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Abstract: Ventilatory drive is modulated by a variety of neurochemical inputs that converge
on spatially oriented clusters of cells within the brainstem. This regulation is required to
maintain energy homeostasis and is essential to sustain life across all mammalian organ-
isms. Therefore, the anatomical orientation of these cellular clusters during development
must have a defined mechanistic basis with redundant genomic variants. Failure to com-
pletely develop these features causes several conditions including apnea of prematurity
(AOP) and sudden infant death syndrome (SIDS). AOP is associated with many adverse
outcomes including increased risk of interventricular hemorrhage. However, there are
no pharmacological interventions that reduce SIDS and AOP prevalence by promoting
brainstem development. AMP-activated protein kinase (AMPK) is a kinase that regulates
ventilatory control to maintain homeostasis. This study identifies a signaling axis in which
the pharmacological activation of AMPK in vivo via metformin in brainstem ventilatory
control centers results in the phosphorylation of LIM homeobox transcription factor 1-beta
(Lmx1b), a key player in dorsal–ventral patterning during fetal development. The phospho-
rylation of Lmx1b transactivates a neurogenic interactome important for the development
and regulation of ventilatory control centers. These findings highlight the potential for
metformin in the treatment and prevention of AOP.

Keywords: AMPK; Lmx1b; ventilatory drive; respiratory center maturation; apnea;
brainstem; apnea of prematurity; AOP; sudden infant death syndrome; SIDS

1. Introduction
Approximately 15% percent of all pregnancies end in premature delivery affecting

roughly 13 million infants annually [1]. Although pre-term infants are viable after 23 weeks’
gestation, incomplete development of cardiopulmonary anatomical features, particularly
the development of the central brainstem ventilatory control centers, can result in apnea
of prematurity (AOP) and periodic breathing. This inability to regulate ventilatory drive
results in increased mortality in premature infants. AOP is a developmental disorder
attributed to a lack of cellular differentiation and the maturation of central brainstem cardio-
ventilatory control centers resulting in stochastic breathing patterns that consist of cessation
of breathing for >20 s accompanied by bradycardia, cyanosis, or pallor [2]. The incidence of

Int. J. Mol. Sci. 2025, 26, 213 https://doi.org/10.3390/ijms26010213

https://doi.org/10.3390/ijms26010213
https://doi.org/10.3390/ijms26010213
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-9509-1827
https://doi.org/10.3390/ijms26010213
https://www.mdpi.com/article/10.3390/ijms26010213?type=check_update&version=1


Int. J. Mol. Sci. 2025, 26, 213 2 of 16

AOP in neonates is inversely related to gestational age and birth weight, with almost 50%
of infants born less than 32 weeks’ gestation experiencing a degree of AOP [3]. This finding
suggests that incomplete development of the central pattern generator for breathing is
a primary contributing factor. The ventilatory control centers are intricately connected
and comprise spatially oriented clusters of neurons and glia, including the retrotrapezoid
nucleus, lateral reticular nucleus, Bötzinger complex, pre-Bötzinger complex, and caudal
ventral respiratory group, which make up an important anatomical architecture enabling
the integration of neural- mechano-, and chemo-afferents that regulate ventilation and
maintain normal arterial blood gas values [4].

Current interventional modalities for AOP, such as tactile or mechano-stimulation,
pharmacological stimulants (methylxanthines), and positive pressure ventilation, fail to
promote ventilatory control center development and reduce the duration of AOP. Further,
untreated AOP requiring the use of high levels of supplemental oxygen or mechanical
ventilation can result in severe comorbidities including bronchopulmonary dysplasia,
retinopathy of prematurity, interventricular hemorrhage, and mortality [3,5]. Despite the
high prevalence of AOP and the understanding that developmental modulation of atonal
bHLH transcription factor 1 (Atoh1), paired-like homeobox 2b (Phox2b), and developing
brain homeobox 1 (Dbx1) [6] are important for ventilatory control center development
essential for survival across mammalian species, the molecular mechanisms that regulate
ventilatory control center complex spatial positioning and maturation are unresolved.

AMP-activated protein kinase (AMPK), a heterotrimeric kinase consisting of an α, β
and γ subunit, is activated by stimulations that increase the AMP/ATP ratio and plays
a central role in re-establishing energy balance at the cellular, tissue, and organismal lev-
els. At the cellular level, AMPK increases aerobic respiration by increasing mitochondrial
biogenesis and function [7]. At the tissue level, AMPK regulates arterial dilation, which
increases perfusion to meet local cellular O2 metabolic demand. At the organismal level,
AMPK regulates ventilatory control, which facilitates ventilation and oxygenation at the
alveolar–capillary membrane [8]. Although the role of AMPK in energy metabolism is well
established, the scope of AMPK’s role across a variety of cellular functions, such as cellular
differentiation and development, is limited. Evidence of AMPK double α1 and α2 knock-
out embryonic lethality while maintaining mouse embryonic fibroblast cellular viability
suggests AMPK plays an important role in development and cellular differentiation [9].
However, the scope of AMPK’s role in the development of respiratory control centers is
currently unknown.

Metformin is an AMPK agonist and a common drug used to treat diabetes mellitus that
can cross both the blood–brain and placental barriers [10,11]. Neonatal administration of
metformin reduces the incidence of AOP in murine animals and reduces the oxidative lung
tissue damage that occurs with O2 delivery in neonates [12,13]. Importantly, metformin
can be safely administered to pregnant women with polycystic ovarian syndrome, which
significantly increases the live birth rate [14,15]. However, the scope of prenatal medications
that reduce the incidence of AOP is limited, and the mechanistic basis for metformin-
decreased infant mortality is unknown.

The aim of this study is to explore the activation of AMPK via metformin as an impor-
tant mechanism for ventilatory control center development by activating LIM homeobox
transcription factor 1-beta (Lmx1b), a regulator of dorsal–ventral patterning during fetal
development [16]. Given that dorsal–ventral patterning is important for the anatomical
placement of ventilatory control centers during development, and neuron differentiation
is required for the control of ventilation, this study explores important roles of AMPK in
the prevention and treatment of AOP. The translational applications of this study explore
the mechanistic potential for the pharmacological intervention with the AMPK agonist,



Int. J. Mol. Sci. 2025, 26, 213 3 of 16

metformin, to reduce the incidence and co-morbidities associated with AOP, such as inter-
ventricular hemorrhage.

