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Abstract
Metabolic pathways drive cellular behavior. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection 
causes lung tissue damage directly by targeting cells or indirectly by producing inflammatory cytokines. However, whether 
functional alterations are related to metabolic changes in lung cells after SARS-CoV-2 infection remains unknown. Here, we 
analyzed the lung single-nucleus RNA-sequencing (snRNA-seq) data of several deceased COVID-19 patients and focused 
on changes in transcripts associated with cellular metabolism. We observed upregulated glycolysis and oxidative phospho-
rylation in alveolar type 2 progenitor cells, which may block alveolar epithelial differentiation and surfactant secretion. 
Elevated inositol phosphate metabolism in airway progenitor cells may promote neutrophil infiltration and damage the lung 
barrier. Further, multiple metabolic alterations in the airway goblet cells are associated with impaired muco-ciliary clear-
ance. Increased glycolysis, oxidative phosphorylation, and inositol phosphate metabolism not only enhance macrophage 
activation but also contribute to SARS-CoV-2 induced lung injury. The cytotoxicity of natural killer cells and  CD8+ T 
cells may be enhanced by glycerolipid and inositol phosphate metabolism. Glycolytic activation in fibroblasts is related to 
myofibroblast differentiation and fibrogenesis. Glycolysis, oxidative phosphorylation, and glutathione metabolism may also 
boost the aging, apoptosis and proliferation of vascular smooth muscle cells, resulting in pulmonary arterial hypertension. 
In conclusion, this preliminary study revealed a possible cellular metabolic basis for the altered innate immunity, adaptive 
immunity, and niche cell function in the lung after SARS-CoV-2 infection. Therefore, patients with COVID-19 may benefit 
from therapeutic strategies targeting cellular metabolism in future.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
has spread worldwide. More than 273 million cases have 
been confirmed, and the death toll has exceeded 5 million 
as of December 17, 2021 (https:// www. world omete rs. info/ 
coron avirus/). The phenotypic traits of infected patients 
vary widely, from asymptomatic, mild, and moderate clini-
cal presentations (including fever, dry cough, fatigue, head-
ache, nausea, among others) to critical illness, which may 
cause intensive care unit (ICU) admission, and eventually 
death [1]. As the primary target of SARS-CoV-2, lung tissue 
displays massive pathologies after infection, including acute 
bronchiolitis, pulmonary edema, alveolar septal thickening, 
diffuse alveolar damage, fibrosis, pulmonary hemorrhage, 
micro-thrombi, and pulmonary hypertension [2–5].

Generally, a host responds to infections by eliciting non-
specific innate and adaptive immune responses. Physical 
barriers are vital components of the innate immune response 
that can directly hinder pathogen invasion into the body. The 
epithelial barrier in the upper respiratory tract is essential 
for mucociliary clearance and prevents respiratory patho-
gens from entering the lower respiratory tract. Submucosal 
glands, mucous cells, and goblet cells are the major sources 
of mucins in the human airways. Goblet cells are daugh-
ter cells of progenitor club cells, which are generated by 
basal cells or variant club cells upon injury [6, 7]. Multi-
ple epithelial cells express angiotensin-converting enzyme 
2 (ACE2) and become targets of SARS-CoV-2, including 
basal cells, club cells, and alveolar type 1 (AT1) and AT2 
cells [8, 9]. After SARS-CoV-2 infection, monocyte-derived 
macrophages migrate to the lungs to phagocytose infected 
cells and cellular debris [10].

The severity of COVID-19 appears to be related to the 
polarization of macrophages [11]. Neutrophils are recruited 
into the lungs to eliminate the virus by forming neutrophil 
extracellular traps and aggregates of histones and proteases 
[11]. However, the antigen presentation capacity of neutro-
phils may be reduced in patients with COVID-19 [12, 13]. 
Dendritic cells (DCs) produce antiviral cytokines, including 
type I interferons, and present processed viral antigens to T 
cells. NK cells, which are cytotoxic to virus-infected cells, 
can also recognize invading viruses. NK cells limit tissue 
damage by suppressing the inflammatory response [13]. The 
adaptive immune response is slower during initial pathogen 
infection but is more specific and effective than the innate 
immune response. In addition, the adaptive immune response 
can form immune memory after the initial pathogen infec-
tion, so the body can respond quickly to eliminate the same 
pathogen as the first infection. In response to SARS-CoV-2, 
B cells differentiate into plasma cells capable of secreting 

neutralizing antibodies [14]. Cytotoxic  CD8+ T cells directly 
kill infected cells and secrete antiviral cytokines.  CD4+ T 
cells coordinate and optimize the humoral response to viral 
infection [15]. Together with structural cells, cellular com-
ponents in the innate and adaptive immune responses col-
laborate to restore lung homeostasis.

Changes in cellular metabolism during lung injury 
affect cell behavior, including survival, growth, and dif-
ferentiation. We previously demonstrated that AT2 cells 
had upregulated glycolysis but downregulated fatty acid 
synthesis during bleomycin-induced alveolar epithelial 
injury [16]. The metabolic switch from glycolysis to lipid 
metabolism worsens bleomycin-induced alveolar epithelial 
injury [16]. Glucose deprivation or glycolysis inhibition 
promotes the differentiation of airway epithelial progenitor 
cells into ciliated and goblet cells [17]. Immuno-metabolic 
reprogramming may also occur in innate and adaptive 
immune cells after SARS-CoV-2 infection and contribute 
to the disease progression of COVID-19 [18]. Elevated 
glycolytic flux contributes to SARS-CoV-2 replication 
in monocytes and eventually induces pro-inflammatory 
cytokine production [19]. In IL-2/IL-12-stimulated NK 
cells, glutamine-dependent cMyc can regulate NK cell 
glycolysis and oxidative phosphorylation (OXPHOS), 
resulting in a robust NK cell response [20]. Myc-depend-
ent metabolic reprogramming can regulate  CD8+ T cell 
fate and is associated with memory lymphocyte generation 
[21]. A metabolic shift from oxidative phosphorylation to 
glycolysis may occur after SARS-CoV-2 infection as pyru-
vate kinase isozyme, hexokinase 2, and cytosolic lactate 
levels were all upregulated in COVID-19 [22, 23]. Such 
shift in immune cells can lead to hyper-inflammation and a 
cytokine storm, which result in exacerbated tissue damage 
[22]. Hu et al. observed a relationship between reduced 
serum HDL-cholesterol and the disease severity of the 
virus infection [24]. They also found that HDL-choles-
terol concentration has positive correlation with C-reactive 
protein (CRP), and negative correlation with lymphocytes 
count [24]. Furthermore, it has been also proposed that 
lipid-lowering therapeutic strategies, including statins and 
lipoprotein apheresis, may serve as strategies to reduce 
clinical complications in critical COVID-19 patients [25]. 
SARS-CoV-2 infection-induced changes in amino acid 
metabolism connected with disease severity and lung dam-
age [26]. Revealing the mechanisms of metabolic repro-
gramming in different host cells will help us understand 
SARS-CoV-2-induced lung immuno-pathogenesis.

Here, by reanalyzing single-nucleus RNA-sequencing 
(snRNA-seq) data obtained from the lungs of deceased 
COVID-19 patients, we aimed to reveal the metabolic 
alterations in cellular components of the innate immune 
system, adaptive immune system, and structural niche after 
SARS-CoV-2 infection. We found that changes in several 

https://www.worldometers.info/coronavirus/
https://www.worldometers.info/coronavirus/
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metabolic pathways, such as glycolysis, OXPHOS, fatty 
acid metabolism, glutathione metabolism, inositol phos-
phate metabolism, may be associated with impaired barrier 
protection, immunity dysfunction, and pulmonary fibrosis 
and arterial hypertension, which could facilitate COVID-
19 progression or even death.

