse cardiac
remodeling during pressure overload. JACC Basic Transl. Sci. 3 (2), 230-244. doi:10.
1016/j.jacbts.2017.12.006

frontiersin.org


https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.3389/fcvm.2021.789458
https://doi.org/10.1074/jbc.RA119.011178
https://doi.org/10.1007/s11033-022-07460-8
https://doi.org/10.3389/fphys.2021.689747
https://doi.org/10.18383/j.tom.2019.00003
https://doi.org/10.1016/j.trsl.2022.06.015
https://doi.org/10.1161/CIRCRESAHA.117.312535
https://doi.org/10.1161/CIRCRESAHA.117.312535
https://doi.org/10.1172/JCI142428
https://doi.org/10.3389/fimmu.2022.1015142
https://doi.org/10.1186/s12576-020-00739-0
https://doi.org/10.1186/s12576-022-00836-2
https://doi.org/10.1073/pnas.1720065115
https://doi.org/10.2337/db21-0535
https://doi.org/10.1016/j.jacbts.2022.08.003
https://doi.org/10.1016/j.yjmcc.2006.09.015
https://doi.org/10.1038/ni.3796
https://doi.org/10.3389/fcell.2022.972020
https://doi.org/10.1016/j.bbalip.2020.158813
https://doi.org/10.1016/0026-0495(92)90185-d
https://doi.org/10.3390/cells8091101
https://doi.org/10.3390/nu14071322
https://doi.org/10.3390/nu14071322
https://doi.org/10.1186/s12964-022-00909-0
https://doi.org/10.1016/j.trsl.2017.10.001
https://doi.org/10.3389/fimmu.2021.691134
https://doi.org/10.2337/diacare.26.11.3129
https://doi.org/10.1159/000324941
https://doi.org/10.1161/CIRCRESAHA.121.320060
https://doi.org/10.1016/j.metabol.2017.08.005
https://doi.org/10.3389/fphys.2022.946474
https://doi.org/10.1007/s00395-018-0686-x
https://doi.org/10.1007/s00395-018-0686-x
https://doi.org/10.1016/j.yjmcc.2021.05.008
https://doi.org/10.1152/ajpregu.00188.2020
https://doi.org/10.1161/CIRCRESAHA.119.312321
https://doi.org/10.1038/nature11705
https://doi.org/10.1186/cc13793
https://doi.org/10.1161/CIRCULATIONAHA.118.036459
https://doi.org/10.1126/sciadv.abi8602
https://doi.org/10.1016/s0006-8993(99)02409-9
https://doi.org/10.1016/s0006-8993(99)02409-9
https://doi.org/10.1161/JAHA.122.027081
https://doi.org/10.3389/fendo.2020.00062
https://doi.org/10.1159/000517305
https://doi.org/10.1016/j.celrep.2017.07.054
https://doi.org/10.1186/s12933-021-01222-9
https://doi.org/10.1186/s12933-021-01222-9
https://doi.org/10.1016/j.heliyon.2018.e00975
https://doi.org/10.1016/j.heliyon.2018.e00975
https://doi.org/10.1016/j.jacbts.2017.12.006
https://doi.org/10.1016/j.jacbts.2017.12.006
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1139296

Mouton et al.

Paulus, W. J., and Tschope, C. (2013). A novel paradigm for heart failure with
preserved ejection fraction: Comorbidities drive myocardial dysfunction and
remodeling through coronary microvascular endothelial inflammation. J. Am. Coll.
Cardiol. 62 (4), 263-271. doi:10.1016/j.jacc.2013.02.092

Paulus, W. J., and Zile, M. R. (2021). From systemic inflammation to myocardial
fibrosis: The heart failure with preserved ejection fraction paradigm revisited. Circ. Res.
128 (10), 1451-1467. doi:10.1161/CIRCRESAHA.121.318159

Pavlou, S., Lindsay, J., Ingram, R., Xu, H., and Chen, M. (2018). Sustained high
glucose exposure sensitizes macrophage responses to cytokine stimuli but reduces their
phagocytic activity. BMC Immunol. 19 (1), 24. doi:10.1186/s12865-018-0261-0

Peet, C,, Ivetic, A., Bromage, D. I, and Shah, A. M. (2020). Cardiac monocytes and
macrophages after myocardial infarction. Cardiovasc Res. 116 (6), 1101-1112. doi:10.
1093/cvr/cvz336

