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Macrophage transcriptome modification
induced by hypoxia and lactate
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Abstract. The production of lactate under hypoxic conditions
or by cancer cells was reported to promote the M2 polarization
of tumor-associated macrophages. However, the exact effect
of lactate on macrophages, particularly under hypoxic
conditions, has remained largely elusive. In the present study,
an in-depth bioinformatics analysis of previously published
transcriptome data of macrophages was performed. A total of
6, 101 and 764 upregulated genes were identified in the lactate,
hypoxia and hypoxia-lactate groups, respectively, whereas 4,
41 and 588 genes were downregulated in the same respective
groups. Furthermore, differentially expressed genes (DEGs)
of the hypoxia and hypoxia-lactate groups were significantly
enriched in the hypoxia-inducible factor 1 (HIF-1) signaling
pathway and the Hedgehog pathway. Upregulation of the
mTOR and Hedgehog pathways in the hypoxia-lactate group
was identified by gene set enrichment analysis. Furthermore,
a set of HIF-1 pathway-associated genes was identified to
be positively correlated with hypoxia using weighted gene
co-expression network analysis. Lactate was indicated to
inhibit the cell cycle in a hypoxia-independent manner. The
DEGs of the hypoxia and hypoxia-lactate groups, including
C-C motif chemokine receptor type 1 and 5, were enriched
in the cytokine-cytokine receptor interaction pathway. In
conclusion, under normoxic conditions, lactate exerted a
weak effect on macrophages, while the combination of lactate
and hypoxia markedly promoted the M2-polarization of
macrophages via the HIF-1, Hedgehog and mTOR pathways.
Lactate and hypoxia may also contribute to the formation of the
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spatial structure of tumor niches by inhibiting the proliferation
of resident macrophages and by regulating the recruitment of
peripheral macrophages.

Introduction

Reprogramming of the energy metabolism and evasion
of immune surveillance are two emerging hallmarks of
cancer (1). Cancer cells feature enhanced glucose uptake
and utilize glycolysis as a major way of energy metabolism.
The glycolytic pathway is active in cancer cells, even under
normoxic conditions, and supports their rapid proliferation.
This phenomenon is generally known as aerobic glycolysis
or the Warburg effect (2,3). Due to the defective vasculature
in tumor tissues, hypoxia is common among various types
of cancer and is also an important trigger for glycolysis (4).
Abnormal expression of oncogenes and mitochondrial DNA
mutations may also contribute to the enhanced glycolysis
in cancer cells (3). Previous studies have indicated that
the Warburg effect may increase the production of ATP
and provide more metabolic intermediates and precursors,
which may be used for the biosynthesis of macromolecules.
Furthermore, this process can enhance the tolerance of cancer
cells to chemotherapies (5).

Recent studies have suggested that, in addition to the
direct stimulation of the growth of cancer cells, glycolysis
has an important role in the induction of immune tolerance
of cancer. Carmona-Fontaine et al (6) reported that hypoxia
and cancer-derived lactate, which is a by-product of glycolysis,
may induce the expression of arginase 1 and macrophage
mannose receptor 1 proteins, also known as M2-like markers,
by tumor-associated macrophages (TAMs). TAMs are one
of the most important components of the tumor microen-
vironment, accounting for 6-14% of total cells in the tumor
tissue (7). A previous study by our group has also suggested
that bladder cancer cells are able to re-program RAW?264.7
cells into M2-like macrophages in microfluidic tumor micro-
environment chips (8). However, the detailed effects of lactate
on macrophages, particularly under hypoxic conditions, have
remained largely elusive.

In the present study, an in-depth analysis of the transcrip-
tome data of bone marrow-derived macrophages (BMDMs)
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stimulated by lactate and hypoxia, which were reported by
Carmona-Fontaine et al (6), was performed. The algorithms,
including gene enrichment analysis, gene set enrichment
analysis (GSEA) and weighted gene co-expression network
analysis (WGCNA), were jointly utilized in order to analyze
the influence of lactate and hypoxia on macrophages, and to
provide insight to the therapeutic applications of cancer cell
metabolism in targeted therapies for cancer.