Methods

Data collection

The single-nucleus RNA-sequencing (snRNA-seq) data 
of lung tissues from 19 deceased COVID-19 patients (12 
men and 7 women) and 7 controls (4 men and 3 women) 
were obtained from the GEO database (accession number: 
GSE171524). In the COVID-19 cohort, the median post-
mortem interval was 4 h, and the median age was 72 years. 
Control individuals with a median age of 70 years underwent 
lung biopsy/resection before the SARS-CoV-2 epidemic. 
The metadata information and cell type identification of all 
human cells in this study were referred to the original report 
[27].

Score metabolism‑related KEGG pathways

The metabolism-related Kyoto Encyclopedia of Genes 
and Genomes (KEGG) terms were downloaded from the 
KEGG database (https:// www. kegg. jp/), and a total of 35 
metabolic pathways, and 12 metabolism-associated signal-
ing pathways were used for further analysis. The AddMod-
uleScore function in Seurat was used to calculate the score 
of each KEGG pathway in each cell. Data visualization was 
performed using the “ggplot2” R package (3.3.5), and only 
KEGG pathways with P value < 0.01 were displayed. Red 
dots indicate upregulated metabolic pathways in COVID-19 
patients, and blue dots indicate downregulated metabolic 
pathways. A darker color indicates a smaller P value.

Score lung cell function

The AddModuleScore function in the Seurat package was 
used to calculate the functional signatures of each cell 
cluster. The aging score was calculated using genes in 
the GO term aging (GO: 0,007,568). The apoptosis score 
was calculated using the genes in the apoptosis pathway 
(hsa04210). The club host defense score was calculated 
using SCGB1A1, CXCL17, CXCL1, CXCL6, C3, CD55, 

B2M, PIGR, TLR5, LCN2, LYZ, BPIFB1, GSTP1, RDH10, 
AKR1C1, DHRS9, CYP2F1, MGST1, CYP4B1, SERPINA1, 
SLPI, WFDC2, SERPINB3, CST3, CTNNB1, CXADR, 
CLDN1, CLDN4, OCLN, TFF3, MUC1, MUC5B, ITGAV, 
and ITGB1 [28]. The mucus secretion score was calcu-
lated using genes in the GO term mucus secretion (GO: 
0,070,254). The surfactant hemostasis score was calcu-
lated using the genes in the GO term surfactant hemostasis 
(GO: 0,043,129). The macrophage activation score was 
calculated using genes in the GO term macrophage activa-
tion (GO: 0,042,116). The macrophage chemotaxis score 
was calculated using genes in the GO term macrophage 
chemotaxis (GO: 0,048,246). The macrophage prolifera-
tion score was calculated using genes in the GO term mac-
rophage proliferation (GO: 0,061,517).

The NK activation score was calculated using genes in 
the GO term natural killer cell activation (GO: 0,030,101). 
The NK chemotaxis score was calculated using genes 
in the GO term natural killer cell chemotaxis (GO: 
0,035,747). The NK degranulation score was calculated 
using genes in the GO term natural killer cell degranu-
lation (GO: 0,043,320). The NK cell proliferation score 
was calculated using genes in the GO term natural killer 
cell proliferation (GO: 0,001,787). The DC chemotaxis 
score was calculated using genes in the GO term dendritic 
cell chemotaxis (GO: 0,002,407). The DC differentiation 
score was calculated using genes in the GO term dendritic 
cell differentiation (GO: 0,097,028). The T cell activa-
tion score was calculated using genes in the GO term T 
cell activation (GO: 0,042,110). The T cell chemotaxis 
score was calculated using genes in the GO term T cell 
chemotaxis (GO: 0,010,818). The T cell cytotoxicity score 
was calculated using genes in the GO term T cell medi-
ated cytotoxicity (GO: 0,001,913). The T cell proliferation 
score was calculated using genes in the GO term T cell 
proliferation (GO: 0,042,098). The B cell activation score 
was calculated using genes in the GO term B cell activa-
tion (GO: 0,042,113). The B cell chemotaxis score was 
calculated using genes in the GO term B cell chemotaxis 
(GO: 0,035,754). The fibroblast proliferation score was 
calculated using genes in the GO term fibroblast prolif-
eration (GO: 0,048,144). The fibroblast migration score 
was calculated using genes in the GO term regulation of 
fibroblast migration (GO: 0,010,762). The vascular smooth 
muscle cell migration score was calculated using genes 
in the GO term vascular associated smooth muscle cell 
migration (GO:1,904,738). The vascular smooth muscle 
cell proliferation score was calculated using genes in the 
GO term regulation of vascular associated smooth muscle 
cell proliferation (GO:1,904,705).

https://www.kegg.jp/
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Correlation analysis between metabolism‑related 
KEGG pathways and cellular functions

The corr.test function in the psych (v2.1.9) package was 
used to evaluate the correlation between KEGG pathways 
and cellular functions based on the scores calculated 
above. Only correlations with P value < 0.05 and Pearson 
correlation > 0.2 or < − 0.2 were displayed. Red dots indi-
cate positive associations between pathways and cellular 
functions, while blue dots represent negative associations. 
Darker colors indicate stronger correlations.

Differential expression gene identification 
and visualization

The Seurat function “FindMarkers” (version 4.0.2) was 
used for differential expression gene (DEG) analysis 
between COVID-19 patients and controls. Genes with a 
fold change (FC) greater than 1.2 or less than 0.83 and an 
adjusted P < 0.05 were regarded as significantly differen-
tially expressed genes. Significance was evaluated using 
the Wilcoxon rank-sum test. We analyzed the differentially 
expressed genes of specific metabolic pathways in certain 
cell types between the two groups. The genes included in 
specific metabolic pathways were determined using the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base. Data visualization was performed using R 4.1.0.

Circular visualization plots were produced using the “cir-
clize” R package (version 0.4.13). Bars on the outside ring 
of each cell type represent the fold changes of DEGs as indi-
cated between the COVID-19 and control groups. Red bars 
represent DEGs in each metabolic pathway with FC greater 
than 1.41 or less than 0.71. The blue bars inside the ring 
indicate adjusted P-values that were statistically significant 
(< 0.05) between the COVID-19 and control groups.

The FC visualization of genes included in certain path-
ways was performed using the “pheatmap” R package (ver-
sion 1.0.12). The heatmap shows DEGs (adjusted P-values 
less than 0.05) with an FC greater than 1.2 or less than 0.83. 
Red squares indicate the downregulated genes, and the green 
squares indicate the upregulated genes. The numbers in the 
squares represent the fold changes of the indicated genes 
between COVID-19 and control in each cell type. The violin 
plots were produced using the “ggplot2” R package (3.3.5).

Results

Metabolic changes in each cell cluster in COVID‑19 
patients

The clearance of SARS-CoV-2 from its major target organ 
depends on the potency of the innate immune system and 

adaptive immune system in the lung. The functional per-
formance of immune cells and lung epithelial cells in these 
systems is tightly controlled by cellular metabolism. To 
reveal the cellular metabolic basis of SARS-CoV-2-induced 
death, we retrieved the snRNA-seq transcriptome of 19 
deceased COVID-19 patients and 7 control subjects from 
publicly available datasets of the Gene Expression Omnibus 
(GSE171524). We first assessed and mapped the metabolic 
landscape of all cell types, and then analyzed several func-
tions of a certain cell type to reveal functional alterations 
after SARS-CoV-2 infection. Next, we performed a correla-
tion analysis between metabolic pathways and cellular func-
tions, disclosing the potential associations between altered 
metabolic pathways and cellular functions. Furthermore, we 
focused on the DEGs associated with 19 metabolic path-
ways in 41 cell types and attempted to identify altered genes 
involved in a certain metabolic pathway that may influence 
host defense against SARS-CoV-2 infection (Fig. 1, Figure 
S1–S5).