2. Results
2.1. AMPK Regulates the Control of Ventilation That Can Be Rescued via Metformin Administration

The cardiopulmonary system is an essential organ system that maintains cellular
function in the distal tissues, including the maintenance of aerobic metabolism, and the
regulation of ventilatory drive, which are vital components of this system. Given the
important role of AMPK in the regulation of energy metabolism and the central role of the
control of ventilation to meet metabolic demand, whether AMPK regulates the control of
ventilatory drive was tested. Baseline plethysmography performed on newly born mice
revealed an increase in stochastic breathing patterns with prolonged periods of apnea in
AMPKα2

−/− (Supplementary Figure S1) but not wild-type (WT) mice (Figure 1A), with
an increase in the number of apneas, a lower breath rate, longer inspiratory and cycle
times, and higher partial pressure of arterial carbon dioxide (PaCO2) (Figure 1B). However,
treatment with metformin (Sigma-Aldrich, St. Louis, USA, 200 mg/kg, intraperitoneal), a
known activator of AMPK, rescued the bradypnea and hypercapnia in AMPKα2

−/− mice
(Figure 1B), suggesting a compensatory role for AMPKα1 [8,17]. Since AMPKα2

−/− mice
are hypercapnic, the possibility that AMPK plays an important role in neuron function in
ventilatory control centers was investigated by measuring the length of neurite outgrowth
from tissue sections obtained from AMPKα2

−/− and WT littermates. Compared with WT
littermates, neurite outgrowths in ventilatory control centers were shorter in AMPKα2

−/−

mice (Figure 1C). Taken together, these data suggest that AMPK plays an important role in
controlling ventilatory drive.
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Figure 1. AMPK governs ventilatory patterns and respiratory control center neurite outgrowth.
(A) Plethysmography recording demonstrating irregular ventilatory patterns in AMPKα2

−/− new-
born mice compared with WT littermates. Upward deflections above baseline represent a single
breath. (B) Plethysmography recordings were quantified with or without metformin treatment for
the number of apneas/min, the number of breaths/min (BPM), the inspiratory time (Itime), and the
cycle time demonstrating metformin (200 mg/kg) rescued ventilatory aberrancies in AMPKα2

−/−

newborn mice. Following plethysmography, PaCO2 was measured. (C) Images of brainstem sec-
tions at the level of the preBötzinger complex with neurons visualized using Golgi–Cox stain (left
panels), representative neurons (upper panels), and quantification of neurite outgrowth showing
impaired growth in AMPKα2

−/− newborn mice compared with WT littermates. Results are from
3 independent experiments. * Indicates p < 0.05.
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2.2. AMPK Induces a Neurogenic Regulatory Network

AMPK influences ventilatory patterns by regulating neuronal activity in brainstem ven-
tilatory centers [8], yet the mechanistic basis of this phenotype is unknown. To address this,
RNA sequencing (RNA-seq) was performed on brainstem ventilatory control center tissue
samples from AMPKα2

−/− mice and their WT littermates. Differential expression analyses
comparing AMPKα2

−/− with WT littermate samples identified differentially expressed
genes (DEG) that separate into two distinct clusters by genotype (Figure 2A). Functional
enrichment analyses using DEGs identified pathways related to neuron development in-
cluding synapatogenesis, signaling and plasticity, axonogenesis, and dendrite formation
(Figure 2B). To explore the mechanistic basis of these DEGs, the RNAseq dataset was filtered
to identify differentially expressed transcription factors that were then cross-referenced
with a database of putative AMPK targets leading to the identification of 10 transcription
factors that are both expressed in the brainstem RNA-seq data and are putative AMPK
phosphorylation targets (Figure 2C) [18]. Of these transcription factors, Lmx1b is involved
in dorsal–ventral patterning; paired box 2 (Pax2) is important for early central nervous
system development [19]; nucleolin (Ncl), MAF bZIP transcription factor (Maf) and MAF
bZIP transcription factor B (Mafb) are involved in neuronal development and matura-
tion [20,21]; regulatory factor X1 (Rfx1) is essential for embryonic development [22]; sterol
regulatory element binding transcription factor 1 and 2 (Srebf1, Srebf2) regulate embryonic
dopaminergic neuronal development [23]; visual system homeobox 2 (Vsx2) is important
neuronal function [24]; Phox2b regulates neuron maturation and ventilatory pattern [6];
zinc finger and BTB domain containing 7A (Zbtb7a) is a neuronal epigenetic regulator [25];
SHOX homeobox 2 (Shox2) regulates neuronal signaling and ion channel function [26];
metal response element binding transcription factor 1 (Mtf1) protects against oxidative
stress in neurons [27]; steroidogenic factor 1 (Sf1) is involved in many aspects of neuronal
signaling and energy homeostasis [28]; and thyrotroph embryonic factor (Tef) is important
circadian rhythm regulation [29].
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Figure 2. AMPK regulates a transcriptional network related to ventilatory control center development.
(A) Heatmap of DEG expression levels from RNA-seq results generated from brainstem samples harvested
from AMPKα2

−/− and WT littermates. (B) Functional enrichment analyses of DEGs identified in the
AMPKα2

−/− compared with WT RNA-seq data. (C) Fold changes of transcription factors expressed in
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brainstem samples. Blue indicates presence of an AMPK phosphorylation consensus sequence.
(D) AMPK interactome constructed by mapping AMPK phosphorylation sites to transcription factors
that are expressed in brainstem regions and mapping their consensus sequences to the promoter
regions +/− 1000 base pairs from the transcriptional start site. Differentially expressed genes (DEGs)
are represented as grey nodes, transcription factors are colored nodes in the periphery of the graph
with their color-coded consensus sequence connections to DEG promoters indicated by the lines.
Abbreviations: LIM homeobox transcription factor 1-beta (Lmx1b), MAF bZIP transcription factor
(Maf), MAF bZIP transcription factor B (Mafb), metal response element binding transcription factor 1
(Mtf1), nucleolin (Ncl), paired box 2 (Pax2), paired-like homeobox 2b (Phox2b), regulatory factor X1
(Rfx1), SHOX homeobox 2 (Shox2), steroidogenic factor 1 (Sf1), sterol regulatory element binding
transcription factor 1 and 2 (Srebf1, Srebf2), thyrotroph embryonic factor (Tef) visual system homeobox
2 (Vsx2), and zinc finger and BTB domain containing 7A (Zbtb7a).

The transcriptional targets of these transcription factors were explored by identifying
transcription factor binding sites in the promoters of DEGs. Then, a consensus-sequence-
derived AMPK regulatory network was constructed depicting the putative direct regulatory
influence AMPK has on gene transcription (Figure 2D). Taken together, these results
indicate AMPK plays an important role in ventilatory control and they identify several
AMPK-regulated transcription factors, including Lmx1b, that are involved in neuronal
development and signaling.

