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Myeloid but not hepatocytic CD38 is a key driver for hepatic
ischemia/reperfusion injury
Qi-Hang Zhao1,2, Ya-Ting Zhang1,3, Ke Wen1,3, Qi Ding1, Zi-Ying Chen1,2, Dilinuer Tula1, Jia-Hui Li1, Juan Zhou4, Yun-Fei Xiao1,
Xiao-Hui Guan1, Ke-Yu Deng1,2,3✉, Ling-Fang Wang1✉ and Hong-Bo Xin 1,2,3✉

Hepatic ischemia-reperfusion injury (HIRI) is a critical condition that often occurs during liver transplantation and surgical liver
resection. However, its mechanism has not been fully elucidated. Nicotinamide adenine dinucleotide (NAD+), functioning as a
coenzyme or cofactor, is crucial for both redox and non-redox processes. In mammals, CD38 serves as the primary enzyme
responsible for NAD+ degradation. In this study, we reported that the absence of CD38 markedly reduces HIRI in CD38 global
knockout (CD38KO) and CD38 myeloid-specific knockout (CD38MKO) mice, but not in CD38 hepatocyte-specific knockout (CD38LKO)
mice compared with the control (CD38fl/fl) mice by suppressing HIRI-induced hepatic oxidative stress, inflammatory responses, and
pyroptosis. The findings were corroborated by a noticeable decrease in levels of alanine aminotransferase (ALT), aspartate
transaminase (AST), and lactate dehydrogenase (LDH), along with reduced necrosis. Besides, we found that the expressions of SIRT1
and its downstream targets, p53 and PPARγ, were elevated in the liver tissues of CD38KO and CD38MKO mice compared to CD38fl/fl

mice, while the acetylation levels of p53 were reduced. Furthermore, we demonstrated that myeloid CD38 deficiency not only
promoted M2-type polarization and inhibited M1-type polarization of macrophages but also suppressed NLRP3-mediated
pyroptosis by triggering NAD+/SIRT1 signaling in macrophages, resulting in the reduction of oxidative stress, inflammation, and
pyroptosis in the liver, ultimately protecting against HIRI. This study highlights myeloid CD38 as a promising target for the
prevention and treatment of HIRI clinically.
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INTRODUCTION
Liver transplantation and hepatectomy are the best options for
the treatment of patients who suffer from various forms of end-
stage liver disease as well as malignant liver tumors.1 Although
advancements in immunosuppression and medical care have
increased patient survival rates to approximately 75% for 5 years,
HIRI, an innate immune-mediated response occurring during
transplantation, continues to be a risk factor affecting clinical
outcomes and exacerbating the shortage of life-saving transplan-
table organs.2 HIRI occurs when the perfusion of blood flow is
restored after a certain period of hypoxia stress.3 Firstly, due to the
lack of oxygen supply, cells experience enhanced anaerobic
respiration and mitochondrial dysfunction, which in turn leads to
the imbalance of ion homeostasis, the dysfunction of the sodium-
potassium pump, and the collapse of membrane potential,
resulting in calcium overload, and activating calcium-dependent
proteases to degrade the protein skeleton, ultimately leading to
ATP depletion, degradation of membrane proteins, destruction of
cell structure, and DNA damage.4 Secondly, the restoration of
blood flow brings a large amount of oxygen, which promotes the
generation of various reactive oxygen species (ROS), causing
peroxidative damage to cell lipids, proteins, nucleic acids, etc., and
leading to liver metabolic disorders and triggering an intercon-
nected sterile inflammatory cascade reaction. In addition,

damaged hepatocytes in the ischemic injury stage release DNA
fragments and various damage-associated molecular patterns
(DAMPs), activating the immune response, stimulating the release
of inflammatory molecules and the recruitment of immune cells,
leading to an inflammatory surge that further exacerbates cellular
damage.5 Nevertheless, the exact mechanisms have not been fully
clarified, and the effective therapeutic strategies or medications
for HIRI are still unavailable.6

A recent study emphasizes the importance of macrophages in
the pathophysiology of HIRI.7,8 Targeting macrophage-mediated
pyroptosis or polarization has been demonstrated to be a promising
therapeutic strategy for mitigating ischemia-reperfusion injury.
Classically activated M1 macrophages, driven by TLR4/NF-κB
signaling, produce pro-inflammatory mediators that amplify tissue
injury during the early phase.9,10 Conversely, alternatively activated
M2 macrophages can alleviate HIRI injury through the modulation
of anti-inflammatory cytokine release, including IL-10 and IL-4.11