A total of 35 metabolic pathways and 12 metabolism-
related signaling pathways were analyzed. Most metabolic 
pathways and metabolism-related signaling pathways were 
upregulated in COVID-19 patients as compared to the con-
trol group (Fig. 2). Macrophage, lung fibroblast and epithe-
lial cells exhibited more upregulated metabolic pathways 
among 41 cell types investigated. While goblet cells, cili-
ated cells, alveolar fibroblasts, vascular smooth cells, plasma 
cells and neuronal cells have more downregulated metabolic 
pathways than other cell types. Most of these cells express 
ACE2, so SARS-CoV-2 invasion may perturb the transcrip-
tion activity, causing metabolic alterations in the infected 
cells. Other mechanisms, such as hypoxia or hyper-inflam-
mation in COVID-19, may also influence transcription activ-
ity and cellular metabolism in these cells.

Similarities within one hierarchy of cells was observed 
in terms of SARS-CoV-2 infection-induced cellular meta-
bolic changes. Airway epithelial cells, including basal cells, 
club cells, ciliated cells, and airway mucous cells, exhibited 
upregulated OXPHOS (Fig. 2). In addition to OXPHOS, 
alveolar epithelial cells including alveolar type 1 (AT1) 
cells and alveolar type 2 (AT2) cells upregulated many other 
metabolic pathways, for example glycolysis, fatty acid bio-
synthesis, degradation and elongation, glycerolipid metabo-
lism, glycerophospholipid metabolism, purine and pyrimi-
dine metabolism, and cysteine and methionine metabolism 
(Fig. 2). For most immune cells, biosynthesis of unsaturated 
fatty acids, fatty acid elongation, and glycolysis/gluconeo-
genesis pathways were commonly upregulated. OXPHOS, 
glycolysis/gluconeogenesis, glutathione metabolism and ara-
chidonic acid metabolism represented the most upregulated 
metabolic pathways in smooth muscle cells. Glycolysis/glu-
coneogenesis, OXPHOS, glutathione metabolism, fatty acid 
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degradation and biosynthesis of unsaturated fatty acids were 
elevated in lung fibroblast cells (Fig. 2).

Metabolic basis of defective airway mucociliary 
clearance after SARS‑CoV‑2 infection

As part of the innate immune system in the lung, the lung 
epithelium is composed of a variety of cells that exert criti-
cal immunomodulatory roles in both homeostasis and dis-
ease states [29]. Human lung conducting airways include 
basal cells (stem cells), club cells (progenitor cells), ciliated 
cells, goblet cells, mucous cells, neuroendocrine cells, and 
ionocytes. We evaluated two biological processes (aging 
and apoptosis) and club host defense in club cells. Each 
process was scored using AddModuleScore function in 
Seurat package. Then we performed pairwise comparison 
using Student’s t test. We found that aging was significantly 
upregulated, while apoptosis and club host defense were sig-
nificantly downregulated in COVID-19 patients compared 
to the corresponding cells in control group (Fig. 3a). The 
circos plot showed the overall DEGs involved in 19 primary 
metabolic pathways in club cells (Fig. 3b). As suggested 
above, glycolysis, fatty acid metabolism and inositol phos-
phate metabolism were upregulated in club cells in COVID-
19 patients (Fig. 2). We previously demonstrated that glu-
cose metabolism is associated with the regeneration and 
repair of airway epithelial cells [17]. Here, we further found 
enhanced expression levels of several genes involved in these 

pathways. Pyruvate kinase (PKM) catalyzes the transfer of 
phosphoenolpyruvate to pyruvate, the last step of glycolysis. 
Upon glucose deprivation, acyl-CoA synthetase short-chain 
family 2 (ACSS2) generates acetyl-CoA for histone acetyla-
tion. Both PKM and ACSS2 transcripts were upregulated 
in club cells during COVID-19 (Fig. 3c). Previous findings 
suggested that altered glucose metabolism is associated with 
enhanced chemotaxis of monocytes and neutrophils into the 
lungs, resulting in a poor prognosis in critically ill patients 
[30]. Acyl-CoA synthetase long-chain family member 1 
(ACSL1), a key rate-limiting enzyme in fatty acid oxidation, 
was also elevated at the transcriptional level in club cells 
after SARS-CoV-2 infection (Fig. 3c). Inositol phosphates 
(InsPs) are important second messengers that participate in 
signal transduction and regulate various biological func-
tions. Phospholipase C (PLC) hydrolyzes phosphatidylin-
ositol-4,5-bisphosphate (PIP2) to generate inositol-1,4,5-
triphosphate (IP3) and diacylglycerol (DAG) [31]. We found 
enhanced expression of PLC-gamma-2 (PLCG2) transcripts 
in club cells after SARS-CoV-2 infection (Fig. 3c). A simi-
lar increase was also found in the expression of phosphati-
dylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 
(PIK3CA) (Fig. 3c), which can catalyze the phosphorylation 
of phosphatidylinositol-4,5 bisphosphates (PIP2) to phos-
phatidylinositol-(3,4,5)-triphosphate (PIP3).

Goblet cells are daughters of club cells found in the 
lungs. Goblet cell hyperplasia is a hallmark of bronchial 
asthma, cystic fibrosis, and chronic obstructive pulmonary 

Control

COVID-19

Single-nucleus 
RNA sequencing

Cell type 
identification

Identifying 
DEGs through 
“FindMarkers”

Analysis of 
DEGs associated 

with metabolic 
pathways of a 

certain cell type

Innate immunity 

Adaptive immunity

Circos plot

Heat map

Score metabolism-related 
KEGG pathways and 

cellular functions through 
“AddModuleScore”

Correlation analysis 
between metabolism 
and cellular function 
through “corr.test”

Fig. 1  Simplified outline for snRNA-seq data analysis.  snRNA-seq 
data from COVID-19 and control lung tissue were downloaded from 
the GEO database. “AddModuleScore” was used to score the metab-
olism-related KEGG pathways and Gene Ontology Terms associated 
with cellular functions. Then corr.test function was used to perform 
correlation analysis between metabolism-related pathways and cel-

lular functions. “FindMarkers” was used to identify the Differential 
Expression Genes (DEGs) between the two groups. A circos plot and 
a heat map were used to visualize the DEGs associated with meta-
bolic pathways of certain cell types to reveal the metabolic alterations 
relevant to innate or adaptive immunity
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Fig. 2  The significantly altered metabolic pathways (left panel) and 
metabolism-related signaling pathways (right panel) in each cell clus-
ter in COVID-19 patients (Student’s t-test; P value < 0.01). Red dots 