2.3. AMPK Induces LMX1B

To explore the molecular underpinning of AMPK’s role in the brainstem, neurons
isolated from the brainstem regions of AMPKα2

−/− and WT mice were treated with AMPK
agonists 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) and metformin. Met-
formin activated AMPK within 10 min as demonstrated by the AMPK phosphorylation of
T-172 on the α subunit, a marker of AMPK activation (Figure 3A). Since AMPK is activated
by metformin in isolated neurons, we explored how AMPK transcriptionally regulates
neuron development through the regulation of Lmx1B. Lmx1b was selected for several rea-
sons. First, it is differentially down-regulated in the RNA-seq analysis that was performed
comparing the brainstems of AMPK−/− to AMPK+/+ mice indicating that AMPK activa-
tion plays an important role in its induction and downstream signaling effects (Figure 2C).
Second, it is a predicted AMPK target which suggests that the phosphorylation of Lmx1b
may regulate its downstream signaling activity (Figure 2C,D). Finally, Lmx1b is important
for dorsal–ventral positioning of anatomical features during development, which may be
key for the development of the structure–function relationship and spatial positioning of
ventilatory control centers within the brainstem. To test this, we treated neurons isolated
from WT brainstems with metformin and measured Lmx1B protein expression levels. As
expected, metformin increased Lmx1b expression, which was inhibited by the AMPK
inhibitor compound C (Comp. C) (Figure 3B). Taken together, these results indicate that
AMPK induces the expression of Lmx1b, and that the expression level of Lmx1b can be
induced pharmacologically with AMPK agonists.
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Figure 3. AMPK upregulates and phosphorylates Lmx1b on serine-365. (A) Immunoblotting from
lysates harvested from neurons treated with metformin for 10 min to demonstrate AMPK activation
via phosphorylation. (B) Immunoblotting from cell lysates showing metformin increased Lmx1b
expression but was inhibited by co-administration of Comp. C. (C) Illustration of the domains of
LMX1B, the location of the phosphorylation sites, and the flanking residues that meet the minimum
AMPK phosphorylation consensus sequence. (D) α-fold Lmx1b structural prediction with the
location of T349 (orange) and S365 (red). (E) Kinase assay indicating phosphorylation of Lmx1b
in reactions containing AMPK but not in reactions without AMPK. (F) Immunoblot analysis of
immunoprecipitated Lmx1b from WT neuron lysates showing increased phospho-Lmx1b in cells
treated with metformin but not when co-treated with Comp. C. (G) Lmx1b immunoprecipitation
followed by immunoblotting showing increased phospho-Lmx1b in neurons isolated from WT
mice when treated with metformin or AICAR, but not in neurons isolated from AMPKα2

−/− mice.
(H) Lmx1b immunoprecipitation followed by immunoblotting from neurons isolated from WT mice,
transfected with WT, T349A or S365A constructs and then treated with metformin, or left untreated,
demonstrating that metformin increased phosphorylation of S365 but not T349. Bar colors in bar
plots distinguish sample groups. Results are from 3 independent experiments. * Indicates p < 0.05.

2.4. AMPK Phosphorylates LMX1B at Serine 365

AMPK consensus sequence searching of the proteome identified two putative AMPK
phosphorylation sites on Lmx1b, threonine (T) 349, and serine (S) 365, located in the C ter-
minus of the protein that are conserved across at least 43 species (Figure 3C). To investigate
the accessibility of the phosphorylation site, the structure of Lmx1b was predicted with
α fold, and the locations of T348 and S365 were identified (Figure 3D). These predicted
structures indicate that both T348 and S365 are located on a peptide chain at the surface
of the protein that is accessible to phosphorylation. To validate if AMPK can phosphory-
late Lmx1b, kinase assays were performed using recombinant AMPK and Lmx1b, which
illustrated an increase in the Lmx1b phosphorylation signal (P-Lmx1b) in reactions con-
taining AMPK (Figure 3E). Normalization of Lmx1b levels before immunoprecipitation of
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Lmx1b followed by immunoblotting for phospho-serine/threonine from cells treated with
metformin with or without Comp. C for 10 min indicated an increase in P-Lmx1b with
metformin treatment but not when cells were co-treated with Comp. C (Figure 3F). Next,
neurons isolated from the brainstem regions of AMPKα2

−/− and WT mice were treated
with AMPK agonists AICAR or metformin for 10 min. Then, Lmx1b protein levels were
normalized between samples, Lmx1b was immunoprecipitated, and immunoblotting with
a phospho-serine/threonine antibody was performed (Figure 3G). Treatment with both met-
formin and AICAR increased the level of P-Lmx1b but not as significantly in AMPKα2

−/−

cells. To determine the specificity of the phosphorylation site, cells were transfected with
native, T349A, or S365A Lmx1b constructs and then treated with or without metformin.
Immunoprecipitation followed by immunoblot analysis indicated an increase in native and
T349A Lmx1b phosphorylation following metformin treatment, but not when left untreated
or if S365A Lmx1b was expressed (Figure 3H). Taken together, these results indicate that
AMPK phosphorylates Lmx1b at S365.

2.5. Lmx1b Governs a Transcriptional Network Important for Ventilatory Center Neuron Maturation

Lmx1b is an important transcription factor that regulates dorsal–ventral patterning
during development. However, its role in the development of ventilatory centers essential
for the control of ventilation has not been explored. Although Lmx1b−/− is embryonic
lethal, RNA sequencing was performed on embryonic brainstem ventilatory centers har-
vested from prenatal WT, Lmx1b+/−, and Lmx1b−/− mice to elucidate the influence Lmx1b
has on the ventilatory centers and identify genes involved in ventilatory center patterning
during development. Differential expression analyses comparing Lmx1b−/− or Lmx1b+/−

with WT littermates identified DEGs that cluster the samples by genotype (Figure 4A). Func-
tional enrichment analyses identified several dysregulated pathways from the Lmx1b+/−

samples related to neuronal development including synaptogenesis, signaling and plastic-
ity, axonogenesis, and dendrite formation (Figure 4B). Further, the dysregulated pathways
found in the Lmx1b−/− samples included those involved in central nervous system (CNS)
anatomical development, neuronal development, and neuronal signaling, such as fore-
brain development, telencephalon development, transmission across chemical synapses,
regionalization, neural precursor cell proliferation, and regulation of neuron differentiation
(Figure 4C). Next, genes were identified that have Lmx1b binding motifs flanking +/− 1000
base pairs from the transcription start site and visualized these results as an AMPK-Lmx1b
signaling interactome (Figure 4D). Many of the interactome genes are involved in cell cycle
activity and proliferation, underscoring their role in development and neurogenesis. For
example, cytochrome c oxidase complex subunit 5B (Cox5b) and eukaryotic translation ini-
tiation factor 2 subunit beta (Eif2s2) are important for cell proliferation and growth [30,31];
prefoldin subunit 5 (Pfdn5) is necessary for protein folding, migration and proliferation [32];
ribosomal proteins such as ribosomal proteins L21 and L34 regulate cell cycle via protein
synthesis and DNA replication [33]; and signal recognition particle 14 (Srp14) is involved
in cell cycle and cell adhesion [34].
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Figure 4. LMX1B activated a transcriptional profile of genes involved in the neuronal development
in the brainstem. (A) Heatmap and cluster analysis of the expression levels of the union of DEGs
identified in RNA-seq differential expression analyses comparing tissue samples collected from the
brainstems of Lmx1b−/− and Lmx1b+/− mice compared to Lmx1b+/+ mice. Over representation
pathway analysis of DEGs identified in the Lmx1b+/− compared to WT mice (B) and Lmx1b−/−

compared to WT mice (C) RNA-seq data. (D) Interactome illustrating the relationships between
genes identified with promoter sequences flanking +/− 1000 bp of the transcriptional start site.