Dysregulation of this phenotypic switch disrupts the inflammatory
balance, prolonging liver injury and impairing functional recovery.12

Notably, recent studies have shown that the regulation of
macrophage polarization effectively affected ischemia-reperfusion
injury, in which HO-1 improved ischemia-reperfusion injury by
inhibiting macrophage M1 polarization.13 Pharmacological modula-
tion of macrophage polarization, such as supplementation of

Received: 19 October 2024 Revised: 7 March 2025 Accepted: 3 April 2025

1National Engineering Research Center for Bioengineering Drugs and the Technologies, Institute of Translational Medicine, Jiangxi Medical College, Nanchang University,
Nanchang 330031, China; 2School of Life Science, Nanchang University, Nanchang 330031, China; 3School of Pharmacy, Jiangxi Medical College, Nanchang University, Nanchang
330031, China and 4Department of Gynecology and Obstetrics, The First Affiliated Hospital, Jiangxi Medical College, Nanchang University, Nanchang 330006, China
Correspondence: Ke-Yu Deng (dky@ncu.edu.cn) or Ling-Fang Wang (wlfang1985@ncu.edu.cn) or Hong-Bo Xin (xinhb@ncu.edu.cn)

www.nature.com/sigtransSignal Transduction and Targeted Therapy

© The Author(s) 2025

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-025-02233-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-025-02233-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-025-02233-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-025-02233-8&domain=pdf
http://orcid.org/0000-0002-4257-207X
http://orcid.org/0000-0002-4257-207X
http://orcid.org/0000-0002-4257-207X
http://orcid.org/0000-0002-4257-207X
http://orcid.org/0000-0002-4257-207X
mailto:dky@ncu.edu.cn
mailto:wlfang1985@ncu.edu.cn
mailto:xinhb@ncu.edu.cn
www.nature.com/sigtrans


Liraglutide, also effectively regulated macrophage polarization and
improved ischemia-reperfusion injury.14 However, the plasticity and
the context-dependence of macrophages make its clinical applica-
tion still remain to be explored and require further investigation.15

CD38 is a type II transmembrane glycoprotein composed of a
single polypeptide chain with amolecular mass of 45 kDa. About 90%
of CD38 is distributed on the cell membrane, and about 10% of CD38
is distributed on other organelles.16 CD38 on the cell membrane can
be divided into extracellular and intracellular parts, and the main
functional domain is in the extracellular region. As an intracellular
NAD⁺ hydrolase, CD38 hydrolyzes NAD+ to cADPR (Cyclic ADP-ribose)
and NAADP (Nicotinic acid adenine dinucleotide phosphate), which
participate in regulating various biological functions related to Ca2+

signals in cells. We previously reported that knockout or inhibition of
CD38 protected hearts from ischemia-reperfusion injury17 and high-
fat diet-induced oxidative stress18 through increasing intracellular
NAD+ levels in mice. We also observed that the absence of CD38
protected mice from high-fat diet-induced nonalcoholic fatty liver
disease.19 Besides, CD38 might serve as a potential marker of M1
macrophages due to its regulation of macrophage functions such as
proliferation, aggregation, and polarization.20 However, the role of
CD38 in HIRI has not been explored. The metabolic disorder of NAD⁺,
an essential coenzyme involved in cellular redox processes and
energy metabolism, has been implicated in the pathogenesis of HIRI.
Recently, Yuan’s group observed that NAD⁺ deprivation was
associated with ischemic hepatic peroxidation.21 Sirtuin 1 (SIRT1), a
type III histone deacetylase that used NAD+ as a substrate, protected
the liver from HIRI by reducing NLRP3-driven inflammation.22 In
clinical settings, the elevated SIRT1 levels were associated with a
reduced proinflammatory response in the post-reperfusion condition,
suggesting its role in preserving liver function and improving patient
survival.23 Therefore, it is important to further explore the function of
CD38 in HIRI.
In this study, we utilized global as well as tissue- and cell-

specific CD38 knockout mice to explore the functions and
mechanisms of CD38 in HIRI. Our results revealed that CD38
expression was upregulated in liver tissues following HIRI. The lack
of CD38 in global or myeloid cells, but not in hepatocytes,
mitigated HIRI by diminishing oxidative stress, inflammation, and
pyroptosis in mice. Furthermore, we demonstrated that myeloid-
specific deletion of CD38 is essential for alleviating HIRI by
activating the SIRT1-p53/PPARγ signaling pathways. In summary,
our results strongly indicate that targeting CD38 on myeloid
macrophages holds the potential to offer novel perspectives and
avenues for the treatment of HIRI.