Materials and methods

Data accession and pre-processing. Raw mRNA read count
data were retrieved from the GSE93702 dataset of the gene
expression omnibus (GEO) database (https://www.ncbi.nlm.
nih.gov/geo/). The GSE93702 dataset contains the mRNA
sequencing data of 4 groups of mouse BMDMSs, including
untreated BMDMs (control group) as well as BMDMs treated
with 25 mM sodium lactate (lactate group), cultured in 1%
oxygen (hypoxia group) or both (hypoxia-lactate group)
in vitro for 24 h. Three duplicates were performed in each
group (6). Rlog normalization was performed to obtain the
expression matrix of the samples using the DESeq2 Package
(version 1.14.1).

Screening for differentially expressed genes (DEGs)
and enrichment analysis. Untreated BMDMs were used
as controls and the DEGs of the lactate, hypoxia and
lactate-hypoxia groups were separately calculated based
on the Wald test and the generalized linear model using the
DESeq?2 package (9) of the R software. The threshold for
DEGs was set at llog(fold change) I>log,1.5, P-value <0.05 and
Benjamini-Hochberg-adjusted P-value <0.1. Volcano plots and
heat maps were used to display the DEGs of the three experi-
mental groups vs. the control group. Kyoto encyclopedia of
genes and genomes (KEGG) pathway enrichment analysis was
performed using the Database for Annotation, Visualization
and Integrated Discovery (DAVID; version 6.8), and P<0.05
was used as the threshold (10). The pathways, which exhibited
significant alterations in at least two groups, were further
displayed using the bubble plot. The volcano plot, heat map
and bubble plot were drawn using the ggplot2 package (version
2.2.1) of the R software (11).

GSEA.GSEA was performed for each of the three groups sepa-
rately using GSEA software (version 3.0), and the KEGG gene
sets (version 6.2) were used as the annotation gene set (12). The
cut-off values were set at P<0.05 and false discovery rate<0.25.
Significantly enriched pathways were further displayed using
the GSEA plot.

WGCNA. WGCNA was performed using the WCGNA
package (version 1.63) of the R software. A step-by-step
network construction and module detection approach were
selected. The soft-threshold power was set at 10 according to
the scale-free fit index and mean degree of connectivity. The
method of dynamic tree cut from the package dynamic TreeCut
was used for identifying modules. The correlation between the
modules identified and the features of the culturing conditions
in each group of cells was then determined. The modules with
significant correlations with lactate or hypoxia treatment were
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further annotated using DAVID. The dendrogram, heat map
and scatter plot were used to display the major results using
the WGCNA package.

Results

Screening of DEGs and enrichment analysis. Compared
with the untreated BMDM group, a total of 6, 101 and 764
upregulated genes were identified in the lactate, hypoxic
and lactate-hypoxic group, respectively, while 4, 41 and 588
genes were downregulated in these three respective groups
(Fig. 1A and B). Among them, heat shock protein family A
member 1 like (HSPAI1L), interferon-induced transmembrane
protein 6, FXYD domain-containing ion transport regulator
2, HSPA1B, HSPAIA and metastasis-associated lung adeno-
carcinoma transcript 1 were upregulated in all three groups,
while CD33, interleukin 12 receptor subunit f§ 2, cysteine- and
glycine-rich protein 1 and transglutaminase 2 were down-
regulated in all three groups (Fig. 1C and D). Furthermore,
KEGG pathway enrichment analyses were performed using
DAVID software in order to assess the function of the DEGs
identified. The upregulated genes of the lactate group were
accumulated in the pathways legionellosis, antigen processing
and presentation, estrogen signaling, toxoplasmosis and
mitogen-activated protein kinase (MAPK) signaling, whereas
the upregulated genes in the hypoxia group were accumulated
in legionellosis, hypoxia-inducible factor-1 (HIF-1) signaling,
central carbon metabolism in cancer, glycolysis/gluconeogen-
esis and cytokine-cytokine receptor interaction pathways. The
focal adhesion, central carbon metabolism in cancer, MAPK
signaling, legionellosis and HIF-1 signaling pathways were
enriched by the upregulated genes of the hypoxia-lactate
group. The downregulated genes in the hypoxia group were
enriched in metabolic and biosynthesis of antibiotics pathways.
Metabolic function, DNA replication, glycosaminoglycan
degradation, mismatch repair and oxidative phosphorylation
pathways were enriched by the downregulated genes of the
hypoxia-lactate group. Details regarding the DEG-enriched
pathways are presented in Table I. Significant pathways
identified in at least two groups were further displayed using
bubble plots to demonstrate any differences or common-
alities between the three groups (Fig. 2A and B). The KEGG
database of pathways is a collection of manually selected
functionally-associated gene sets representing the knowledge
on molecular interaction, reaction and association networks.
There are various overlaps among pathways, as numerous
genes have roles in several different pathways. In the present
case, enrichment in legionellosis pathways does not neces-
sarily mean that there is an on-going legionellosis infection
in these cells, but it means that there may be common features
with certain processes of legionellosis infection.