2.6. Metformin Administration Induces Fetal Expression and Phosphorylation of Lmx1b

The administration of pharmacological agents to mothers at risk of premature delivery
to promote the development of ventilatory control centers may reduce the incidence of AOP,
the need for interventional approaches, and sequelae including interventricular hemorrhage.
Therefore, whether the AMPK-Lmx1b ventilatory control signaling axis can be pharmaco-
logically activated in utero via administration of metformin was explored. Pregnant dams
were administered metformin following 5 days of gestation for 10 days prior to harvesting
brainstem fetal tissue. Brainstem fetal tissue harvested from dams administered metformin
illustrated an increase in the level of AMPK phosphorylation on Thr-172 (Figure 5A) and
increased total Lmx1b mRNA (Figure 5B) and protein (Figure 5C) levels. In addition, read-
justing sample loading to the level of T-Lmx1b followed by T-Lmx1b immunoprecipitation
and immunoblotting with phospho-serine/threonine antibody indicated increased P-Lmx1b
levels in samples obtained from dams administered metformin compared with those that
were not (Figure 5D). These results indicate that pharmacological administration of metformin
to pregnant mothers activated the AMPK-Lmx1b signaling axis. In summary, the results of
this study demonstrate that metformin activates AMPK, which phosphorylates Lmx1b at S365
to transactivate genes important for neuronal development and signaling (Figure 5E).
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Figure 5. AMPK increases Lmx1b expression and phosphorylation. (A) Immunoblotting indicating
increased phosphorylation of AMPK Thr-172 in fetal brainstem samples obtained from dams treated
with metformin (200 mg/kg). qPCR analysis (B) and immunoblotting (C) using lysates demonstrating
that metformin increases Lmx1b expression in fetal brainstem samples obtained from dams treated
with metformin. (D) Immunoprecipitation followed by immunoblotting showed an increase in
Lmx1b phosphorylation in fetal brainstem samples obtained from dams treated with metformin
(200 mg/kg). (E) Graphical abstract illustrating that metformin-activated AMPK increases Lmx1b
phosphorylation, which in turn transcriptionally activates neurogenic genes. * Indicates p < 0.05.

3. Discussion
This study explores the mechanistic basis for AMPK regulation of ventilatory control

in the CNS and identifies an AMPK-Lmx1b signaling network that mediates neuronal
development, maturation, signaling, and homeostasis in ventilatory control centers. These
findings identify important insights into the functions of AMPK for ventilatory center
development that are likely to have profound clinical applications for the treatment and
prevention of developmental breathing disorders and sequelae including AOP, sudden
infant death syndrome (SIDS), or neonatal interventricular hemorrhage [35].

AMPK contains two isoforms of the catalytic α subunit (α1, α2) that are both highly
conserved across evolution and demonstrate independent and overlapping functions,
including the regulation of growth factors that promote brain development [36,37]. Data
illustrated in Figure 1 indicated that AMPKα2

−/− elicits a stochastic breathing pattern,
yet the AMPK agonist, metformin, can return the respiratory rate to wild type levels.
These data are supported by studies indicating the α1 subunit is an important regulator of
ventilatory control and suggest that functional redundancies exist between the catalytic
subunits for the maintenance of ventilatory control [8,38], a common finding among genes
regulating phenotypes essential for organismal life [39].

Phenotypically, many of the pathways identified in the AMPKα2
−/− compared to WT

mice were involved in cellular proliferation or other aspects of neuron development and
neurite outgrowth (Figure 2D). However, studies on AMPK’s role in neuronal function
have mixed results underscoring potential brain-region-specific or development-specific
AMPK-regulated outcomes [40–43]. In addition, while these pathways have been primarily
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studied in association with neurological pathologies, they are likely an essential component
of development and a reflection of micro-environmental changes that occur in the brainstem
during maturation via the activation of the AMPK-Lmx1b signaling axis.

Clinically, AMPK can be activated by AICAR, metformin, phenformin, 2-deoxy-D-
glucose (2DG), salicylate, telmisartan, and A-769662 [44]. Of these AMPK agonists, met-
formin is unique because it has a low risk of side effects, crosses both the blood–brain
barrier and placental barrier, and can be administered to pregnant mothers with low
risk of fetal side effects [10,11]. Human development requires dorsal–ventral asymmetry,
which is regulated by Lmx1b throughout fetal development in the CNS and developing
limb bud [16]. However, the molecular underpinnings by which Lmx1b orchestrates this
dorsal–ventral asymmetry are still unclear. In vivo studies demonstrate that Lmx1b−/−

is embryonic-lethal, and developing mice lack limb-bud dorsalization and develop only
ventral surfaces [45]. Within the CNS, Lmx1b is required for the development of serotonin-
secreting neurons and the differentiation and migration of neurons within the dorsal spinal
cord [46]. However, the effects of Lmx1b on the development of the ventilatory control
centers have not been determined. Although the spatial organization of Lmx1b and its
involvement with dorsal–ventral patterning in the brainstem is still unknown, data illus-
trated in Figures 3 and 5 indicate that AMPK activation increases Lmx1b expression that
subsequently regulates a transcriptional network controlling pathways involved in neuron
development. This signaling network may facilitate the anatomical distribution of neuronal
centers during development and may reduce the incidence and duration of AOP in the
neonatal population (Figure 2B).

The AMPK phosphorylation site on L”x1b ’s located in a predicted unstructured
region of the protein outside of the LIM domains that consists of two contiguous zinc
fingers that mediate protein–protein interactions and the regulation of transcription [47]. In
addition, the phosphorylation sites are C-terminal to a homeobox domain that is involved
in DNA binding and the regulation of anatomical feature development [48]. Although it is
possible that S365 phosphorylation results in Lmx1b conformational changes that change
the overall flexibility of the flanking peptide chain, there are very few predicted structural
insights that suggest how the phosphorylation of S365 mediates Lmx1b biological functions.
One possibility is that S365 phosphorylation is involved in mediating protein–protein
interactions with co-regulatory transcription factors that influence gene expression and
ventilatory center development. Nonetheless, the translational relevance of this signaling
pathway is supported by data illustrated in Figure 5 indicating that pharmacological
intervention with metformin activates the AMPK-Lmx1b signaling axis in utero, which
may accelerate brainstem development in pregnancies at risk for pre-term delivery for the
prevention of AOP.

Although the experiments and analyses performed throughout the results of this
manuscript provide foundational evidence for the association between AMPK, Lmx1b,
and the potential pharmacological effects of metformin on AOP, we recognize several
limitations of this study. Data illustrated in Figure 5 indicated only correlational evidence
supporting the AMPK-Lmx1b signaling axis in vivo. In addition, there is a lack of AMPK
α1 and α2 brainstem-specific, double-knockout mice that are important for understanding
isoform specificity and genomic redundancy. Further, spatial sequencing data to decipher
the cell-type-specific effects, as well as the effect the AMPK-Lmx1b signaling axis, have on
the spatial–temporal development of ventilatory control centers are lacking. Finally, there
are a lack of human data to support the translational application of metformin in ventilatory
center development and its effects on AOP in the neonatal population. All of these studies
are important for demonstrating the translational relevance of this study, particularly
since there is a lack of pharmacological interventions that address AOP. Clinically, current
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therapies for pregnant mothers at risk for pre-term delivery include administration of
steroids to promote pulmonary and neurological development [49], which has several side
effects including hyperglycemia, bone density loss, and impaired immune response [50].
Post-delivery interventions include the administration of caffeine or positive pressure
ventilation to pre-term neonates, which fail to address the developmental immaturity
in the brainstem and result in a variety of cardiopulmonary co-morbidities, including
interventricular hemorrhage, a common cause of fetal mortality [51]. The administration of
AMPK agonists, such as metformin, may provide a new approach for the prevention and
management of AOP and other disorders related to brainstem immaturity.