RESULTS
Global or myeloid but not hepatocytic CD38 deficiency alleviates
hepatic ischemia-reperfusion injury in mice
To investigate the roles of CD38 in HIRI, a mouse model was
generated following a previously established protocol.24 The
results showed that the protein (Fig. 1a) and mRNA (Supplemen-
tary Fig. 1a) expressions of CD38 were increased in liver tissues of
the HIRI model mice, along with the increased mRNA expressions
of the pro-inflammatory factors IL1B and IL-6 (Fig. 1b). More
importantly, the generated IL-1β was predominantly co-localized
with macrophages marked by F4/80, rather than co-localized with
hepatocytes marked by ASGR1 (Fig. 1c), indicating that the
upregulation of CD38, especially in macrophages, might be
implicated in the development of HIRI.
Next, global CD38 knockout (CD38KO), myeloid-specific CD38

knockout (CD38MKO), and hepatocyte-specific CD38 knockout
(CD38LKO) mice were generated to examine the roles of CD38 in
HIRI. The deletion of CD38 in CD38LKO (Supplementary Fig. 1b) and
CD38MKO (Supplementary Fig. 1c) was confirmed by western
blotting analyses in mice. The results revealed that CD38

deficiency significantly reduced HIRI-induced elevations of serum
ALT and AST in CD38KO (Fig. 1d) and CD38MKO (Fig. 1e), but not
CD38LKO (Supplementary Fig. 1d) mice compared to CD38fl/fl mice.
The similar alterations of LDH were also observed in CD38KO mice
(Supplementary Fig. 1e). Additionally, H&E staining demonstrated
that CD38 deficiency remarkably inhibited HIRI-induced sinusoidal
cell congestion, vacuolization and hepatocyte necrosis of liver
tissues in CD38KO (Fig. 1f) and CD38MKO (Fig. 1g), but not CD38LKO

(Supplementary Fig. 1f) mice. These results demonstrated that
CD38 deficiency improved I/R-induced liver injury in CD38KO and
CD38MKO, but not CD38LKO mice, suggesting that macrophage
CD38 could be an important contributor to HIRI in vivo.

Global or myeloid CD38 deficiency suppresses IR-triggered hepatic
oxidative stress and inflammation
Oxidative stress, resulting in excessive reactive oxygen species, is a
major contributor to HIRI.25 To elucidate mechanisms by which
CD38 deficiency is protective against HIRI, we measured superoxide
anion contents, malondialdehyde (MDA) contents that represent a
product of lipid peroxidation, and oxidative stress-related gene
expressions in the liver tissues of CD38-deficient mice. The results
showed that CD38 deficiency significantly inhibited the production
of superoxide anion (Fig. 2a) and MDA (Fig. 2b), promoted SOD2
expression, and declined NOX2 (Fig. 2d) expression in liver tissues of
CD38KO mice compared to CD38fl/fl mice under HIRI conditions. In
addition, ELISA assays showed that CD38 deficiency remarkably
reduced the levels of serum TNF-α and IL-1β (Fig. 2c) in CD38KO

mice. The results from qRT-PCR also indicated that CD38 deficiency
markedly reduced the expressions of TNF-α and IL1B, and enhanced
the expressions of TGF-β, CD206 and PPARγ in liver tissues of
CD38KO mice (Fig. 2e). Furthermore, western blot analysis confirmed
that IL-1β expression (Fig. 2f) was reduced, while PPARγ expression
(Fig. 2g) was elevated in liver tissues of CD38KO mice during HIRI.
These results indicated that CD38 deficiency alleviated HIRI-induced
oxidative stress and inflammation in liver tissues. Next, we further
investigated the roles of macrophagic CD38 in HIRI-triggered
hepatic inflammation. Our results revealed that the mRNA levels of
pro-inflammatory markers IL1B, TNF-α, and iNOS (Fig. 3a) were
greatly decreased, whereas the mRNA expressions of IL-10, ARG1,
TGF-,β and PPARγ (Fig. 3b, c) were notably elevated in CD38MKO