indicate the upregulated metabolic pathways in COVID-19 patients 
and blue dots indicate the downregulated metabolic pathways. Darker 
colors indicate a smaller P value
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diseases. We found that aging and apoptosis were slightly 
upregulated, while mucus secretion was significantly down-
regulated in COVID-19 patients compared to control group 
(Fig. 3d). Correlation analysis suggested that OXPHOS, 
glutathione metabolism and FoxO signaling pathway were 
positively associated with both aging and apoptosis in goblet 
cells (Fig. 3e). Besides, aging was also positively correlated 
with valine, leucine and isoleucine biosynthesis in goblet 
cells (Fig. 3e). Compared to club cells, airway goblet cells 
displayed more DEGs involved in metabolic pathways, man-
ifested by more red bars in the outer ring and more blue bars 
in the inner ring in the circos plot (Fig. 3f). Multiple genes in 
OXPHOS were upregulated, while the expression levels of 
multiple genes in inositol phosphate metabolism decreased 
(Fig. 3g), consistent with above metabolism score in goblet 
cells (Fig. 2). Glycolysis, lipid metabolism, and mitochon-
drial OXPHOS pathways are associated with goblet cell dif-
ferentiation and mucus secretion in goblet cells [32]. Expres-
sion levels of multiple types of mucins were decreased, 
including MUC5AC, MUC3A and MUC16 (Fig.  3h), in 
accordance with above function score (Fig. 3d). Adenosine 
triphosphate (ATP)-induced mucin secretion correlates with 
PLC activation and downstream activation of protein kinase 
C (PKC) via diacylglycerol [33]. SARS-CoV-2 infection 
resulted in a decreased expression of PLCB1, PLCE1, and 
PLCH1 and an increased expression of PLCG2 (Fig. 3g). 
Aberrant mucin secretion may explain the impaired muco-
ciliary clearance in COVID-19 [34].

Cellular metabolic changes illustrating impaired 
alveolar repair and surfactant transportation 
in COVID‑19

Two major cell types in the alveolar gas exchange region, 
AT2 and AT1 cells, exhibited massive metabolic alterations 
after SARS-CoV-2 infection. We found that aging was sig-
nificantly upregulated in AT2 cells, which is consistent with 
other findings [35]. Surfactant hemostasis was markedly 
downregulated in COVID-19 patients (Fig. 4a). Correlation 
analysis showed that OXPHOS and glutathione metabo-
lism were positively associated with aging in AT2 cells. 
In addition, MAPK and cAMP signaling pathways may be 
positively correlated with apoptosis in AT2 cells (Fig. 4b). 
Glycolysis, oxidative phosphorylation, pyruvate metabo-
lism, fatty acid metabolism, histidine metabolism, and glyc-
erolipid metabolism were enhanced in AT2 cells (Figs. 2, 
4c). Consistent with the metabolism scoring above, the 
expression levels of most DEGs related to glycolysis or fatty 
acid metabolism were elevated (Fig. 4d). We observed that 
some isozymes were upregulated but others downregulated 

in fatty acid oxidation pathway, reflecting changes in the uti-
lization of substrates in AT2 cells after SARS-CoV-2 infec-
tion. Enhanced glycolytic metabolism may hinder AT1 cell 
differentiation during IL-1β-mediated inflammation [36]; 
therefore, altered glucose metabolism may impair the dif-
ferentiation of AT2 cells into mature AT1 cells.

Surfactants produced by AT2 cells decrease the surface 
tension necessary for gas exchange and the structural integ-
rity of alveoli [37]. Surfactants mainly consist of phospho-
lipids, such as phosphatidylcholine (PC), phosphatidylg-
lycerol (PG), and other surfactant proteins (SPs), including 
SP-A, SP-B, SP-C, and SP-D. SP-A can bind microbial path-
ogens, such as viruses, fungi, and bacteria, exerting a critical 
role in innate host defense and anti-inflammation [37, 38]. 
The functional score showed impaired surfactant homeo-
stasis after SARS-CoV-2 infection (Fig. 4a). We found an 
increased expression of SP-A1 and SP-A2 transcripts in AT2 
cells in patients with COVID-19 (Fig. 4e). In addition, the 
expression of fatty acid synthase (FASN) was upregulated 
in COVID-19 (Fig. 4d). FASN catalyzes de novo fatty acid 
biosynthesis, which is an important precursor for pulmonary 
surfactant biosynthesis. While the gene expression level of 
surfactant transporting protein, ATP binding cassette sub-
family A member 3 (ABCA3) (Fig. 4e), decreased. ABCA3 
is a member of ABS transporter family, which enriches in 
the lung and participates in surfactant synthesis, storage in 
lamellar bodies (LBs). Furthermore, mutations of this gene 
cause congenital surfactant deficiency [39]. Here we specu-
late that AT2 cells aim to increase expression of surfactants 
including both proteins and lipids to defense against patho-
gens, while abnormal surfactant transporting system may 
lead to surfactant deficiency finally. These data revealed 
the cellular metabolic basis of impaired alveolar epithelial 
regeneration and surfactant deficiency-induced defective 
defense against SARS-CoV-2.

Correlation analysis showed that multiple metabolic path-
ways or metabolism-related signaling pathways were posi-
tively correlated to aging or apoptosis of AT1 cells (Fig. 4f, 
g). Like AT2 cells, AT1 cells showed enhanced glycolysis, 
pyruvate metabolism, fatty acid metabolism, OXPHOS, 
glycerolipid metabolism, and glycerophospholipid metabo-
lism after SARS-CoV-2 infection (Fig. 2). DEG analysis 
showed that many genes involved in these metabolic path-
ways were upregulated (Fig. 4h, i). The connection between 
the altered metabolism and gas exchange function of AT1 
cells requires further research. Metabolic alterations that 
drive aging or apoptosis of AT1 and AT2 cells explained 
the occurrence of lung fibrotic progression in these COVID-
19 patients [27].
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SARS‑CoV‑2‑induced metabolic reprogramming 
in innate immune cells

Innate immunity against SARS-CoV-2 is built upon the 
first and rapid host defense immune cells, including neutro-
phils, eosinophils, basophils, NK cells, DCs, macrophages, 
and mast cells. Among these immune cells, macrophages 
exhibit remarkable metabolic changes (Fig. 2). Alveolar 
macrophages are the direct targets of SARS-CoV-2 through 
the S-protein-ACE2 interaction, resulting in their abnormal 
activation [40]. We observed that the scores of macrophage 
activation, chemotaxis, and proliferation were elevated in 
alveolar macrophages in COVID-19 patients (Fig. 5a). Mac-
rophage activation and chemotaxis were positively corre-
lated with OXPHOS, and macrophage activation positively 
correlated with the PI3K-Akt signaling pathway (Fig. 5b). 
Other altered metabolic pathways in alveolar macrophages, 
included glycolysis, pyruvate metabolism, fatty acid metabo-
lism, inositol phosphate metabolism, glycerolipid metabo-
lism, and glycerophospholipid metabolism (Figs. 2, 5c). It 
is worth mentioning that many elements of the OXPHOS 
pathway were increased at the transcript level in alveolar 
macrophages after SARS-CoV-2 infection (Fig. 5d). The 
expression levels of several genes coding for “vacuolar” 
ATPase (V-ATPase) were increased in COVID-19, including 
ATP6V0C, ATP6V1B2, ATP6V1C1, ATP6AP1, ATP6V0A1, 
ATP6V1A, ATP6V0B (Fig. 5d). These proteins are associated 
with phagosome acidification during the maturation process 

of phagosomes [41]. These data explained the activation and 
chemotaxis of alveolar macrophages in these COVID-19 
patients [27]. Increased generation of intracellular IP3 and 
 Ca2+ via activation of PLC promoted macrophage migra-
tion [42]. We observed higher expression levels of PLCG2 
in the alveolar macrophages of COVID-19 patients com-
pared to control subjects (Fig. 5d). In consistent with our 
findings, macrophages in the lungs of severe COVID-19 
patients showed increased glycolysis, facilitating pro-inflam-
matory cytokine generation [19, 43]. In the glycerolipid 
metabolism pathway, lipoprotein lipase (LPL) catalyzes the 
hydrolysis of triglycerides to free fatty acids (FFAs) and 
mediates lipoprotein uptake [44]. Very low-density lipo-
protein (VLDL) uptake mediated by LPL was reported to 
inhibit macrophage inflammation through peroxisome pro-
liferator-activated receptor-δ (PPARδ) activation [45, 46]. 
There was a significant reduction in LPL expression in the 
alveolar macrophages of patients with COVID-19 (Fig. 5d). 
Furthermore, inhibition of cellular glycolysis significantly 
reduced alveolar macrophage polarization to the M1 type 
[47]. The expression of PKM, along with several other gly-
colysis-related enzymes, such as phosphoglycerate kinase 1 
(PGK1) and enolase 1 (ENO1), was upregulated in alveolar 
macrophages after SARS-CoV-2 infection (Fig. 5d). These 
data suggest that alveolar macrophages may present a pro-
inflammatory phenotype rather than an anti-inflammatory 
phenotype, causing lung tissue damage.