GSEA analysis. Subsequently, GSEA analysis was performed
on the three groups in order to avoid the deviation caused by
single-gene analysis. Downregulation of the cell cycle and
oxidative phosphorylation pathways were identified in the
lactate group, while enrichment of the Hedgehog signaling
pathway and downregulation of oxidative phosphorylation
was noted in the hypoxic group. Enhancement of the mTOR,
Hedgehog and MAPK signaling pathways, as well as the
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Figure 1. Screening of DEGs. (A) Transcriptome data of the lactate, hypoxia and hypoxia-lactate group were compared with the data of the control group. The
log2 (fold change) and -log10 (FDR) value of each gene in the hypoxia-lactate group are presented. Genes with no significant change in all three comparisons
are displayed in yellow color and genes identified as DEGs in 1, 2 or 3 comparisons are indicated in green, blue and pink, respectively. (B) Expression of genes
identified as DEGs in at least one comparison displayed in a heat map. The hypoxia-lactate group exhibited the most significant alteration in gene expression
among the test groups. (C) Overlaps of upregulated genes of the hypoxia, lactate and hypoxia-lactate groups indicated in a Venn diagram. The hypoxia-lactate
group had the highest number of DEGs. The expression of HSPAIL, interferon-induced transmembrane protein 6, FXYD domain-containing ion transport
regulator 2, HSPA1B, HSPA1A and metastasis-associated lung adenocarcinoma transcript 1 was upregulated in all three groups, and most of the upregulated
DEGs in the hypoxia group and lactate group were also DEGs in the hypoxia-lactate group. (D) Overlaps of downregulated genes in the hypoxia, lactate and
hypoxia-lactate groups displayed in a Venn diagram. The expression of CD33, interleukin 12 receptor subunit § 2, cysteine- and glycine-rich protein 1 and
transglutaminase 2 was downregulated in all three groups. DEG, differentially expressed gene; FDR, false discovery rate; HSPA1 L, heat shock protein family
A member 1 like.

glycolysis-gluconeogenesis pathway, were identified in the
hypoxia-lactate group, whereas the cell cycle and oxida-
tive phosphorylation pathways were downregulated in the
hypoxia-lactate group (Fig. 3; Table II).

WGCNA analysis. Furthermore, WGCNA analysis was
performed to search for possible gene network modules
with significant correlations to lactate treatment or hypoxic
treatment. Using a step-by-step network construction and
module detection approach, 44 gene modules were identified

(Fig. 4A). Modules 38 and 41 were positively correlated with
lactate treatment (r=0.823 and 0.609; P=0.002 and P=0.047,
respectively), while modules 1 and 3 were negatively corre-
lated with lactate treatment (r=-0.676 and -0.725; P=0.022
and 0.012, respectively). With regard to the oxygenation
condition, modules 24 and 26 were positively correlated with
hypoxia (r=0.614 and 0.866, P=0.045 and P<0.001, respec-
tively), while modules 18, 12, 42 and 44 were negatively
correlated with hypoxia (r=-0.685, -0.607, -0.703 and -0.640;
P=0.020, 0.048, 0.016 and 0.034, respectively; Fig. 4B;
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Table I. Top 10 up- and down-regulated Kyoto Encyclopedia
of Genes and Genomes pathways of differentially expressed

genes.