mice compared to CD38fl/fl mice following HIRI. Western blotting
results also confirmed that the expression of PPARγ was markedly
elevated in liver tissues of CD38MKO mice after HIRI (Fig. 3d). In
contrast, CD38 deletion in hepatocytes did not affect HIRI-induced
increases of MDA formation (Fig. 3e) and the expressions of TNF-α
and IL1B (Fig. 3f) in liver tissues of CD38LKO mice. Taken together,
these results indicated that CD38 depletion in innate immune cells,
rather than hepatocytes, protected the liver against HIRI.

Global and myeloid-specific deletion of CD38 reduces HIRI-
induced pyroptosis in liver tissues
Studies demonstrated that pyroptosis plays a critical role in HIRI.22

Our western blot analysis revealed that global CD38 deletion greatly
suppressed HIRI-induced upregulation of NLRP3, IL-18, and cleaved
GSDMD in liver tissues of CD38KO mice compared to CD38fl/fl mice
(Fig. 4a). Additionally, qRT-PCR analysis showed that global deletion
of CD38 remarkably inhibited HIRI-induced increases of the
expressions of NLRP3, caspase 1 and IL-18 in liver tissues of CD38KO

mice (Fig. 4b). Interestingly, western blot results further revealed
that myeloid-specific CD38 deletion markedly reduced the expres-
sions of NLRP3, GSDMD-N, and IL-18 in liver tissues of CD38MKOmice
(Fig. 4c). Furthermore, our qPCR results also revealed that there was
a great decline in the mRNA expressions of NLRP3, caspase-1, and
IL-18 in CD38MKO liver tissues in HIRI conditions (Fig. 4d). These
results suggested that CD38 deficiency in innate immune cells was
able to protect hepatocytes from HIRI via partially inhibiting
pyroptosis.
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Myeloid CD38 deficiency protects hepatocytes from hypoxia/
reoxygenation injury in vitro
To further investigate the protective effects of CD38 deletion in
innate immune cells on HIRI, we established hypoxia/reoxygena-
tion (H/R) model in vitro as previously described.19 BMDMs (Bone
marrow-derived macrophages) from CD38KO mice or CD38fl/fl mice
were co-cultured with primary hepatocytes from CD38fl/fl mice
under H/R conditions. FACS following PI staining indicated that H/
R significantly reduced the viability of hepatocytes (Fig. 5a), which
was further corroborated by microscopic observations (Supple-
mentary Fig. 2a) and CCK-8 assay (Supplementary Fig. 2b).
Meanwhile, H/R augmented MDA formation and LDH release
(Fig. 5b, c). Conversely, CD38KO mice-derived BMDMs efficiently
abrogated the impacts of H/R on hepatocytes. Additionally, qRT-
PCR analysis results revealed that H/R treatment markedly
enhanced the expressions of IL1B and TNF-α, whereas BMDMs
from CD38KO mice reduced their expressions (Fig. 5d). Moreover,

qRT-PCR analysis also showed that deletion of CD38 in BMDMs
markedly inhibited H/R-induced increases of the expressions of
genes involved in pyroptosis such as NLRP3 and IL-18 in
hepatocytes (Fig. 5e). Furthermore, the western blot results
confirmed that CD38 deficiency notably diminished the expres-
sions of NLRP3 and IL-18, whereas it remarkably increased the
expression of PPARγ, an important transcription factor in
polarizing towards M2 type macrophages, in CD38KO macrophage
group treated with H/R (Fig. 5f). These results indicated that
myeloid-specific deletion of CD38 had ability to protect hepato-
cytes from H/R injury in vitro via inhibiting pyroptosis and
improving the polarization of M2 type macrophages. Furthermore,
we conducted co-culture experiments by using bone marrow
macrophages from CD38LKO or CD38MKO mice respectively with
primary hepatocytes from CD38fl/fl mice followed by H/R. Our
results demonstrated that BMDMs from CD38LKO mice exhibited a
phenotype similar to that of BMDMs from CD38fl/fl mice