4. Materials and Methods
Ethics: All procedures were performed in accordance with NIH guidelines. Animal

studies were approved by the Loma Linda Institutional Animal Care and Use committee
(IACUC protocol #819004) on 21 July 2015.

Transfection: Lmx1b constructs were purchased from custom DNA constructs LLC., Is-
landia, NY, USA (https://customdnaconstructs.com/home-2/ accessed on 8 August 2018).
Transfection was conducted with lipofectamine LTX (Cat # 15338100) using cells at 70%
confluence according to the manufacturer’s instructions using 1 µg of respective constructs.

Immunoblotting: Cells were lyzed in 10 mM tris pH = 7.4, 0.1 M NaCl, 1 mM EDTA,
1mM EGTA, 1mM NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 0.1% SDS, 0.5% sodium deoxy-
cholate, 1% Triton X-100, 10% glycerol, 1mM phenylmethylsulfonyl fluoride, and protease
inhibitors. Resulting cell lysates were resolved using SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (VWR
Cat# 27376-991). Following transfer, PVDF membranes were blocked for 1 h in blocking
buffer [5% milk in Tris buffered saline with Tween 20 (TBST) (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 0.1% Tween 20)]. Membranes were then washed three times with TBST and
incubated with primary antibody diluted in blocking buffer overnight. Next, membranes
were incubated with a secondary antibody that was diluted in blocking buffer. After wash-
ing three times in TBST, membranes were incubated with chemiluminescent horseradish
peroxidase (HRP) substrate, and immunoblots were developed. The antibodies used in
this manuscript are as follows: Phosphoserine/threonine (Invitrogen Cat# MA5-38234,
Waltham, MA, USA), AMPK P-172 (ThermoFisher Scientific Cat# 44-1150G, Waltham, MA,
USA), T-AMPK (Santa Cruz Cat# sc-74461), T-Lmx1b (Invitrogen Cat# PA5-78395), and
Actin (Santa Cruz Cat# sc-47778, Dallas, TX, USA).

RT-qPCR: After decanting the medium, cells were immediately lyzed using TRIzol
reagent from Life Technologies (cat # 10296-028, Carlsbad, CA, USA). RNA was subse-
quently purified according to the manufacturer’s instructions. After isolation, RNA was
converted to cDNA using Promega reverse transcriptase according to the manufacturer’s
instructions (cat # M1701). qPCR was then performed using SYBR green qPCR master mix
(Bio-Rad, Thane, India) in a Bio-Rad CFX96 thermocycler cycling between 94 ◦C, 58 ◦C,
and 72 ◦C. Relative mRNA abundance was calculated using the ∆-∆ ct method with the
following primer sets: Lmx1b Forward: CGGGATCGGAAACTGTACTG, LMX1B Reverse:
AGCAGAAACAGCCCAAGTG, Gapdh Forward: AGGCCGGTGCTGAGTATGTC, and
Gapdh reverse: TGCCTGCTTCACCACCTTCT.

Kinase assays: AMPK kinase assays were performed with a buffer containing
50 mM 2-[4-(2-hydroxyethyl) piperazin-1-yl] ethanesulfonic acid (HEPES), 0.375 mM
AMP, 0.375 mM ATP, 9 mM MgCl2, and 2 mg of target proteins with or without 11 pM
AMPK (Sigma Aldrich cat # A1733-10UG, St. Louis, MO, USA). Reactions were incubated
at 37 ◦C for 1 h. Following incubation, proteins were resolved by SDS-PAGE, stained with
Coomassie blue, and immunoblotting was performed.

https://customdnaconstructs.com/home-2/
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RNA-Sequencing: Tissue samples were homogenized in TRIzol reagent from Life
Technologies (cat # 10296-028) and RNA was isolated according to the manufacturer’s
instructions. RNA was prepared for sequencing using the NEXTflex™ Rapid Directional
qRNA-Seq™ Library Prep Kit (Bioo Scientific, Austin, TX, USA) and sequenced using an
Illumina HiSeq 2000.

Bioinformatics analyses. Bioinformatics analyses were performed in R programming
language version 4.4.2 with support from the Bioconductor and CRAN packages. RNA-seq
analyses were performed using the systempipeR Bioconductor package version 3.20. Briefly,
reads were aligned using hisat2. Following read alignment, differential expression analyses
were performed with edgeR version 3.20, and cluster analyses were performed along with the
generation of heatmaps with the pheatmap package version 3.20. Binding site analyses were
performed by pattern-matching consensus sequences obtained from the JASPAR database
(https://jaspar.elixir.no/ accessed on 10 January 2018) to genomic sequences obtained
from Ensembl. Functional enrichment analyses were performed using the clusterprofiler
package version 3.20. Protein–protein interactions were predicted with string, and network
interactomes were created with Cytoscape version 3.10.3.

Statistical Analysis. Parametric data were analyzed using student’s t-test or ANOVA.
An unpaired t test with Welch’s correction was used if the variance was not equal across
groups. For, non-parametric data, the Mann–Whitney U test with exact method was used
to analyze differences between groups. p < 0.05 was considered statistically significant.

Neuron Imaging: Brainstem tissue was isolated prior to perfusion with phosphate
buffered saline via cardiac puncture to remove any blood. Once isolated, brain sections
were washed with 0.9% saline and 4% paraformaldehyde (PFA), embedded in optimal
cutting temperature compound (OCT) (fisher Scientific Cat# 23-730-571), frozen at −80 ◦C,
sectioned into 100–200 um sections using a microtome, and fixed into glass slides. Tissue
sections were stained with Golgi–Cox stain as previously described [52,53]. Briefly, brain
sections were immersed in Golgi–Cox solution (50 mL of potassium dichromate solution,
50 mL of the mercuric chloride solution, 40 mL of the potassium chromate solution, and
100 mL of dd-H2O) and protected from light for 24 h. The Goli–Cox solution was then
changed and samples were stored, protected from light, for an additional 7 days. Next,
samples were submerged in protectant solution (300 g sucrose, 10 g polyvinylpyrrolidone,
and 300 mL ethylene glycol dissolved in 500 mL phosphate buffered saline) and stored
for 24 h at 4 ◦C. Protectant solution was then changed and samples were stored in fresh
protectant solution for an additional 7 days at 4 ◦C. Samples were then washed three
times with phosphate buffered saline prior to imaging. Z-stacked images of neurons
were obtained using a confocal microscope, and Sholl analysis was performed to measure
dendrite length and the number of dendrites emanating from each neuron cell body using
Image J version 16.0.