A, Lactate group

Pathway P-value
Upregulated
Legionellosis <0.001
Antigen processing and presentation <0.001
Estrogen signaling pathway <0.001
Toxoplasmosis 0.001
Spliceosome 0.001
Measles 0.001
Protein processing in endoplasmic reticulum 0.001
Influenza A 0.001
Epstein-Barr virus infection 0.002
MAPK signaling pathway 0.003
B, Hypoxia group
Pathway P-value
Upregulated
Glycolysis/gluconeogenesis 0.001
Cytokine-cytokine receptor interaction 0.001
Central carbon metabolism in cancer 0.001
HIF-1 signaling pathway 0.001
Measles 0.002
Legionellosis 0.001
Hematopoietic cell lineage 0.021
Biosynthesis of antibiotics 0.016
Rheumatoid arthritis 0.019
MAPK signaling pathway 0.031
Downregulated
Metabolic pathways 0.003
Biosynthesis of antibiotics 0.028
C, Hypoxia-lactate group
Pathway P-value
Upregulated
Focal adhesion <0.001
Transcriptional misregulation in cancer <0.001
Central carbon metabolism in cancer <0.001
Dorso-ventral axis formation <0.001
MAPK signaling pathway 0.001
Pathways in cancer 0.001
Regulation of actin cytoskeleton 0.001
Legionellosis 0.001
Proteoglycans in cancer 0.002
HIF-1 signaling pathway 0.002
Downregulated
Metabolic pathways <0.001
DNA replication <0.001

Table I. Continued.

C, Hypoxia-lactate group

Pathway P-value
Glycosaminoglycan degradation <0.001
Mismatch repair 0.005
Base excision repair 0.005
Oxidative phosphorylation 0.006
Nucleotide excision repair 0.014
Huntington's disease 0.028
Purine metabolism 0.032
Non-alcoholic fatty liver disease 0.033

No downregulated pathway was obtained in the lactate group. HIF1,
hypoxia-inducible factor-1; MAPK, mitogen-activated protein kinase.

Table III). Module 38 was mainly composed of enriched
gene sets for the Rapl signaling pathway, whereas module
41 was enriched in gene sets associated with base excision
repair, pyruvate metabolism, hippo signaling and tight junc-
tion pathways. Module 1 was enriched in the focal adhesion
pathway gene sets. Module 26 was enriched in the meta-
bolic, central carbon metabolism in cancer, HIF-1 signaling
pathway and glycolysis-gluconeogenesis gene sets. Module
24 was composed of enriched genes in dopaminergic synapse,
adrenergic signaling in cardiomyocytes, neurotrophin
signaling and sphingolipid signaling pathways. Module 12
was enriched in gene sets involved in the regulation of actin
cytoskeleton, cell adhesion molecules, glycerophospholipid
metabolism and Rapl signaling pathways. Module 44 was
enriched in gene sets involved in carbon metabolism, mTOR
signaling and 5'-adenosine monophosphate-activated protein
kinase signaling pathways. Finally, modules 18 and 42 were
enriched in gene sets associated with protein processing
of the endoplasmic reticulum and metabolic pathways,
respectively (Table IIT). The topological overlap matrix
among 1,000 randomly selected genes was presented using
a heatmap (Fig. 4C).

Discussion

Macrophages have an important role in the inflammatory
response and tissue repair process. Macrophages are able
to engulf pathogens, present antigens to T cells and secrete
pro-inflammatory factors in order to activate and promote the
immune response. In addition, they exhibit immune-modu-
latory functions by secreting anti-inflammatory factors,
including IL-4, IL-10 and transforming growth factor-f3 (13).
During the growth and progression of the tumor, macrophages
are recruited to the tumor niche and contribute to the initiation
of the anti-tumor immune response. However, cancer cells
may also re-program macrophages into immune-modulatory
macrophages, known as M2 TAMs. The functional status
of TAMs is notably associated with the survival of cancer
patients, while the M2-polarization of TAMs may be a prom-
ising target for cancer therapy (14,15).
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Figure 2. KEGG enrichment analysis of differentially expressed genes. Significantly enriched KEGG pathways yielded in at least two comparisons are displayed
in bubble plots. The size of the dots represents the number of enriched genes; the X-axis coordinate represents the gene ratio and the color of the dots represents
the P-value of enrichment analysis. The detailed enrichment score, P-value and false discovery rate value are provided in Table II. (A) Upregulated pathways.
(B) Downregulated pathways. No downregulated pathways were obtained in the lactate group, which was therefore not included. HIF1, hypoxia-inducible
factor-1; MAPK, mitogen-activated protein kinase; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 3. GSEA for the lactate, hypoxia and hypoxia-lactate group. Pathways within the threshold of P<0.05 and false discovery rate <0.25 in at least one
comparison were displayed using GSEA plots. The dots representing the genes in the hypoxia, lactate and hypoxia-lactate groups were colored in red, blue
and green, respectively. (A) Cell cycle pathway. (B) Oxidative phosphorylation pathway. (C) Glycolysis and gluconeogenesis pathway. (D) Hedgehog pathway.
(E) MAPK signaling pathway. (F) mTOR pathway. MAPK, mitogen-activated protein kinase; GSEA, gene set enrichment analysis.
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Table II. Significantly altered pathways in the gene set enrichment analysis.