Fig. 1 CD38 deficiency alleviated hepatic ischemia-reperfusion injury (HIRI) in mice. a CD38 expressions were determined by Western blotting
and quantitative analysis in liver tissues after ischemia/reperfusion (I/R) injury. b The mRNA expressions of IL1B and IL-6 in liver tissues after I/R
injury. c Representative fluorescence images of IL-1β/F4/80 and IL-1β/ASGR1 were taken from CD38KO mice subjected to HIRI, respectively.
d, e Serum ALT and AST were measured in CD38KO and CD38MKO mice subjected to HIRI. f, g Representative H&E staining images and the
quantitative analysis of liver ischemic necrosis were taken from CD38KO and CD38MKO mice subjected to HIRI, respectively. Data are shown as
means ± SEM, *p < 0.05, **p < 0.01 and ***p < 0.001, n= 3–9 per group
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(Supplementary Fig. 2c, d) and the BMDMs from CD38MKO mice
displayed a phenotype resembling that of CD38KO mice (Supple-
mentary Fig. 2e). These results further explained that myeloid
deletion of CD38 was able to protect hepatocytes from H/R injury
in vitro via inhibiting pyroptosis and promoting the polarization of
M2 type macrophages.

Myeloid CD38 deficiency protects hepatocytes from ischemia-
reperfusion injury through activating SIRT1-p53 pathway in
macrophages
Sirtuin is a family of NAD+-dependent protein deacetylases that
govern numerous target genes, such as p53 and PPARγ. It has
been reported that hepatocyte-specific SIRT1 deficiency aggra-
vated HIRI.22 Based on this, we examined the expressions of SIRT1
and SIRT3 in mouse liver tissues during HIRI. Western blot analysis
revealed higher levels of both SIRT1 and SIRT3 proteins in CD38KO

liver tissues compared to CD38fl/fl mice after HIRI (Fig. 6a).
However, in CD38MKO mice, only SIRT1 expression was increased,
while SIRT3 remained unchanged (Fig. 6b). Moreover, we observed
that p53 expression was greatly upregulated, while its acetylation
level was notably reduced in liver tissues of CD38KO (Fig. 6c) and
CD38MKO (Fig. 6d) mice compared with CD38fl/fl mice after IR.

Furthermore, CD38 deficiency markedly reduced the ratios of AC-
P53/P53 in liver tissues in both CD38KO and CD38MKO mice
compared with CD38fl/fl mice (Supplementary Fig. 3a), and the
concentrations of NAD+ were increased in liver tissues of CD38KO

mice, but not CD38MKO mice compared with CD38fl/fl mice
(Supplementary Fig. 3b). In addition, qRT-PCR analysis indicated
that the mRNA expressions of SIRT1 were higher in CD38MKO, but
not CD38LKO mice compared with CD38fl/fl mice (Supplementary
Fig. 3c), indicating that the protection of myeloid CD38 deficiency
on HIRI might be related to activate SIRT1/p53 signaling pathway
in macrophages, rather than directly to elevate the NAD+

concentration of hepatocytes.

Myeloid CD38 deficiency promotes macrophage M2 polarization
through activating NAD+/SIRT1 signaling pathways
To further investigate the role of CD38 in macrophage polariza-
tion, the expressions of the polarization-related genes were
examined in LPS-stimulated BMDMs. Our qRT-PCR results showed
that CD38 deficiency notably decreased IL1B expression and
increased CD206 expression in CD38KO BMDMs compared with
CD38fl/fl mice after stimulation with LPS (Fig. 7a). In addition, the
expressions of SIRT1 and SIRT3 protein (Fig. 7b) and mRNA