Plethysmography: Plethysmography was performed as previously described [54,55].
The breathing pattern was assessed using non-invasive, whole-body, awake plethysmogra-
phy (custom chambers, LabChart software, version 7.38, AD Instruments). Plethysmography
experiments were performed at the same time of day to avoid diurnal cycling. All mice
were acclimated to the plethysmography chamber for 30 min before beginning experiments.
The latter 15 min of this time were used for baseline recordings. Mice were removed from
the chamber between trials and allowed to feed with dams in their nests for at least one
hour between plethysmography trials. Metformin was prepared and injected (10 mg/kg)
intraperitoneally (i.p.) in sterile saline (~200 µL depending on the mouse), and mice were
then placed in the chamber and recorded for 30 min. The chamber was heated to 32 ◦C
and bias flow (200 mL/min) was humidified room air (21% O2). All experiments were
conducted in a quiet, dimly lit room. Flow, tidal volume, minute ventilation, inspiratory (Ti)

https://jaspar.elixir.no/
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and expiratory (Te) times, interbreath intervals, and baseline fitting/detection to quantify
breathing parameters score apneas and respiratory pauses were recorded. Shannon and
Sample entropy, measures of signal complexity/variability, were calculated. Plethysmog-
raphy data were acquired immediately before anesthetizing the animal for tissue harvest.
Using these methods, we are able to assess the awake breathing pattern as well as the
anesthetized breathing pattern and central drive in the animals. All breathing patterns
(slow, fast, sighing, and gasping rhythms) were quantified and analyzed by our software,
freely available at our GitHub repository (https://github.com/drcgw/BASS accessed on
10 June 2023).

Neuron Isolation: Neurons were isolated by dissecting brainstem regions into 2 mm
sections on a petri dish containing ice cold Hank’s balanced salt solution (HBSS) purchased
from Thermo Fisher Scientific. Dissected sections were titrated in a 15 mL conical tube
containing 8 mL Neurobasal Medium purchased from Thermo Fisher Scientific using a
1 mL pipette. Next, cells were filtered through a 70 µm mesh filter and then plated into
Poly-D-Lysine coated coverslips. Cells were housed in a 5% CO2 incubator environment at
37 ◦C and neurobasal medium was changed roughly every third day.

Animal Care and Pharmacological Intervention: Mice were kept on a 12/12 light
cycle in the Loma Linda Animal Care Facility (ACF). Mice aged postnatal days 1 to 5 were
used. At the conclusion of the experiment, mice were placed in an anesthesia induction
chamber, deeply anesthetized at 4% isoflurane in 100% O2, and transcardially perfused
with chilled saline and 4% paraformaldehyde (PFA). The brain was removed, placed in 4%
paraformaldehyde for 24 h, changed to 30% sucrose in PFA and OCT, and stored at −80 ◦C
until ready for sectioning (see above).

5. Conclusions
This study demonstrates that AMPK plays a role in the development of ventilatory

control centers in the CNS via an AMPK-Lmx1b signaling network. These findings identify
functions of AMPK for respiratory center development that are likely to have profound
clinical applications for the treatment of AOP, and may extend to the prevention of sudden
infant death syndrome (SIDS), or other comorbidities related to ventilatory control center
development [35].
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17. Mahmoud, A.D.; Lewis, S.; Juričić, L.; Udoh, U.A.; Hartmann, S.; Jansen, M.A.; Ogunbayo, O.A.; Puggioni, P.; Holmes, A.P.;
Kumar, P.; et al. AMP-activated Protein Kinase Deficiency Blocks the Hypoxic Ventilatory Response and Thus Precipitates
Hypoventilation and Apnea. Am. J. Respir. Crit. Care Med. 2016, 193, 1032–1043. [CrossRef]

18. Marin, T.L.; Gongol, B.; Martin, M.; King, S.J.; Smith, L.; Johnson, D.A.; Subramaniam, S.; Chien, S.; Shyy, J.Y. Identification of
AMP-activated protein kinase targets by a consensus sequence search of the proteome. BMC Syst. Biol. 2015, 9, 13. [CrossRef]
[PubMed]

19. Lv, N.; Wang, Y.; Zhao, M.; Dong, L.; Wei, H. The Role of PAX2 in Neurodevelopment and Disease. Neuropsychiatr. Dis. Treat.
2021, 17, 3559–3567. [CrossRef]

https://doi.org/10.1016/S0140-6736(23)00878-4
https://www.ncbi.nlm.nih.gov/pubmed/37805217
https://doi.org/10.1542/peds.2015-3757
https://doi.org/10.3389/fped.2021.755677
https://www.ncbi.nlm.nih.gov/pubmed/34760852
https://doi.org/10.1016/j.resp.2008.07.014
https://www.ncbi.nlm.nih.gov/pubmed/18706532
https://doi.org/10.1038/s41372-021-01010-z
https://doi.org/10.7554/eLife.02265
https://www.ncbi.nlm.nih.gov/pubmed/24842997
https://doi.org/10.1126/scisignal.aaf7478
https://www.ncbi.nlm.nih.gov/pubmed/28143904
https://doi.org/10.1007/s00424-022-02713-8
https://www.ncbi.nlm.nih.gov/pubmed/35680670
https://doi.org/10.2741/3229
https://doi.org/10.3390/pharmaceutics15051357
https://www.ncbi.nlm.nih.gov/pubmed/37242599
https://doi.org/10.1016/j.ejogrb.2007.01.013
https://www.ncbi.nlm.nih.gov/pubmed/17350747
https://doi.org/10.1016/j.bcp.2012.09.025
https://doi.org/10.1152/ajplung.00389.2014
https://www.ncbi.nlm.nih.gov/pubmed/26047641
https://doi.org/10.1210/jc.2011-3061
https://doi.org/10.3389/fendo.2023.1176623
https://www.ncbi.nlm.nih.gov/pubmed/37409227
https://doi.org/10.1002/dvdy.695
https://www.ncbi.nlm.nih.gov/pubmed/38288855
https://doi.org/10.1164/rccm.201508-1667OC
https://doi.org/10.1186/s12918-015-0156-0
https://www.ncbi.nlm.nih.gov/pubmed/25890336
https://doi.org/10.2147/NDT.S332747


Int. J. Mol. Sci. 2025, 26, 213 15 of 16

20. Perry, R.B.; Rishal, I.; Doron-Mandel, E.; Kalinski, A.L.; Medzihradszky, K.F.; Terenzio, M.; Alber, S.; Koley, S.; Lin, A.; Rozenbaum,
M.; et al. Nucleolin-Mediated RNA Localization Regulates Neuron Growth and Cycling Cell Size. Cell Rep. 2016, 16, 1664–1676.
[CrossRef] [PubMed]

21. Pai, E.L.; Vogt, D.; Clemente-Perez, A.; McKinsey, G.L.; Cho, F.S.; Hu, J.S.; Wimer, M.; Paul, A.; Fazel Darbandi, S.; Pla, R.; et al.
Mafb and c-Maf Have Prenatal Compensatory and Postnatal Antagonistic Roles in Cortical Interneuron Fate and Function. Cell
Rep. 2019, 26, 1157–1173. [CrossRef] [PubMed]