A, Lactate group

Term ES NES P-value FDR
Cell cycle -0.47 -1.53 <0.01 0.06
Oxidative phosphorylation -0.41 -1.35 0.04 0.13
B, Hypoxia group

Term ES NES P-value FDR
Hedgehog signaling pathway 0.60 1.66 0.01 0.04
Oxidative phosphorylation -0.40 -1.39 0.02 0.14
C, Hypoxia-lactate group

Term ES NES P-value FDR
mTOR signaling pathway 0.54 1.77 0.01 0.01
Glycolysis gluconeogenesis 0.49 1.59 0.01 0.04
Hedgehog signaling pathway 048 1.54 0.01 0.04
Oxidative phosphorylation -041 -1.35 0.05 0.12
Cell cycle -0.44 -141 0.02 0.15
MAPK signaling pathway 0.28 1.18 0.05 0.19

ES, enrichment score; NES, normalized ES; FDR, false discovery rate; MAPK, mitogen-activated protein kinase.

Although previous studies have examined TAM repro-
gramming, the high heterogeneity noted in several types of
solid tumor has led to a lack of consensus on the detailed
mechanism of this process. However, solid tumors share
certain characteristics, including malformation of tumor
vessels and aerobic glycolysis, resulting in hypoxia and lactic
acidosis, which are considered two hallmarks of the tumor
microenvironment. Hypoxia has been indicated to induce
the M2 polarization of TAMs via stabilization of HIF-1 (16).
Previous studies have further suggested that melanoma,
colon carcinoma and bladder transitional cell carcinoma cells
may induce the M2-polarization of TAMs via lactate shut-
tling (8,17). Furthermore, previous studies that investigated
inflammatory organ injury indicated that lactate was able to
inhibit the pro-inflammatory function of lipopolysaccharide
(LPS)-stimulated macrophages (18-20), and may there-
fore be a common regulator of TAM function in the tumor
microenvironment.

Carmona-Fontaine et al (6) provided transcriptome data
of BMDMs treated by hypoxia or lactate. The study simulta-
neously assessed the differences between the hypoxia+lactate
group and all other samples, including the samples from the
normoxic group, the normoxia+lactate group and the hypoxic
group. The factors under investigation were lactate and hypoxia,
and the heterogeneity between the three groups was taken into
account. This may reduced the reliability of the results obtained
of that study. In the present study, these transcriptome data were
explored using DEG screening, KEGG enrichment, GSEA and

WGCNA in order to enhance the current knowledge on the
effect of hypoxia and lactate on TAMS.

Overall, the lactate treatment had a relatively mild effect
on macrophages, with only two significantly altered GSEA
pathways and 10 DEGs. In the hypoxic group, 142 DEGs
and two GSEA pathways were identified. By contrast, the
hypoxia+lactate treatment had a significant effect on the func-
tion of macrophages, with 1,352 DEGs and six significantly
altered pathways. Furthermore, all DEGs in the lactate group
exhibited the same trend in the hypoxia and hypoxia-lactate
groups, whereas all altered pathways obtained in the lactate
and hypoxia groups by GSEA analysis were also identified
in the hypoxia-lactate group. Therefore, the production of
lactate and the presence of hypoxia may work synergisti-
cally in the re-programming of macrophages.