Fig. 2 Global CD38 deficiency inhibited oxidative stress and inflammation during HIRI. a Representative DHE staining images were taken from
CD38KO and CD38fl/fl mice subjected to HIRI, respectively. b MDA contents were quantitatively measured in liver tissues from CD38KO and
CD38fl/fl mice after I/R injury. c Serum TNF-α and IL-1β were detected by Elisa in CD38KO and CD38fl/fl mice after HIRI. d The protein expressions
and the quantitative analysis of NOX2 and SOD2 were determined by western blot in liver tissues from CD38KO and CD38fl/fl mice after HIRI.
e The mRNA expressions of TNF-α, IL1B, TGF-β, CD206, and PPARγ were determined by QPCR in CD38KO and CD38fl/fl mice after HIRI,
respectively. f, g The expressions and the quantitative analysis of IL-1β and PPARγ were detected by Western blot in liver tissues in CD38KO and
CD38fl/fl mice after HIRI, respectively. Data are shown as means ± SEM, *p < 0.05, **p < 0.01 and ***p < 0.001, n= 3–8 per group
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(Supplementary Fig. 3d and 3e) were significantly upregulated in
BMDMs of CD38KO mice with LPS stimulation. Furthermore, the
mRNA expressions of IL1B and IL-6 were remarkably increased in
BMDMs from CD38fl/fl mice upon stimulation with hepatocytes-
derived conditioned media after hypoxia/reoxygenation injury
(HCMHR) (Fig. 7c). Moreover, SIRT1 expressions (Fig. 7d, Supple-
mentary Fig. 3f) and NAD+ contents (Fig. 7e) were prominently
augmented in BMDMs from CD38KO mice compared to CD38fl/fl

mice after HCMHR stimulation although there was no obvious
discrepancy in the expressions of SIRT3 (Supplementary Fig. 3g) in
BMDMs of CD38KO and CD38fl/fl mice. Furthermore, our immuno-
fluorescence analysis indicated that the activated macrophages
were markedly increased in BMDMs of CD38fl/fl mice after HCMHR
stimulation (Fig. 7f, g). More importantly, in CD38fl/fl mice, the
activated macrophages were predominantly inflammatory M1
macrophages, characterized by CD86 or iNOS. In contrast, CD38KO

mice exhibited mainly anti-inflammatory M2 macrophages,
denoted by CD206 or IL-10 (Fig. 7f, g). These results suggested
that myeloid CD38 deficiency enhanced M2 macrophage polar-
ization while inhibiting M1 macrophage polarization by activating
the NAD+/SIRT1 pathway in vitro.
To delve deeper into the mechanism of myeloid CD38

deficiency in M2-type polarization of macrophages, we examined
the gene expressions of SIRT1/p53 and SIRT1/PPARγ pathway
utilizing specific inhibitors like Compound C (AMPK inhibitor),
T0070907 (PPARγ inhibitor), and PFT-α (p53 inhibitor) in CD38KO

mice BMDMs after HCMHR stimulation. The outcomes demon-
strated that all these inhibitors notably reversed HCMHR-induced
downregulation of the levels of pro-inflammatory cytokines TNF-α
(Fig. 8a) as well as IL1B (Fig. 8b), and upregulation of the levels of
the anti-inflammatory markers IL-10 (Fig. 8c) along with CD206

(Fig. 8d) in BMDMs of CD38KO mice. Our immunofluorescent
staining results also revealed that these inhibitors led to a marked
increase in CD86 and iNOS expression, and remarkably decreased
the expressions of CD206 and IL-10 in BMDMs of CD38KO mice
with HCMHR stimulation (Supplementary Fig. 4a and 4b). These
results indicated that myeloid CD38 deficiency facilitated macro-
phage M2-type polarization through activating CD38-SIRT1-PPARγ
and CD38-SIRT1-p53 signaling pathways.

DISCUSSION
Hepatic ischemia-reperfusion injury (HIRI) presents a major
complication in liver surgery and liver transplantation which
stands as the main therapeutic choice in the end-stage liver
disease. Nicotinamide adenine dinucleotide (NAD+) is a crucial co-
enzyme that takes part in a wide range of biological processes and
is regulated by a variety of transcription factors, as well as
inflammatory mediators and cytokines.26,27 CD38 is the core
enzyme to catalyze NAD+ degradation in mammalian cells. CD38
deficiency alleviated the senescence in cardiac cells, attenuated
cardiac ischemia-reperfusion injury, improved oxidative stress
induced by high-fat diet, and protected hepatocytes from
nonalcoholic fatty liver disease.17,18,28,29 However, the impact of
CD38 deficiency on HIRI has not been investigated yet. Previous
studies have shown that HIRI-related macrophage activation and
the subsequent release of inflammatory factors are the key factors
contributing to graft dysfunction. Here, we reported that global or
myeloid CD38 deficiency significantly alleviated HIRI through
inhibiting oxidative stress, inflammation, and pyroptosis, suggest-
ing that myeloid CD38 might participate in the process of HIRI.
Currently, several approaches targeting macrophages have been