22. Feng, C.; Xu, W.; Zuo, Z. Knockout of the regulatory factor X1 gene leads to early embryonic lethality. Biochem. Biophys. Res.
Commun. 2009, 386, 715–717. [CrossRef]

23. Kele, J.; Andersson, E.R.; Villaescusa, J.C.; Cajanek, L.; Parish, C.L.; Bonilla, S.; Toledo, E.M.; Bryja, V.; Rubin, J.S.; Shimono, A.;
et al. SFRP1 and SFRP2 dose-dependently regulate midbrain dopamine neuron development in vivo and in embryonic stem cells.
Stem Cells 2012, 30, 865–875. [CrossRef] [PubMed]

24. Wright, L.S.; Pinilla, I.; Saha, J.; Clermont, J.M.; Lien, J.S.; Borys, K.D.; Capowski, E.E.; Phillips, M.J.; Gamm, D.M. VSX2 and ASCL1
Are Indicators of Neurogenic Competence in Human Retinal Progenitor Cultures. PLoS ONE 2015, 10, e0135830. [CrossRef]
[PubMed]

25. Fulton, S.L.; Bendl, J.; Gameiro-Ros, I.; Fullard, J.F.; Al-Kachak, A.; Lepack, A.E.; Stewart, A.F.; Singh, S.; Poller, W.C.; Bastle, R.M.;
et al. ZBTB7A regulates MDD-specific chromatin signatures and astrocyte-mediated stress vulnerability in orbitofrontal cortex.
bioRxiv 2023. [CrossRef]

26. Yu, D.; Febbo, I.G.; Maroteaux, M.J.; Wang, H.; Song, Y.; Han, X.; Sun, C.; Meyer, E.E.; Rowe, S.; Chen, Y.; et al. The Transcription
Factor Shox2 Shapes Neuron Firing Properties and Suppresses Seizures by Regulation of Key Ion Channels in Thalamocortical
Neurons. Cereb. Cortex 2021, 31, 3194–3212. [CrossRef] [PubMed]

27. Ferlazzo, G.M.; Gambetta, A.M.; Amato, S.; Cannizzaro, N.; Angiolillo, S.; Arboit, M.; Diamante, L.; Carbognin, E.; Romani, P.; La
Torre, F.; et al. Genome-wide screening in pluripotent cells identifies Mtf1 as a suppressor of mutant huntingtin toxicity. Nat.
Commun. 2023, 14, 3962. [CrossRef] [PubMed]

28. Fosch, A.; Zagmutt, S.; Casals, N.; Rodríguez-Rodríguez, R. New Insights of SF1 Neurons in Hypothalamic Regulation of Obesity
and Diabetes. Int. J. Mol. Sci. 2021, 22, 6186. [CrossRef] [PubMed]

29. Hua, P.; Liu, W.; Zhao, Y.; Ding, H.; Wang, L.; Xiao, H. Tef polymorphism is associated with sleep disturbances in patients with
Parkinson’s disease. Sleep Med. 2012, 13, 297–300. [CrossRef]

30. Gao, S.P.; Sun, H.F.; Jiang, H.L.; Li, L.D.; Hu, X.; Xu, X.E.; Jin, W. Loss of COX5B inhibits proliferation and promotes senescence
via mitochondrial dysfunction in breast cancer. Oncotarget 2015, 6, 43363–43374. [CrossRef] [PubMed]

31. Zhang, J.; Li, S.; Zhang, L.; Xu, J.; Song, M.; Shao, T.; Huang, Z.; Li, Y. RBP EIF2S2 Promotes Tumorigenesis and Progression by
Regulating MYC-Mediated Inhibition via FHIT-Related Enhancers. Mol. Ther. 2020, 28, 1105–1118. [CrossRef]

32. Fan, S.; Chen, Y.; Jiang, Y.; Hu, K.; Li, C. Prefoldin subunit MM1 promotes cell migration via facilitating filopodia formation.
Biochem. Biophys. Res. Commun. 2020, 533, 613–619. [CrossRef] [PubMed]

33. Kang, J.; Brajanovski, N.; Chan, K.T.; Xuan, J.; Pearson, R.B.; Sanij, E. Ribosomal proteins and human diseases: Molecular
mechanisms and targeted therapy. Signal Transduct. Target. Ther. 2021, 6, 323. [CrossRef] [PubMed]

34. Shi, L.; Huang, R.; Lai, Y. Identification and validation of signal recognition particle 14 as a prognostic biomarker predicting
overall survival in patients with acute myeloid leukemia. BMC Med. Genom. 2021, 14, 127. [CrossRef] [PubMed]

35. Kinney, H.C. Brainstem mechanisms underlying the sudden infant death syndrome: Evidence from human pathologic studies.
Dev. Psychobiol. J. Int. Soc. Dev. Psychobiol. 2009, 51, 223–233. [CrossRef]

36. Xu, P.; Zheng, Y.; Liao, J.; Hu, M.; Yang, Y.; Zhang, B.; Kilby, M.D.; Fu, H.; Liu, Y.; Zhang, F.; et al. AMPK regulates homeostasis
of invasion and viability in trophoblasts by redirecting glucose metabolism: Implications for pre-eclampsia. Cell Prolif. 2023,
56, e13358. [CrossRef]

37. Moore, L.G.; Lorca, R.A.; Gumina, D.L.; Wesolowski, S.R.; Reisz, J.A.; Cioffi-Ragan, D.; Houck, J.A.; Banerji, S.; Euser, A.G.;
D’Alessandro, A.; et al. Maternal AMPK pathway activation with uterine artery blood flow and fetal growth maintenance during
hypoxia. Am. J. Physiol.-Heart Circ. Physiol. 2024, 327, H778–H792. [CrossRef]

38. Hardie, D.G. AMP-activated proteion kinase: An energy sensor that regulates all aspects of cell function. Genes Dev. 2011, 25,
1895–1908. [CrossRef]

39. Bataillon, T.; Gauthier, P.; Villesen, P.; Santoni, S.; Thompson, J.D.; Ehlers, B.K. From genotype to phenotype: Genetic redundancy
and the maintenance of an adaptive polymorphism in the context of high gene flow. Evol. Lett. 2022, 6, 189–202. [CrossRef]

40. Rousset, C.I.; Leiper, F.C.; Kichev, A.; Gressens, P.; Carling, D.; Hagberg, H.; Thornton, C. A dual role for AMP-activated protein
kinase (AMPK) during neonatal hypoxic-ischaemic brain injury in mice. J. Neurochem. 2015, 133, 242–252. [CrossRef]