The activation and regulation of the immune response
are key functions of macrophages. In the present study, the
HIF-1 and Hedgehog signaling pathways were enriched by
the DEGs of the hypoxic and the hypoxia-lactate groups.
Upregulation of the mTOR and the Hedgehog pathways
in the hypoxia-lactate group was identified by GSEA.
Furthermore, module 26, which was positively correlated
with hypoxia, was enriched in the HIF-1 pathway gene
sets. The HIF-1 pathway is considered the key pathway in
the reprogramming of TAMs (8,17), and the mTOR and
Hedgehog pathways were recently reported to contribute to
the alternative activation of macrophages and to the inhibi-
tion of the secretion of pro-inflammatory factors (21,22).



EXPERIMENTAL AND THERAPEUTIC MEDICINE 18: 4811-4819, 2019

4817

A B 1 0 -1
o Module ID R value [
o 1 ~0.104(0.759)

S 2 -0.105(0.758) = -0.548(0.081)
© 3 -0.051(0.881)
o 4 0.441(0.174) -0.445(0.170)
~ | 5 -0.169(0.620)
© 6 0.157(0.645)  0.268(0.425)
© | 7 0.183(0.590) -0.114(0.739)
o 8 -0.117(0.732) -0.330(0.322)
S 9 0.142(0.675)  0.017(0.960)
< 10 -0.228(0.499)  0.311(0.352)
S 11 -0.477(0.138)  0.476(0.139)
® 12 -0.607(0.048) -0.036(0.917)
c - 13 -0.060(0.861)  0.013(0.971)
14 -0.249(0.461)  0.349(0.293)
Module 15 -0.431(0.185) 0.011(0.974)
16 -0.173(0.610) -0.380(0.249)
17 -0.578(0.063) -0.434(0.183)
18 -0.123(0.720)
c 19 -0.156(0.645) -0.263(0.434)
20 0.462(0.152) -0.357(0.281)
21 0.066(0.847)  0.035(0.919)
= 22 0.419(0.199)  0.338(0.309)
~f = 23 0.357(0.282)  0.422(0.196)
I : 24 -0.190(0.576)
. 25 0.066(0.848)
= 26 0.349(0.293)
W e 27 0.405(0.217)  0.388(0.239)
28 0.327(0.327)  0.334(0.316)
5 29 0.246(0.466)
o 30 0.164(0.630)
| Kis 31 0.400(0.224) -0.344(0.301)
= .0 32 -0.284(0.397) -0.509(0.110)
33 -0.208(0.540) -0.157(0.645)
34 -0.396(0.228)  0.347(0.296)
35 -0.538(0.088) -0.299(0.372)
36 -0.099(0.773)  0.045(0.896)
37 -0.157(0.644) | 0.474(0.141)
38 0.079(0.818)
39 ~0.442(01173) 0.049(0.886)
40 -0.193(0.571)  0.311(0.351)
4 -0.460(0.154)
42 0.257(0.446)
43 -0.253(0.452)  0.142(0.676)
44 =0,640(0.034) 0.004(0.992)
5 Hypoxia Lactate

Figure 4. Weighted gene co-expression network analysis. (A) All genes were hierarchically clustered according to the topological overlap matrix and displayed
using a dendrogram. (B) Module-feature associations. Each row corresponds to a module eigengene and the two columns correspond to hypoxia and lactate
treatment. Each cell contains the R-value (corresponding correlation) and the P-value in parentheses. The cells are colored depending on the R-value. (C) The
topological overlap matrix among 1,000 randomly selected genes in the analysis was displayed using a heatmap. Light colors represent low overlap and

progressively darker red color represents higher overlap.

These results suggested that lactate and hypoxia promote
the M2-like function of macrophages. However, the present
results further demonstrated significant enrichment of the
MAPK signaling pathway in the DEGs of all three groups.
The upregulation of the DEGs of the MAPK pathway in
the hypoxia-lactate group was also demonstrated by GSEA
and was specifically identified in module 26. The MAPK
pathway may increase the expression of pro-inflammatory
factors, including IL1f and tumor necrosis factor-a (23).
These data suggested that hypoxia and lactate may potentiate
the M1-like pro-inflammatory function of macrophages.
However, activation of MAPK by hypoxia and lactate may

not be sufficient to activate an effective anti-tumor immune
response. At present, there is insufficient data to support
the alteration of the other inflammatory pathways and more
importantly, due to several previous studies demonstrating
that lactate was able to inhibit the pro-inflammatory response
of LPS-stimulated macrophages (18,19).