Petrick, H. L., Brunetta, H. S., Pignanelli, C., Nunes, E. A., van Loon, L.J. C,, Burr, J. F.,
et al. (2020). In vitro ketone-supported mitochondrial respiration is minimal when
other substrates are readily available in cardiac and skeletal muscle. J. Physiol. 598 (21),
4869-4885. doi:10.1113/JP280032

Puchalska, P., and Crawford, P. A. (2017). Multi-dimensional roles of ketone bodies
in fuel metabolism, signaling, and therapeutics. Cell Metab. 25 (2), 262-284. doi:10.
1016/j.cmet.2016.12.022

Puchalska, P., Martin, S. E., Huang, X., Lengfeld, J. E., Daniel, B., Graham, M. J,, et al.
(2019). Hepatocyte-macrophage acetoacetate shuttle protects against tissue fibrosis. Cell
Metab. 29 (2), 383-398. doi:10.1016/j.cmet.2018.10.015

Rahman, M., Muhammad, S., Khan, M. A., Chen, H., Ridder, D. A., Muller-Fielitz, H.,
et al. (2014). The beta-hydroxybutyrate receptor HCA2 activates a neuroprotective
subset of macrophages. Nat. Commun. 5, 3944. doi:10.1038/ncomms4944

Rawal, S., Nagesh, P. T., Coffey, S., Van Hout, I, Galvin, L. F., Bunton, R. W, et al.
(2019). Early dysregulation of cardiac-specific microRNA-208a is linked to maladaptive
cardiac remodelling in diabetic myocardium. Cardiovasc Diabetol. 18 (1), 13. doi:10.
1186/512933-019-0814-4

Ray, I, Mahata, S. K, and De, R. K. (2016). Obesity: An immunometabolic
perspective. Front. Endocrinol. (Lausanne) 7, 157. doi:10.3389/fendo.2016.00157

Ren, W., Xia, Y., Chen, S., Wu, G., Bazer, F. W., Zhou, B, et al. (2019). Glutamine
metabolism in macrophages: A novel target for obesity/type 2 diabetes. Adv. Nutr. 10
(2), 321-330. doi:10.1093/advances/nmy084

Revelo, X. S., Parthiban, P., Chen, C., Barrow, F., Fredrickson, G., Wang, H., et al.
(2021). Cardiac resident macrophages prevent fibrosis and stimulate angiogenesis. Circ.
Res. 129 (12), 1086-1101. doi:10.1161/CIRCRESAHA.121.319737

Rocha-Resende, C., da Silva, A. M., Prado, M. A. M., and Guatimosim, S. (2021).
Protective and anti-inflammatory effects of acetylcholine in the heart. Am. J. Physiol.
Cell Physiol. 320 (2), C155-C161. doi:10.1152/ajpcell.00315.2020

Rojas-Morales, P., Leon-Contreras, J. C., Sanchez-Tapia, M., Silva-Palacios, A., Cano-
Martinez, A., Gonzalez-Reyes, S., et al. (2022). A ketogenic diet attenuates acute and
chronic ischemic kidney injury and reduces markers of oxidative stress and
inflammation. Life Sci. 289, 120227. doi:10.1016/j.1fs.2021.120227

Rombaldova, M., Janovska, P., Kopecky, J., and Kuda, O. (2017). Omega-3 fatty acids
promote fatty acid utilization and production of pro-resolving lipid mediators in
alternatively activated adipose tissue macrophages. Biochem. Biophys. Res. Commun.
490 (3), 1080-1085. doi:10.1016/j.bbrc.2017.06.170

Ruggeri Barbaro, N., Van Beusecum, J., Xiao, L., do Carmo, L., Pitzer, A., Loperena, R.,
et al. (2021). Sodium activates human monocytes via the NADPH oxidase and
isolevuglandin formation. Cardiovasc Res. 117 (5), 1358-1371. d0i:10.1093/cvr/cvaa207

Sabbah, M. S,, Fayyaz, A. U., de Denus, S,, Felker, G. M., Borlaug, B. A., Dasari, S, et al.
(2020). Obese-inflammatory phenotypes in heart failure with preserved ejection fraction. Circ.
Heart Fail 13 (8), €006414. doi:10.1161/CIRCHEARTFAILURE.119.006414