41. Williams, T.; Courchet, J.; Viollet, B.; Brenman, J.E.; Polleux, F. AMP-activated protein kinase (AMPK) activity is not required
for neuronal development but regulates axogenesis during metabolic stress. Proc. Natl. Acad. Sci. USA 2011, 108, 5849–5854.
[CrossRef]

https://doi.org/10.1016/j.celrep.2016.07.005
https://www.ncbi.nlm.nih.gov/pubmed/27477284
https://doi.org/10.1016/j.celrep.2019.01.031
https://www.ncbi.nlm.nih.gov/pubmed/30699346
https://doi.org/10.1016/j.bbrc.2009.06.111
https://doi.org/10.1002/stem.1049
https://www.ncbi.nlm.nih.gov/pubmed/22290867
https://doi.org/10.1371/journal.pone.0135830
https://www.ncbi.nlm.nih.gov/pubmed/26292211
https://doi.org/10.1101/2023.05.04.539425
https://doi.org/10.1093/cercor/bhaa414
https://www.ncbi.nlm.nih.gov/pubmed/33675359
https://doi.org/10.1038/s41467-023-39552-9
https://www.ncbi.nlm.nih.gov/pubmed/37407555
https://doi.org/10.3390/ijms22126186
https://www.ncbi.nlm.nih.gov/pubmed/34201257
https://doi.org/10.1016/j.sleep.2011.06.023
https://doi.org/10.18632/oncotarget.6222
https://www.ncbi.nlm.nih.gov/pubmed/26506233
https://doi.org/10.1016/j.ymthe.2020.02.004
https://doi.org/10.1016/j.bbrc.2020.09.063
https://www.ncbi.nlm.nih.gov/pubmed/32981679
https://doi.org/10.1038/s41392-021-00728-8
https://www.ncbi.nlm.nih.gov/pubmed/34462428
https://doi.org/10.1186/s12920-021-00975-2
https://www.ncbi.nlm.nih.gov/pubmed/33985510
https://doi.org/10.1002/dev.20367
https://doi.org/10.1111/cpr.13358
https://doi.org/10.1152/ajpheart.00193.2024
https://doi.org/10.1101/gad.17420111
https://doi.org/10.1002/evl3.277
https://doi.org/10.1111/jnc.13034
https://doi.org/10.1073/pnas.1013660108


Int. J. Mol. Sci. 2025, 26, 213 16 of 16

42. Ramamurthy, S.; Chang, E.; Cao, Y.; Zhu, J.; Ronnett, G.V. AMPK activation regulates neuronal structure in developing
hippocampal neurons. Neuroscience 2014, 259, 13–24. [CrossRef] [PubMed]

43. Curry, D.W.; Stutz, B.; Andrews, Z.B.; Elsworth, J.D. Targeting AMPK Signaling as a Neuroprotective Strategy in Parkinson’s
Disease. J. Parkinson’s Dis. 2018, 8, 161–181. [CrossRef]

44. Kim, J.; Yang, G.; Kim, Y.; Kim, J.; Ha, J. AMPK activators: Mechanisms of action and physiological activities. Exp. Mol. Med. 2016,
48, e224. [CrossRef]

45. Krawchuk, D.; Kania, A. Identification of genes controlled by LMX1B in the developing mouse limb bud. Dev. Dyn. 2008, 237,
1183–1192. [CrossRef] [PubMed]

46. Spencer, W.C.; Deneris, E.S. Regulatory Mechanisms Controlling Maturation of Serotonin Neuron Identity and Function. Front.
Cell. Neurosci. 2017, 11, 215. [CrossRef] [PubMed]

47. Velyvis, A.; Qin, J. LIM Domain and Its Binding to Target Proteins. In Madame Curie Bioscience Database [Internet]; Landes
Bioscience: Austin, TX, USA, 2013.

48. Kim, K.; Kim, J.H.; Kim, I.; Seong, S.; Han, J.E.; Lee, K.B.; Koh, J.T.; Kim, N. Transcription Factor Lmx1b Negatively Regulates
Osteoblast Differentiation and Bone Formation. Int. J. Mol. Sci. 2022, 23, 5225. [CrossRef]

49. Ninan, K.; Liyanage, S.K.; Murphy, K.E.; Asztalos, E.V.; McDonald, S.D. Evaluation of Long-term Outcomes Associated with
Preterm Exposure to Antenatal Corticosteroids: A Systematic Review and Meta-analysis. JAMA Pediatr. 2022, 176, e220483.
[CrossRef]

50. Buchman, A.L. Side effects of corticosteroid therapy. J. Clin. Gastroenterol. 2001, 33, 289–294. [CrossRef]
51. Siffel, C.; Kistler, K.D.; Sarda, S.P. Global incidence of intraventricular hemorrhage among extremely preterm infants: A systematic

literature review. J. Perinat. Med. 2021, 49, 1017–1026. [CrossRef]
52. Zhong, F.; Liu, L.; Wei, J.L.; Dai, R.P. Step by Step Golgi-Cox Staining for Cryosection. Front. Neuroanat. 2019, 13, 62. [CrossRef]
53. Zaqout, S.; Kaindl, A.M. Golgi-Cox Staining Step by Step. Front Neuroanat 2016, 10, 38. [CrossRef] [PubMed]
54. Balan, K.V.; Kc, P.; Mayer, C.A.; Wilson, C.G.; Belkadi, A.; Martin, R.J. Intrapulmonary lipopolysaccharide exposure upregulates

cytokine expression in the neonatal brainstem. Acta Paediatr. 2012, 101, 466–471. [CrossRef] [PubMed]
55. Bruggink, S.; Kentch, K.; Kronenfeld, J.; Renquist, B.J. A leak-free head-out plethysmography system to accurately assess lung

function in mice. J. Appl. Physiol. 2022, 133, 104–118. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neuroscience.2013.11.048
https://www.ncbi.nlm.nih.gov/pubmed/24295634
https://doi.org/10.3233/JPD-171296
https://doi.org/10.1038/emm.2016.16
https://doi.org/10.1002/dvdy.21514
https://www.ncbi.nlm.nih.gov/pubmed/18351676
https://doi.org/10.3389/fncel.2017.00215
https://www.ncbi.nlm.nih.gov/pubmed/28769770
https://doi.org/10.3390/ijms23095225
https://doi.org/10.1001/jamapediatrics.2022.0483
https://doi.org/10.1097/00004836-200110000-00006
https://doi.org/10.1515/jpm-2020-0331
https://doi.org/10.3389/fnana.2019.00062
https://doi.org/10.3389/fnana.2016.00038
https://www.ncbi.nlm.nih.gov/pubmed/27065817
https://doi.org/10.1111/j.1651-2227.2011.02564.x
https://www.ncbi.nlm.nih.gov/pubmed/22176020
https://doi.org/10.1152/japplphysiol.00835.2021
https://www.ncbi.nlm.nih.gov/pubmed/35608203

	Introduction 
	Results 
	AMPK Regulates the Control of Ventilation That Can Be Rescued via Metformin Administration 
	AMPK Induces a Neurogenic Regulatory Network 
	AMPK Induces LMX1B 
	AMPK Phosphorylates LMX1B at Serine 365 
	Lmx1b Governs a Transcriptional Network Important for Ventilatory Center Neuron Maturation 
	Metformin Administration Induces Fetal Expression and Phosphorylation of Lmx1b 

	Discussion 
	Materials and Methods 
	Conclusions 
	References