SARS-CoV-2 infection blunts NK cell effector functions 
and hinders the effective clearance of infected cells [48]. The 
scores of NK cell activation, chemotaxis, degranulation, and 
proliferation were elevated in NK cells in these COVID-19 
patients (Fig. 5e). Although the DEGs presented in the circos 
plot were not apparent, several metabolic pathways were sig-
nificantly altered according to the metabolism score, includ-
ing upregulated glycolysis, inositol phosphate metabolism, 
and glycerolipid metabolism (Figs. 2, 5f). The glycolytic 
rate of NK cells increases during viral infection and inflam-
mation, and lactate dehydrogenase A (LDHA)-deficient NK 
cells are unable to exhibit optimal antiviral activities [49]. 
PLCG2-deficient NK cells fail to mobilize intracellular cal-
cium and are unable to secrete cytotoxic granules, which 
are essential for killing virally infected cells [50]. There was 
an increase in PLCG2 expression in the COVID-19 group, 
likely boosting the cytotoxicity of NK cells (Fig. 5g). The 
expression levels of two enzymes in glycerolipid metabo-
lism pathway, lipin 1 (LPIN1) and lipin 2 (LPIN2), were 
increased in NK cells after SARS-CoV-2 infection (Fig. 5g). 
These enzymes can dephosphorylate phosphatidic acid to 
yield DAG, which increases intracellular calcium levels and 
facilitates NK cell cytotoxicity. These metabolic changes 
may contribute to enhanced NK cell effector functions, such 
as chemotaxis, degranulation and cytotoxicity.

Fig. 3  The metabolic processes that are altered in airway epithelial 
cells. a The selected functional alterations in airway club cells in 
COVID-19 patients (Student’s t-test; **P < 0.001; ****P < 0.0001). b 
Circos plots of airway club cells. The red bar on the outside indicates 
that the absolute value of log2FC is greater than 0.5. The blue bar 
suggests that the adjusted P value is statistically significant (< 0.05). 
c Violin plots of PKM, ACSS2, ACSL1, PLCG2 and PIK3CA expres-
sion (log-normalized) in airway club cells from controls and patients 
with COVID-19. Wilcoxon rank-sum test with Bonferroni-adjusted P 
value indicated on top. d The selected functional alterations in air-
way goblet cells in COVID-19 patients (Student’s t-test; *P < 0.05; 
**P < 0.001; ***P < 0.001). e The Pearson correlations between the 
scores of goblet cell function and the metabolic pathways. “R” indi-
cates the Pearson correlation coefficient; only dots representing cor-
relations with |R|> 0.2 and P value < 0.05 are displayed. f Circos plots 
of airway goblet cells. The red bar on the outside indicates that the 
absolute value of log2FC is greater than 0.5. The blue bar suggests 
that the adjusted P value is statistically significant (< 0.05). g Heat 
map demonstrating the fold changes of DEGs involved in a certain 
metabolic pathway in goblet cells. Green indicates the upregulated 
genes and red indicates the downregulated genes. The numbers in the 
squares represent the fold change of a certain gene, and darker colors 
indicate a larger fold change. h Violin plots of MUC5AC, MUC3A 
and MUC16 expression (log-normalized) in airway goblet cells from 
controls and patients with COVID-19. Wilcoxon rank-sum test with 
Bonferroni-adjusted P value indicated on top. GST metabolism gly-
cine, serine, threonine metabolism, AAG metabolism alanine, aspar-
tate and glutamate metabolism
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DCs are important antigen-presenting and interferon-
secreting cells [51]. SARS-CoV-2 infection impairs the 
function of DCs during maturation, perhaps damaging the 
induction of adaptive T cell responses against virus infec-
tion [52]. DC chemotaxis was upregulated, while DC dif-
ferentiation was downregulated in these COVID-19 patients 
(Fig. 5h). Like NK cells, the DEGs presented in the circos 
plot of DC cells were not very apparent, but several meta-
bolic pathways were significantly upregulated according to 
the metabolism score, including glycolysis, OXPHOS, fatty 
acid elongation and degradation, inositol phosphate metabo-
lism, and glycerolipid metabolism (Fig. 2, Fig. 5i). Several 

studies have implied that pyruvate kinase M2 (PKM2) is 
involved in DC functions [53, 54]. We observed increased 
PKM expression in the COVID-19 group compared to the 
control group (Fig. 5j), likely contributing to DC activation, 
maturation, and antigen presentation.

Changes in cell metabolism associated 
with adaptive immunity in COVID‑19

CD4+ T cells,  CD8+ T cells, and plasma cells are the pri-
mary effector cells of the adaptive immune system. The nor-
mal functions of  CD4+ T cells are necessary for T-dependent 
B cells to secrete pathogen-specific antibodies. There were 
few metabolic changes in  CD4+ T cells after SARS-CoV-2 
infection (Figure S3). Cytotoxic T lymphocytes (CTLs), 
such as  CD8+ T lymphocytes, are necessary for virus control 
and elimination. T cell activation, chemotaxis, cytotoxic-
ity, and differentiation were all enhanced for  CD8+ T cells 
in these COVID-19 patients (Fig. 6a). Despite the incon-
spicuous DEGs presented in the circos plot (Fig. 6b), mul-
tiple metabolic pathways were significantly upregulated in 
COVID-19 patients based on the metabolism score, includ-
ing glycolysis, fatty acid metabolism, glycerolipid metabo-
lism, and inositol phosphate metabolism (Fig. 2). Activa-
tion of T cell receptor (TCR) signaling can induce PLCG1 
recruitment and activation, followed by elevated intracellular 
IP3 and DAG levels [55, 56]. Both PLCG1 and PLCG2 in 
the inositol phosphate metabolism pathway presented higher 
expression levels in  CD8+ T cells in COVID-19 (Fig. 6c), 
likely promoting T cell activation and effective antiviral 
immune response. Besides LPC-induced DAG production, 
in the glycerolipid metabolism pathway, we found elevated 
expression of both LPIN1 and LPIN2 in  CD8+ T cells after 
SARS-CoV-2 infection (Fig. 6c). DGKα and DGKζ could 
inhibit  CD8+ T cell primary antiviral immune activity by 
repressing their proliferation and cytokine production [57]. 
The SARS-CoV-2-induced increase in DGKH expression 
may limit the DAG-induced antiviral immune response as a 
negative feedback mechanism (Fig. 6c).