Sager, H. B., Hulsmans, M., Lavine, K. J., Moreira, M. B., Heidt, T., Courties, G., et al.
(2016). Proliferation and recruitment contribute to myocardial macrophage expansion
in chronic heart failure. Circ. Res. 119 (7), 853-864. doi:10.1161/CIRCRESAHA.116.
309001

Saucedo-Orozco, H., Voorrips, S. N, Yurista, S. R., de Boer, R. A, and Westenbrink,
B. D. (2022). SGLT2 inhibitors and ketone metabolism in heart failure. J. Lipid
Atheroscler. 11 (1), 1-19. doi:10.12997/j1a.2022.11.1.1

Schiattarella, G. G., Alcaide, P., Condorelli, G., Gillette, T. G., Heymans, S., Jones, E. A.
V., et al. (2022). Immunometabolic mechanisms of heart failure with preserved ejection
fraction. Nat. Cardiovasc Res. 1 (3), 211-222. d0i:10.1038/s44161-022-00032-w

Selvaraj, S., Kelly, D. P., and Margulies, K. B. (2020). Implications of altered ketone
metabolism and therapeutic ketosis in heart failure. Circulation 141 (22), 1800-1812.
doi:10.1161/CIRCULATIONAHA.119.045033

Serbulea, V., Upchurch, C. M., Schappe, M. S., Voigt, P., DeWeese, D. E., Desai, B. N,
et al. (2018). Macrophage phenotype and bioenergetics are controlled by oxidized

phospholipids identified in lean and obese adipose tissue. Proc. Natl. Acad. Sci. U. S. A.
115 (27), E6254-E63. doi:10.1073/pnas.1800544115

Shao, H., Dong, L., Feng, Y., Wang, C., and Tong, H. (2020). The protective effect of
L-glutamine against acute Cantharidin-induced Cardiotoxicity in the mice. BMC
Pharmacol. Toxicol. 21 (1), 71. doi:10.1186/s40360-020-00449-8

Frontiers in Physiology

13

10.3389/fphys.2023.1139296

Sharma, M., Boytard, L., Hadi, T., Koelwyn, G., Simon, R., Ouimet, M., et al. (2020).
Enhanced glycolysis and HIF-1a activation in adipose tissue macrophages sustains local
and systemic interleukin-1f production in obesity. Sci. Rep. 10 (1), 5555. doi:10.1038/
541598-020-62272-9

Shen, Y., Jiang, L., Wen, P, Ye, Y., Zhang, Y., Ding, H,, et al. (2020). Tubule-derived
lactate is required for fibroblast activation in acute kidney injury. Am. J. Physiol. Ren.
Physiol. 318 (3), F689-F701. doi:10.1152/ajprenal.00229.2019

Simopoulos, A. P. (2016). An increase in the omega-6/omega-3 fatty acid ratio
increases the risk for obesity. Nutrients 8 (3), 128. doi:10.3390/nu8030128

Su, L. H,, Lin, M. T, Yeh, S. L., and Yeh, C. L. (2021). Glutamine administration
attenuates kidney inflammation in obese mice complicated with polymicrobial sepsis.
Mediat. Inflamm. 2021, 5597118. doi:10.1155/2021/5597118

Sutton, M. G., and Sharpe, N. (2000). Left ventricular remodeling after myocardial
infarction: Pathophysiology and therapy. Circulation 101 (25), 2981-2988. doi:10.1161/
01.¢ir.101.25.2981

Tajima, T., Yoshifuji, A., Matsui, A., Itoh, T., Uchiyama, K., Kanda, T, et al. (2019). -
hydroxybutyrate attenuates renal ischemia-reperfusion injury through its anti-
pyroptotic effects. Kidney Int. 95 (5), 1120-1137. doi:10.1016/j.kint.2018.11.034

Tan, Z., Xie, N., Cui, H., Moellering, D. R., Abraham, E., Thannickal, V. J., et al.
(2015). Pyruvate dehydrogenase kinase 1 participates in macrophage polarization via
regulating glucose metabolism. J. Immunol. 194 (12), 6082-6089. doi:10.4049/
jimmunol.1402469

Tanaka, M., Suganami, T., Sugita, S., Shimoda, Y., Kasahara, M., Aoe, S., et al. (2010).
Role of central leptin signaling in renal macrophage infiltration. Endocr. J. 57 (1), 61-72.
doi:10.1507/endocrj.k09e-296