The accumulation of immune cells was mostly noted
in the well-perfused region, including the stroma and the
invasive margin surrounding the tumor islets (24,25). The
production of lactate by the tumor may decrease the pH
and have an important role in the formation of this spatial
structure (25). In the present study, GSEA demonstrated that
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Table III. Enrichment analysis of the modules significantly

correlated with hypoxia or lactate treatment.

A, Lactate
KEGG pathways R-value P-value
Module 41 0.61
Base excision repair 0.016
Pyruvate metabolism 0.023
Hippo signaling pathway 0.027
Tight junction 0.043
Module 38: 0.82
Rapl signaling pathway 0.025
Module 1: -0.68
Focal adhesion 0.033
Module 3: -0.73
Not applicable >0.999
B, Hypoxia
KEGG pathways R-value P-value
Module 26 0.87
Renal cell carcinoma <0.001
Pertussis <0.001
Lysosome <0.001
Metabolic pathways <0.001
Amino sugar and nucleotide <0.001
sugar metabolism
Central carbon metabolism <0.001
in cancer
Pathways in cancer 0.001
Biosynthesis of antibiotics 0.001
Focal adhesion 0.001
HIF-1 signaling pathway 0.001
Module 12 -0.61
Regulation of actin cytoskeleton 0.012
Cell adhesion molecules 0.014
Morphine addiction 0.022
Glycerophospholipid metabolism 0.023
Rapl1 signaling pathway 0.029
Rheumatoid arthritis 0.043
Regulation of lipolysis in 0.044
adipocytes
Hematopoietic cell lineage 0.047
Module 42: Metabolic pathways -0.70 0.008
Module 44 -0.64
Biosynthesis of antibiotics <0.001
Metabolic pathways <0.001
Colorectal cancer 0.004
Progesterone-mediated oocyte 0.004
maturation
Carbon metabolism 0.006
Steroid biosynthesis 0.009
mTOR signaling pathway 0.012

Table III. Continued.

B, Hypoxia

KEGG pathways R-value P-value
Central carbon metabolism 0.017
in cancer
Insulin signaling pathway 0.017
Chronic myeloid leukemia 0.027

HIF1, hypoxia-inducible factor-1. The module names are consistent
with those shown in Fig. 4B.

lactate treatment downregulated the cell cycle pathway in
a hypoxia-independent manner, even in a neutral pH envi-
ronment. Thus, lactate may inhibit the in situ proliferation
of macrophages under inflammatory conditions (26). The
results further indicated that the DEGs of the hypoxia
and hypoxia-lactate groups, including C-C motif chemo-
kine receptor 1 (CCR1) and CCRS5, were enriched in the
cytokine-cytokine receptor interaction pathway. Module 26
was significantly associated with lactate levels and exhibited
enrichment in the chemokine signaling pathway. These
results suggested that hypoxia was further involved in the
regulation of macrophage localization in the tumor micro-
environment.

Several studies have indicated that hypoxia inhibits oxida-
tive phosphorylation and promotes glycolysis (27,28). In the
present study, the inhibition of oxidative phosphorylation and
the activation of the glycolytic pathway were identified by the
KEGG enrichment analysis, as well as GSEA and WGCNA, as
specific biological processes that may be induced by hypoxia.
Furthermore, GSEA demonstrated that lactate inhibits the
oxidative phosphorylation pathway of macrophages, although
it did not demonstrate any significant enhancement of the
glycolysis pathway. The detailed energy metabolism status of
macrophages under lactic acidosis conditions remains elusive
and further studies are required to investigate this process.

In conclusion, lactate exhibited a weak effect on macro-
phages under normoxic conditions. However, the combination
of lactate and hypoxia markedly promoted the M2-polarization
of macrophages via the HIF-1, Hedgehog and mTOR pathways.
Lactate and hypoxia may also contribute to the formation of
the spatial structure of tumor niches by inhibiting the in situ
proliferation of tissue-resident macrophages and by regulating
the recruitment of peripheral macrophages.
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