Fig. 4  The metabolic pathways that are altered in alveolar type 
1 (AT1) cells and alveolar type 2 (AT2) cells. a The selected func-
tional alterations in AT2 cells in COVID-19 patients (Student’s t-test; 
****P < 0.0001). b The Pearson correlations between the scores 
of AT2 cell function and the metabolic pathways. “R” indicates the 
Pearson correlation coefficient; only dots representing correlations 
with |R|> 0.2 and P value < 0.05 are displayed. c Circos plots of AT2 
cells. The red bar on the outside indicates that the absolute value of 
log2FC is greater than 0.5. The blue bar suggests that the adjusted 
P value is statistically significant (< 0.05). d Heat map demonstrat-
ing the fold changes of DEGs involved in a certain metabolic path-
way in AT2 cells. Green indicates the upregulated genes and red 
indicates the downregulated genes. The numbers in the squares rep-
resent the fold change of a certain gene, and darker colors indicate 
a larger fold change. e Violin plots of SFTPA1, SFTPA2 and ABCA3 
expression (log-normalized) in AT2 cells from controls and patients 
with COVID-19. Wilcoxon rank-sum test with Bonferroni-adjusted P 
value indicated on top. f The selected functional alterations in AT1 
cells in COVID-19 patients (Student’s t-test; ****P < 0.0001). g The 
Pearson correlations between the scores of AT1 cell function and the 
metabolic pathways. “R” indicates the Pearson correlation coefficient; 
only dots representing correlations with |R|> 0.2 and P value < 0.05 
are displayed. h Circos plots of AT1 cells. The red bar on the out-
side indicates that the absolute value of log2FC is greater than 0.5. 
The blue bar suggests that the adjusted P value is statistically signifi-
cant (< 0.05). i Heat map demonstrating the fold changes of DEGs 
involved in a certain metabolic pathway in AT1 cells. Green indicates 
the upregulated genes and red indicates the downregulated genes. The 
numbers in the squares represent the fold change of a certain gene, 
and darker colors indicate a larger fold change. GST metabolism gly-
cine, serine, threonine metabolism. AAG metabolism alanine, aspar-
tate and glutamate metabolism
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B cell activation and chemotaxis were upregulated in 
plasma cells in COVID-19 (Fig. 6d). Compared with T 
cells, plasma cells exhibited more significant metabolic 
alterations, as illustrated in the circos plot (Fig. 6e). Con-
sistent with the increased metabolism score in glycolysis, 
OXPHOS, and fatty acid metabolism pathways in plasma 
cells (Fig.  2), most genes involved in these metabolic 
pathways were upregulated (Fig. 6f). Persistent neutraliz-
ing antibody production after viral infection is induced by 
long-lived plasma cells (LLPCs). Pyruvate-dependent res-
piration plays an important role in the function of LLPCs, 
and a deficiency in mitochondrial pyruvate import can cause 
a depletion of LLPCs, impairing vaccine-specific antibody 
production [58]. We found enhanced GPI, ENO1, and PKM 
expression in patients with COVID-19 (Fig. 6f), imply-
ing enhanced glucose catabolism that is likely followed by 
increased pyruvate generation. While there was no change 
in MPC2 expression, a critical portion of the mitochondrial 
pyruvate carrier. In COVID-19 patients, plasma cells dis-
played increased OXPHOS (Fig. 6f), which was favorable 
for maximal antibody secretion [59]. The influence of other 
metabolic pathways on antibody production from plasma 
cells remains to be determined.

Metabolic alterations in fibroblasts and vascular 
smooth muscle cells

Studies have reported marked fibrotic changes in lung tissues 
from deceased COVID-19 patients [4, 5]. Here, we found 
that aging, proliferation, and migration were upregulated 
in alveolar fibroblasts, while apoptosis was decreased in 
COVID-19 patients (Fig. 7a). Consistent with metabolism 
scoring analysis (Fig. 2), the expression levels of most genes 
involved in glycolysis, pyruvate metabolism, OXPHOS, and 
inositol phosphate metabolism were increased in alveolar 
fibroblasts of COVID-19 patients as compared to healthy 
controls (Fig. 7b, c). The fibrotic response was associated 
with activation of the PLC/IP3/Ca2+ signaling pathway, 
which upregulates the expression levels of several matrix 
proteins, such as collagen A1 and fibronectin-1 [60]. The 
alveolar fibroblasts of patients with COVID-19 showed 
enhanced expression of PLCG2 compared to the control 
group (Fig. 7c). Unlike PLCG2, the expression level of phos-
pholipase C epsilon 1 (PLCE1) was downregulated (Fig. 7c). 
Thus, in COVID-19, the precise association between PLC 
and fibroblast migration or fibrotic progression remains to be 
elucidated. Both aerobic glycolysis and pyruvate metabolism 
play important roles in fibroblast proliferation, myofibroblast 
differentiation, and fibrotic tissue alterations [61, 62]. PKM, 
PGK1, and ENO1 expression were found to be elevated in 
the alveolar fibroblasts of patients with COVID-19 (Fig. 7c), 
likely contributing to the aggravated fibrosis changes associ-
ated with this disease.

Pulmonary arterial hypertension (PAH) is positively 
correlated with the severity of COVID-19 [2]. The pro-
liferation and migration of vascular smooth muscle cells 
(VSMCs) play a vital role in pulmonary vascular remod-
eling and PAH. Here, we found that VSMC aging, apop-
tosis, and proliferation were all upregulated in COVID-19 
patients (Fig. 7d). Notably, correlation analysis illustrated 
that multiple metabolic pathways and metabolism-related 
signaling pathways were positively associated with VSMC 
aging, VSMC apoptosis, and VSMC proliferation (Fig. 7e). 
According to the DEGs exhibited in the circos plot, glycoly-
sis and oxidative phosphorylation were the two major meta-
bolic pathways altered in VSMCs in COVID-19 (Fig. 7f). 
A deficiency of LDHA in vascular smooth muscle cells pre-
vents VSMC proliferation and migration [63]. In hypoxia-
induced PAH, the levels of lactate and hexokinase II were 
all increased. The inhibition of glycolysis could suppress 
VSMCs proliferation and migration, thus reversing vascular 
remodeling and relieving PAH [64]. Notably, several glycol-
ysis-related enzymes showed remarkably increased expres-
sion in the VSMCs of patients with COVID-19, including 
PKM, GAPDH, LDHA, triosephosphate isomerase 1 (TPI1), 
ENO1, PGK1 (Fig. 7g). These alterations partially dictated 