Terlecki, M., Bednarek, A., Kawecka-Jaszcz, K., Czarnecka, D., and Bryniarski, L.
(2013). Acute hyperglycaemia and inflammation in patients with ST segment elevation
myocardial infarction. Kardiol. Pol. 71 (3), 260-267. doi:10.5603/KP.2013.0038

Tomita, I, Kume, S., Sugahara, S., Osawa, N., Yamahara, K., Yasuda-Yamahara, M.,
et al. (2020). SGLT2 inhibition mediates protection from diabetic kidney disease by
promoting ketone body-induced mTORCI inhibition. Cell Metab. 32 (3), 404-419.
doi:10.1016/j.cmet.2020.06.020

Tschop, J., Nogueiras, R., Haas-Lockie, S., Kasten, K. R., Castaneda, T. R., Huber, N.,
et al. (2010). CNS leptin action modulates immune response and survival in sepsis.
J. Neurosci. 30 (17), 6036-6047. doi:10.1523/]NEUROSCI.4875-09.2010

Turko, I. V., Marcondes, S., and Murad, F. (2001). Diabetes-associated nitration of
tyrosine and inactivation of succinyl-CoA:3-oxoacid CoA-transferase. Am. J. Physiol.
Heart Circ. Physiol. 281 (6), H2289-H2294. doi:10.1152/ajpheart.2001.281.6.H2289

van der Rijt, S., Leemans, J. C., Florquin, S., Houtkooper, R. H., and Tammaro, A.
(2022). Immunometabolic rewiring of tubular epithelial cells in kidney disease. Nat. Rev.
Nephrol. 18 (9), 588-603. doi:10.1038/s41581-022-00592-x

Vice, E., Privette, J. D., Hickner, R. C., and Barakat, H. A. (2005). Ketone body
metabolism in lean and obese women. Metabolism 54 (11), 1542-1545. doi:10.1016/j.
metabol.2005.05.023

Viola, A., Munari, F., Sanchez-Rodriguez, R., Scolaro, T., and Castegna, A. (2019). The
metabolic signature of macrophage responses. Front. Immunol. 10, 1462. doi:10.3389/
fimmu.2019.01462

von Bibra, H., and John Sutton, StM. (2011). Impact of diabetes on postinfarction
heart failure and left ventricular remodeling. Curr. Heart Fail Rep. 8 (4), 242-251.
doi:10.1007/s11897-011-0070-8

Wang, N., Wang, W., Wang, X., Mang, G., Chen, J., Yan, X,, et al. (2022). Histone
lactylation boosts reparative gene activation post-myocardial infarction. Circ. Res. 131
(11), 893-908. doi:10.1161/CIRCRESAHA.122.320488

Wang, Z., do Carmo, J. M., da Silva, A. A., Fu, Y., and Hall, J. E. (2020). Mechanisms of
synergistic interactions of diabetes and hypertension in chronic kidney disease: Role of
mitochondrial dysfunction and ER stress. Curr. Hypertens. Rep. 22 (2), 15. doi:10.1007/
511906-020-1016-x

Weisheit, C., Zhang, Y., Faron, A., Kopke, O., Weisheit, G., Steinstrasser, A., et al. (2014).
Ly6C(low) and not Ly6C(high) macrophages accumulate first in the heart in a model of
murine pressure-overload. PLoS One 9 (11), e112710. doi:10.1371/journal.pone.0112710

Wen, L, Li, Y., Li, S., Hu, X,, Wei, Q.,, and Dong, Z. (2021). Glucose metabolism in
acute kidney injury and kidney repair. Front. Med. (Lausanne) 8, 744122. doi:10.3389/
fmed.2021.744122

Wen, Y., and Crowley, S. D. (2020). The varying roles of macrophages in kidney
injury and repair. Curr. Opin. Nephrol. Hypertens. 29 (3), 286-292. doi:10.1097/MNH.
0000000000000595

Willebrand, R., and Kleinewietfeld, M. (2018). The role of salt for immune cell
function and disease. Immunology 154 (3), 346-353. doi:10.1111/imm.12915

Xu, L, Yan, X,, Zhao, Y., Wang, J,, Liu, B, Yu, S., et al. (2022). Macrophage
polarization mediated by mitochondrial dysfunction induces adipose tissue
inflammation in obesity. Int. J. Mol. Sci. 23 (16), 9252. doi:10.3390/ijms23169252

Xu, M., Wang, X, Li, Y., Geng, X,, Jia, X., Zhang, L., et al. (2021). Arachidonic acid
metabolism controls macrophage alternative activation through regulating oxidative

phosphorylation in PPARy dependent manner. Front. Immunol. 12, 618501. doi:10.
3389/fimmu.2021.618501

frontiersin.org


https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1161/CIRCRESAHA.121.318159
https://doi.org/10.1186/s12865-018-0261-0
https://doi.org/10.1093/cvr/cvz336
https://doi.org/10.1093/cvr/cvz336
https://doi.org/10.1113/JP280032
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.1016/j.cmet.2018.10.015
https://doi.org/10.1038/ncomms4944
https://doi.org/10.1186/s12933-019-0814-4
https://doi.org/10.1186/s12933-019-0814-4
https://doi.org/10.3389/fendo.2016.00157
https://doi.org/10.1093/advances/nmy084
https://doi.org/10.1161/CIRCRESAHA.121.319737
https://doi.org/10.1152/ajpcell.00315.2020
https://doi.org/10.1016/j.lfs.2021.120227
https://doi.org/10.1016/j.bbrc.2017.06.170
https://doi.org/10.1093/cvr/cvaa207
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006414
https://doi.org/10.1161/CIRCRESAHA.116.309001
https://doi.org/10.1161/CIRCRESAHA.116.309001
https://doi.org/10.12997/jla.2022.11.1.1
https://doi.org/10.1038/s44161-022-00032-w
https://doi.org/10.1161/CIRCULATIONAHA.119.045033
https://doi.org/10.1073/pnas.1800544115
https://doi.org/10.1186/s40360-020-00449-8
https://doi.org/10.1038/s41598-020-62272-9
https://doi.org/10.1038/s41598-020-62272-9
https://doi.org/10.1152/ajprenal.00229.2019
https://doi.org/10.3390/nu8030128
https://doi.org/10.1155/2021/5597118
https://doi.org/10.1161/01.cir.101.25.2981
https://doi.org/10.1161/01.cir.101.25.2981
https://doi.org/10.1016/j.kint.2018.11.034
https://doi.org/10.4049/jimmunol.1402469
https://doi.org/10.4049/jimmunol.1402469
https://doi.org/10.1507/endocrj.k09e-296
https://doi.org/10.5603/KP.2013.0038
https://doi.org/10.1016/j.cmet.2020.06.020
https://doi.org/10.1523/JNEUROSCI.4875-09.2010
https://doi.org/10.1152/ajpheart.2001.281.6.H2289
https://doi.org/10.1038/s41581-022-00592-x
https://doi.org/10.1016/j.metabol.2005.05.023
https://doi.org/10.1016/j.metabol.2005.05.023
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.1007/s11897-011-0070-8
https://doi.org/10.1161/CIRCRESAHA.122.320488
https://doi.org/10.1007/s11906-020-1016-x
https://doi.org/10.1007/s11906-020-1016-x
https://doi.org/10.1371/journal.pone.0112710
https://doi.org/10.3389/fmed.2021.744122
https://doi.org/10.3389/fmed.2021.744122
https://doi.org/10.1097/MNH.0000000000000595
https://doi.org/10.1097/MNH.0000000000000595
https://doi.org/10.1111/imm.12915
https://doi.org/10.3390/ijms23169252
https://doi.org/10.3389/fimmu.2021.618501
https://doi.org/10.3389/fimmu.2021.618501
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1139296

Mouton et al.

Yan, H, Zhang, Y., Lv, S.].,, Wang, L., Liang, G. P., Wan, Q. X,, et al. (2012). Effects of
glutamine treatment on myocardial damage and cardiac function in rats after severe
burn injury. Int. J. Clin. Exp. Pathol. 5 (7), 651-659.

Yang, C.D,, Shen, Y., Lu, L, Ding, F. H,, Yang, Z. K., Zhang, R. Y., et al. (2019). Insulin
resistance and dysglycemia are associated with left ventricular remodeling after
myocardial infarction in non-diabetic patients. Cardiovasc Diabetol. 18 (1), 100.
doi:10.1186/s12933-019-0904-3

Yang, K., Fan, M., Wang, X,, Xu, ], Wang, Y., Gill, P. S,, et al. (2022). Lactate induces
vascular permeability via disruption of VE-cadherin in endothelial cells during sepsis.
Sci. Adv. 8 (17), eabm8965. doi:10.1126/sciadv.abm8965