Fig. 5  The metabolic pathways that are altered in alveolar mac-
rophages, NK cells and DCs. a The selected functional alterations 
in alveolar macrophages in COVID-19 patients (Student’s t-test; 
****P < 0.0001). b The Pearson correlations between the scores 
of alveolar macrophages function and the metabolic pathways. “R” 
indicates the Pearson correlation coefficient; only dots representing 
correlations with |R|> 0.2 and P value < 0.05 are displayed. c Circos 
plots of alveolar macrophages. The red bar on the outside indicates 
that the absolute value of log2FC is greater than 0.5. The blue bar 
suggests that the adjusted P value is statistically significant (< 0.05). 
d Heat map demonstrating the fold changes of DEGs involved in a 
certain metabolic pathway in alveolar macrophages. Green indicates 
the upregulated genes and red indicates the downregulated genes. The 
numbers in the squares represent the fold change of a certain gene, 
and darker colors indicate a larger fold change. e The selected func-
tional alterations in NK cells in COVID-19 patients (Student’s t-test; 
*P < 0.05; ****P < 0.0001). f Circos plots of NK cells. The red bar 
on the outside indicates that the absolute value of log2FC is greater 
than 0.5. The blue bar suggests that the adjusted P value is statisti-
cally significant (< 0.05). g Violin plots of PLCG2, LPIN1 and LPIN2 
expression (log-normalized) in NK cells from controls and patients 
with COVID-19. Wilcoxon rank-sum test with Bonferroni-adjusted P 
value indicated on top. h The selected functional alterations in DC 
cells in COVID-19 patients (Student’s t test; *P < 0.05; **P < 0.01). i 
Circos plots of DC cells. The red bar on the outside indicates that the 
absolute value of log2FC is greater than 0.5. The blue bar suggests 
that the adjusted P value is statistically significant (< 0.05). j Violin 
plots of PKM expression (log-normalized) in DCs from controls and 
patients with COVID-19. Wilcoxon rank-sum test with Bonferroni-
adjusted P value indicated on top. GST metabolism glycine, serine, 
threonine metabolism, AAG metabolism alanine, aspartate and gluta-
mate metabolism
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Fig. 6  The metabolic pathways that are altered in  CD8+ T cells and 
plasma cells. a The selected functional alterations in  CD8+ T cells in 
COVID-19 patients (Student’s t test; ****P < 0.0001). b Circos plots 
of  CD8+ T cells. The red bar on the outside indicates that the abso-
lute value of log2FC is greater than 0.5. The blue bar suggests that 
the adjusted P value is statistically significant (< 0.05). c Violin plots 
of PLCG1, PLCG2, LPIN1, LPIN2 and DGKH expression (log-nor-
malized) in  CD8+ T cells from controls and patients with COVID-
19. Wilcoxon rank-sum test with Bonferroni-adjusted P value indi-
cated on top. d The selected functional alterations in plasma cells in 
COVID-19 patients (Student’s t test; **P < 0.01; ****P < 0.0001). e 

Circos plots of plasma cells. The red bar on the outside indicates that 
the absolute value of log2FC is greater than 0.5. The blue bar sug-
gests that the adjusted P value is statistically significant (< 0.05). f 
Heat map demonstrating the fold changes of DEGs involved in a cer-
tain metabolic pathway in plasma cells. Green indicates the upregu-
lated genes and red indicates the downregulated genes. The numbers 
in the squares represent the fold change of a certain gene, and darker 
colors indicate a larger fold change. GST metabolism glycine, serine, 
threonine metabolism, AAG metabolism alanine, aspartate and gluta-
mate metabolism
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the metabolic basis of the development of PAH in COVID-
19. Several genes associated with OXPHOS, including ATP 
synthase F1 subunit epsilon (ATP5F1E), cytochrome c oxi-
dase subunit 7C (COX7C), cytochrome c oxidase subunit 6C 
(COX6C), and cytochrome c oxidase subunit 4I1 (COX4I1), 
were also upregulated in the COVID-19 group (Fig. 7g). 
Genes in glutathione metabolism and sphingolipid metabo-
lism were significantly upregulated.

Lethal pneumonia pathogenesis is usually associated with 
respiratory failure, resulting from cytokine storm-induced 
airway obstruction or alveolar epithelial damage [65–69]. 
We found that upregulated glycolysis, OXPHOS, glutathione 
metabolism, and sphingolipid metabolism may promote AT1 
cell aging. Enhanced glycolysis in AT2 cells may impair 
the differentiation of AT2 cells into AT1 cells. Glutathione 
metabolism connects with AT2 aging. Once alterations in 
these metabolism processes occur in AT1 and AT2 cells 
after SARS-CoV-2 infection, alveolar epithelial damage may 
develop leading to lethal outcomes. Second, upregulated gly-
colysis and inositol phosphate metabolism in lung fibroblast 
cells contribute to lung fibrotic progression by promoting 
fibroblast cell activation and differentiation. Third, upregu-
lated OXPHOS, inositol phosphate metabolism and glyco-
lysis contribute to activation and pro-inflammatory pheno-
type of macrophages, respectively. Upregulation of oxidative 
phosphorylation, glutathione metabolism and sphingolipid 
metabolism are associated with vascular smooth muscle cell 
aging or apoptosis that may increase risk of pulmonary arte-
rial hypertension of COVID-19 patients. Altogether, multi-
ple altered metabolic pathways in various cell types relate to 
over-activated immune responses and lung tissue damage in 
critical COVID-19 patients (Fig. 8).

Discussion

Patients with COVID-19 display multiple tissue patholo-
gies that are usually associated with alterations in cellular 
function. A potent immune defense against SARS-CoV-2 
infection demands both the innate (physical epithelial barrier 
and innate immune cells, molecules) and adaptive immune 
responses. Immune dysregulation has been reported during 
COVID-19, including the presence of defective dendritic cell 
and T cell responses, impaired IFN response, lymphopenia, 
and cytokine storm [52, 70, 71]. However, the potential cel-
lular metabolism-related mechanisms of immune dysregula-
tion in COVID-19 are not yet fully understood. By analyzing 
the snRNA-seq data in the lungs obtained from deceased 
COVID-19 patients, we comprehensively revealed the tran-
scriptional changes of genes involved in 35 metabolic path-
ways and 12 metabolism-related signaling pathways across 
various cell types, presenting evidence of cellular metabolic 
changes after SARS-CoV-2 infection (Fig. 8).

As a vital component of the innate immune system, the 
physical epithelial barrier exerts a critical host defense 
against invasion by environmental pathogens. The epithe-
lial barrier function is damaged in COVID-19 [72]. Here, 
we report the metabolic basis of epithelial cell aging, 
defective airway mucociliary clearance, impaired alveolar 
repair, and damaged surfactant hemostasis after SARS-
CoV-2 infection. The metabolic pathways involved in these 
processes include glycolysis, fatty acid metabolism, glu-
tathione metabolism, and inositol phosphate metabolism, 
and several signaling pathways, including cAMP, cGMP-
PKG, and MAPK signaling pathways. However, only a few 
metabolism-related genes changed in airway basal cells 
(See Figure S1 in the Supplementary Material, Fig. 2), 
consistent with the fact that basal cells are not affected by 
SARS-CoV-2 [73]. Enhanced inositol phosphate metabo-
lism was observed in club cells, accompanied by increased 
expression of PLCG2 and PIK3CA. Both PLC and PI3K 
are associated with interleukin-8 (IL-8) expression in 
airway epithelial cells, and IL-8 is a potent chemokine 
for neutrophils [74–76]. Neutrophil-IL-8-axis is associ-
ated with the immuno-thrombotic state observed in severe 
COVID-19 patients [77]. Neutrophils drive necro-inflam-
mation and are positively related to mortality in COVID-
19 patients with comorbidities, such as cardiovascular 
disease and diabetes [78]. The decreased expression of 
multiple airway mucins indicated impaired mucociliary 
clearance in patients with COVID-19, which could cause 
bacterial traps and infections in the airways, promoting 
disease severity and even death. This finding contradicts 
other reports that showed pathological mucus hyperse-
cretion in patients with COVID-19, resulting in airway 
obstruction or respiratory distress [79]. Altogether, these 
data suggest that both a deficiency and overproduction 
of mucins contribute to COVID-19 progression. Recent 
research demonstrates that senescence is a pathological 
characteristic of the lungs after SARS-CoV-2 infection, 
which in turn contributes to lung aging and related disor-
ders [80]. Concordantly, we observed significant upregu-
lated aging in epithelial cells, including club cells, goblet 
cells, AT1 cells and AT2 cells. Metabolic processes, such 
as OXPHOS, sphingolipid metabolism, and glutathione 
metabolism, may be the metabolic basis of aging in these 
cells.

Other innate immune cells, including macrophages, NK 
cells, and DCs, also present several metabolism-related 
alterations, impairing effective virus elimination. Alveo-
lar macrophages from patients with COVID-19 may pre-
sent with a more active state [27]. Metabolic changes in 
alveolar macrophages, including glycolysis, OXPHOS, 
inositol phosphate metabolism, and glycerolipid metabo-
lism, may affect their functions, such as migration, phago-
cytosis, and inflammatory phenotype. These alterations 
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likely contribute to virus clearance, but over-activated 
macrophages may also simultaneously aggravate inflam-
matory responses and tissue injury. Research has reported 
the impaired cytotoxicity of NK cells in COVID-19 [48]. 
Increased glycolysis, glycerolipid metabolism, and ino-
sitol phosphate metabolism may contribute to enhanced 
NK cell functions, including degranulation and cytotoxic-
ity, as well as aggravated inflammatory damage. DCs are 
important antigen-presenting and type 1 IFN-generating 
cells. Virus infection and replication can put DCs under 
the stress of extra energy demand [18]. Except for PKM, 
ATP6V0A1, ATP5F1C, and ALDH2, most genes involved 
in glycolysis, oxidative phosphorylation, and fatty acid 
metabolism remained unchanged in terms of expression 
after SARS-CoV-2 infection. The contradiction between 
increased energy demand and the unavailability of suf-
ficient energy supply during infection may finally lead to 
DC apoptosis and impaired antigen presentation and T cell 
function [18].

Elderly COVID-19 patients presented damaged  CD8+ T 
cell cytotoxic responses compared with younger patients, 
and this may partially explain the more serious clinical 
manifestations and higher mortality of elderly patients [81]. 
The enhanced cytotoxicity of  CD8+ T cells may be partially 
attributed to DAG signaling mediated by metabolic changes 
in the inositol phosphate and glycerolipid metabolism path-
ways. The enhanced glucose catabolism and OXPHOS 
in COVID-19-induced plasma cells likely contributed to 
maximal antibody production. Titers of neutralizing anti-
bodies were positively correlated with COVID-19 disease 

severity. Patients in the intensive care unit exhibited higher 
antibody titers, but asymptomatic or individuals managed 
exclusively in outpatient care showed no or lower anti-
body titers [82]. Antibody-mediated immune function may 
induce both protective and pathological outcomes. The 
robust humoral response can be a characteristic of exces-
sive immune activation and correlates with the levels of 
inflammatory cytokines and chemokines, as observed in 
patients with severe COVID-19 [83]. We observed that the 
glycolysis and OXPHOS pathways favoring neutralizing 
antibody production are upregulated in deceased COVID-
19 patients. However, if patients failed to form long-lasting 
plasma cells, SARS-CoV-2 infection-induced damage would 
not be stopped [18].

Extensive pulmonary fibrosis has been identified via 
histological and radiological findings in the lung tissue of 
deceased COVID-19 patients [84–88]. Enhanced glycoly-
sis and inositol phosphate metabolism in fibroblasts may 
promote fibrogenesis in severe COVID-19. PLC-mediated 
inositol phosphate metabolism was associated with matrix 
protein secretion and fibroblast chemotaxis [60, 89]. Fur-
thermore, the inhibition of aerobic glycolysis was shown to 
attenuate renal fibrosis and myofibroblast activation through 
the dephosphorylation of pyruvate kinase M2 (PKM2) [62]. 
A deficiency of PKM2 in fibroblasts inhibits fibroblast pro-
liferation [61]. These data support the concept that targeting 
cellular metabolism may be valid for addressing the fibrosis 
observed in COVID-19 and other respiratory diseases.

We previously observed that phosphatidylinositol and 
lysophosphatidylinositol levels are increased in serum of 
recovered severe acute respiratory syndrome-coronavirus 
patients 12 years after infection [90]. In influenza A virus-
infected C57BL/6 mice, lung epithelial cell metabolism 
shifted to glycolysis and glycolysis inhibitor, 2-deoxy-D-
glucose, exacerbated lung dysfunction [91]. The upregu-
lation of the pentose phosphate pathway was proposed to 
produce nucleotides required for influenza viral replication 
[92]. Quantitative proteomics analysis of primary human 
bronchial epithelial cells showed upregulated glycolysis 
and glutaminolysis after infection with human H1N1 influ-
enza virus [93]. Human respiratory syncytial virus (HRSV) 
ensured the supply of energy and structural components for 
virus replication by upregulation of glycolysis and citric acid 
cycle components, nucleotides, amino acids, and nucleotide 
sugars [94]. Glucose metabolism, lipid metabolism and ino-
sitol phosphate metabolism represent the most significant 
changed metabolic pathways in many respiratory virus infec-
tions. However, there are few studies to reveal metabolic 
alterations in response to respiratory viruses at cellular basis. 
Only by analyzing the metabolic changes in various cells in 
respiratory virus infections can we deeply understand the 
effectiveness and end of host immunity. In this study, amino 
acid metabolism was found altered in many cell types in the 

Fig. 7  The metabolic pathways that are altered in alveolar fibroblasts 
and vascular smooth muscle cells (VSMCs). a The selected func-
tional alterations in alveolar fibroblasts in COVID-19 patients (Stu-
dent’s t-test; ****P < 0.0001). b Circos plots of alveolar fibroblasts. 
The red bar on the outside indicates that the absolute value of log2FC 
is greater than 0.5. The blue bar suggests that the adjusted P value 
is statistically significant (< 0.05). c Heat map demonstrating the fold 
changes of DEGs involved in a certain metabolic pathway in alveolar 
fibroblasts. Green indicates the upregulated genes and red indicates 
the downregulated genes. The numbers in the squares represent the 
fold change of a certain gene, and darker colors indicate a larger fold 
change. d The selected functional alterations in VSMCs in COVID-
19 patients (Student’s t-test; ****P < 0.0001). e The Pearson cor-
relations between the scores of VSMCs function and the metabolic 
pathways. “R” indicates the Pearson correlation coefficient; only dots 
representing correlations with |R|> 0.2 and P value < 0.05 are dis-
played. f Circos plots of VSMCs. The red bar on the outside indicates 
that the absolute value of log2FC is greater than 0.5. The blue bar 
suggests that the adjusted P value is statistically significant (< 0.05). 
g Heat map demonstrating the fold changes of DEGs involved in a 
certain metabolic pathway in alveolar fibroblasts and VSMCs, respec-
tively. Green indicates the upregulated genes and red indicates the 
downregulated genes. The numbers in the squares represent the fold 
change of a certain gene, and darker colors indicate a larger fold 
change. GST metabolism glycine, serine, threonine metabolism, AAG 
metabolism alanine, aspartate and glutamate metabolism
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lung after SARS-CoV-2 infection. These metabolic changes 
have not been reported in other respiratory virus infections 
and are worthy of further study.

This study had several limitations. First, some genes asso-
ciated with cellular metabolism were missed in the snRNA-
seq data because of the sequencing technology used. Second, 
snRNA-seq analysis in this study is only suggestive because 
enzyme activity is regulated not only by transcription levels 
but also by covalent modification, such as phosphorylation 
and acetylation. Thus, a multi-omics analysis, including 
transcriptomics, proteomics, and metabolomics, could be 
performed to examine the metabolic changes in lung immu-
nity after SARS-CoV-2 infection. We have provided several 
hints about host cell metabolic alterations in COVID-19, 
and their subsequent biological effects will be verified in 
future studies.
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macrophages. Metabolic changes in fibroblasts are related to cellular 
proliferation, chemotaxis, matrix secretion, and differentiation into 
myofibroblasts, leading to fibrogenesis. Glycolysis, OXPHOS, glu-
tathione metabolism may boost the proliferation and migration capa-
bility of vascular smooth muscle cells, resulting in pulmonary arterial 
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