Yang, K., Fan, M., Wang, X, Xu, J., Wang, Y., Tu, F,, et al. (2022). Lactate promotes
macrophage HMGBI lactylation, acetylation, and exosomal release in polymicrobial
sepsis. Cell Death Differ. 29 (1), 133-146. doi:10.1038/s41418-021-00841-9

Yang, K., Xu, ], Fan, M., Tu, F., Wang, X, Ha, T,, et al. (2020). Lactate suppresses
macrophage pro-inflammatory response to LPS stimulation by inhibition of YAP and
NF-xB activation via GPR81-mediated signaling. Front. Immunol. 11, 587913. doi:10.
3389/fimmu.2020.587913

Yap, J.,, Tay, W. T,, Teng, T. K, Anand, L, Richards, A. M., Ling, L. H., et al. (2019).
Association of diabetes mellitus on cardiac remodeling, quality of life, and clinical
outcomes in heart failure with reduced and preserved ejection fraction. J. Am. Heart
Assoc. 8 (17), e013114. doi:10.1161/JAHA.119.013114

Yin, H. Y., Wei, J. R, Zhang, R, Ye, X. L, Zhu, Y. F,, and Li, W. J. (2014). Effect of
glutamine on caspase-3 mRNA and protein expression in the myocardium of rats with
sepsis. Am. J. Med. Sci. 348 (4), 315-318. doi:10.1097/MAJ.0000000000000237

Yoshikawa, S., Nagao, M., Toh, R., Shinohara, M., lino, T., Irino, Y., et al. (2022).
Inhibition of glutaminase 1-mediated glutaminolysis improves pathological cardiac
remodeling. Am. J. Physiol. Heart Circ. Physiol. 322 (5), H749-H761. doi:10.1152/
ajpheart.00692.2021

Youm, Y. H,, Nguyen, K. Y., Grant, R. W, Goldberg, E. L., Bodogai, M., Kim, D,
et al. (2015). The ketone metabolite beta-hydroxybutyrate blocks
NLRP3 inflammasome-mediated inflammatory disease. Nat. Med. 21 (3),
263-269. doi:10.1038/nm.3804

Yurista, S. R., Matsuura, T. R, Sillje, H. H. W, Nijholt, K. T., McDaid, K. S., Shewale,
S. V., et al. (2021). Ketone ester treatment improves cardiac function and reduces
pathologic remodeling in preclinical models of heart failure. Circ. Heart Fail 14 (1),
€007684. doi:10.1161/CIRCHEARTFAILURE.120.007684

Yurista, S. R, Sillje, H. H. W, Oberdorf-Maass, S. U., Schouten, E. M., Pavez Giani, M. G.,
Hillebrands, J. L., et al. (2019). Sodium-glucose co-transporter 2 inhibition with empagliflozin
improves cardiac function in non-diabetic rats with left ventricular dysfunction after
myocardial infarction. Eur. J. Heart Fail 21 (7), 862-873. doi:10.1002/ejhf.1473

Frontiers in Physiology

14

10.3389/fphys.2023.1139296

Zeng, H., Qi, X., Xu, X,, and Wu, Y. (2020). TABI1 regulates glycolysis and activation
of macrophages in diabetic nephropathy. Inflamm. Res. 69 (12), 1215-1234. doi:10.
1007/s00011-020-01411-4

Zhang, D., Tang, Z., Huang, H., Zhou, G., Cui, C., Weng, Y., et al. (2019). Metabolic
regulation of gene expression by histone lactylation. Nature 574 (7779), 575-580. doi:10.
1038/541586-019-1678-1

Zhang, G., Darshi, M., and Sharma, K. (2018). The warburg effect in diabetic
kidney disease. Semin. Nephrol. 38 (2), 111-120. doi:10.1016/j.semnephrol.2018.
01.002

Zhang, J., Huang, F., Chen, L., Li, G, Lei, W., Zhao, ], et al. (2021). Sodium lactate
accelerates M2 macrophage polarization and improves cardiac function after
myocardial infarction in mice. Cardiovasc Ther. 2021, 5530541. doi:10.1155/2021/
5530541

Zhang, J., Muri, J., Fitzgerald, G., Gorski, T., Gianni-Barrera, R., Masschelein, E., et al.
(2020). Endothelial lactate controls muscle regeneration from ischemia by inducing
M2-like macrophage polarization. Cell Metab. 31 (6), 1136-1153. doi:10.1016/j.cmet.
2020.05.004

Zhang, S., Bories, G., Lantz, C., Emmons, R, Becker, A., Liu, E., et al. (2019).
Immunometabolism of phagocytes and relationships to cardiac repair. Front.
Cardiovasc Med. 6, 42. doi:10.3389/fcvm.2019.00042

Zhang, S., Weinberg, S., DeBerge, M., Gainullina, A., Schipma, M., Kinchen, J. M.,
et al. (2019). Efferocytosis fuels requirements of fatty acid oxidation and the electron
transport chain to polarize macrophages for tissue repair. Cell Metab. 29 (2), 443-456.
doi:10.1016/j.cmet.2018.12.004

Zhao, B, Xu, Y., Chen, Y., Cai, Y., Gong, Z, Li, D,, et al. (2022). Activation of
TRPV4 by lactate as a critical mediator of renal fibrosis in spontaneously hypertensive
rats after moderate- and high-intensity exercise. Front. Physiol. 13,927078. doi:10.3389/
fphys.2022.927078

Zhao, P., Zhou, W, Zhang, Y., Li, J., Zhao, Y., Pan, L., et al. (2020). Aminooxyacetic
acid attenuates post-infarct cardiac dysfunction by balancing macrophage polarization
through modulating macrophage metabolism in mice. J. Cell Mol. Med. 24 (4),
2593-2609. doi:10.1111/jcmm.14972

Zhou, H. C, Xin-Yan, Y., Yu, W. W,, Liang, X. Q., Du, X. Y,, Liu, Z. C,, et al.
(2022). Lactic acid in macrophage polarization: The significant role in
inflammation and cancer. Int. Rev. Immunol. 41 (1), 4-18. doi:10.1080/
08830185.2021.1955876

Zhou, H. C,, Yu, W. W,, Yan, X. Y, Liang, X. Q, Ma, X. F,, Long, J. P., et al. (2022).
Lactate-driven macrophage polarization in the inflammatory microenvironment
alleviates intestinal inflammation. Front. Immunol. 13, 1013686. doi:10.3389/fimmu.
2022.1013686

frontiersin.org


https://doi.org/10.1186/s12933-019-0904-3
https://doi.org/10.1126/sciadv.abm8965
https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.3389/fimmu.2020.587913
https://doi.org/10.3389/fimmu.2020.587913
https://doi.org/10.1161/JAHA.119.013114
https://doi.org/10.1097/MAJ.0000000000000237
https://doi.org/10.1152/ajpheart.00692.2021
https://doi.org/10.1152/ajpheart.00692.2021
https://doi.org/10.1038/nm.3804
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007684
https://doi.org/10.1002/ejhf.1473
https://doi.org/10.1007/s00011-020-01411-4
https://doi.org/10.1007/s00011-020-01411-4
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1016/j.semnephrol.2018.01.002
https://doi.org/10.1016/j.semnephrol.2018.01.002
https://doi.org/10.1155/2021/5530541
https://doi.org/10.1155/2021/5530541
https://doi.org/10.1016/j.cmet.2020.05.004
https://doi.org/10.1016/j.cmet.2020.05.004
https://doi.org/10.3389/fcvm.2019.00042
https://doi.org/10.1016/j.cmet.2018.12.004
https://doi.org/10.3389/fphys.2022.927078
https://doi.org/10.3389/fphys.2022.927078
https://doi.org/10.1111/jcmm.14972
https://doi.org/10.1080/08830185.2021.1955876
https://doi.org/10.1080/08830185.2021.1955876
https://doi.org/10.3389/fimmu.2022.1013686
https://doi.org/10.3389/fimmu.2022.1013686
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1139296

	Targeting immunometabolism during cardiorenal injury: roles of conventional and alternative macrophage metabolic fuels
	1 Introduction
	2 Roles of macrophages during cardiac injury
	2.1 Acute injury
	2.2 Chronic injury

	3 Roles of macrophages during renal injury
	3.1 Acute injury
	3.2 Chronic injury

	4 Roles of conventional fuels during cardiorenal injury
	Glucose
	4.2 Fatty acids
	4.3 Glutamine

	5 Potential roles of alternative fuels during cardiorenal injury
	5.1 Ketones
	5.2 Lactate

	6 Perturbations of immunometabolic pathways during metabolic syndrome
	6.1 Obesity
	6.2 Diabetes

	7 The central nervous system (CNS) and macrophage activation
	8 Concluding remarks
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