Fig. 3 Myeloid CD38 deficiency reduced hepatic ischemia-reperfusion-triggered inflammation. a–c The mRNA expressions of IL1B, TNF-α,
iNOS, IL-10, ARG1, TGF-β and PPARγ were analyzed by QPCR in CD38MKO and CD38fl/fl mice after HIRI. d The expressions and the quantitative
analysis of PPARγ were detected by Western blot in liver tissues of CD38MKO and CD38fl/fl mice after HIRI. e MDA contents were measured in
liver tissues of CD38LKO and CD38fl/fl mice after HIRI. f The mRNA expressions of TNF-α and IL1B were determined by QPCR in liver tissues of
CD38LKO and CD38fl/fl mice after HIRI. Data are shown as means ± SEM, *p < 0.05, **p < 0.01 and ***p < 0.001, n= 3 ~ 9 per group
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reported.30,31 Our study demonstrated that CD38 silencing of
myeloid macrophages exerted a remarkable protective effect
against HIRI. Compared with directly targeting the other cells/
tissues of the liver, altering the function of the circulating
monocytes holds great promise for preventing and treating the
HIRI. Therefore, our study indicates that myeloid CD38 might be a
viable therapeutic target for preventing and treating HIRI in
clinical scenarios.
One of the key causes of HIRI is oxidative stress. At the onset of

IR, ROS bring about extensive harm to hepatocytes via lipid
peroxidation, protein oxidation, mitochondrial impairment, and
DNA damage. This is followed by monocyte and neutrophil
invasion into the liver, leading to inflammation and ultimately
hepatocyte apoptosis.32 In our study, we observed that global and
myeloid CD38 deletion significantly reduced MDA formation in
liver tissue or hepatocytes after HIRI in vivo or H/R injury in vitro,
respectively. SOD2 is an antioxidant metalloenzyme for removing
free radicals. We also found that myeloid and global CD38
deficiency upregulated the expression of SOD2, while significantly
reducing the expression of NOX2, indicating that the protection of
CD38 deficiency against HIRI was relevant to the inhibition of
hepatic oxidative stress through macrophages.

Pyroptosis, a programmed cell death mode, is another
important cause for HIRI. This process depends on inflammasomes
to activate various caspases, leading to the cleavage and
multimerization of gasdermin family proteins, including GSDMD,
ultimately resulting in cell membrane perforation and death. It has
been reported that myeloid-specific SIRT1 deficiency exacerbated
pyroptosis via mediating the classical pyroptosis signaling path-
way.33 In our study, the expressions of NLRP3, caspase-1, IL-18,
and the cleaved GSDMD were markedly decreased in liver tissues
of CD38KO and CD38MKO mice after HIRI. In vitro, our results also
showed that myeloid-specific CD38 deficiency decreased the
expressions of the genes involved in pyroptosis in hepatocytes
under Hypoxia/Reoxygenation, indicating that CD38 deficiency
reduced pyroptosis through inhibiting the NLRP3 signaling
pathway-mediated increase of active form GSDMD-N expression.
Sirtuins, a family of NAD⁺-dependent deacetylases, have been

reported to modulate circadian control and regulate various
autoimmune diseases via epigenetic modification, chromatin
remodeling, and other mechanisms.34,35 The increase of intracel-
lular NAD+ levels caused by CD38 deletion directly affects the
expression and activity of the sirtuin family of proteins. It has been
reported that liver-specific SIRT1 deletion exacerbated HIRI

Fig. 4 Global and myeloid deletion of CD38 ameliorated HIRI-induced pyroptosis in vivo. The protein expressions and the quantitative
analysis of NLRP3, IL-18 and GSDMD-N and the mRNA expressions of NLRP3, Caspase-1 and IL-18 were examined by Western blot (a) and
QPCR (b) in liver tissues of CD38KO and CD38fl/fl mice after HIRI, respectively. The protein expressions and the quantitative analysis of NLRP3,
GSDMD-N and IL-18, and the mRNA expressions of NLRP3, Caspase-1 and IL-18 were determined by Western blot (c) and QPCR (d) in liver
tissues from CD38MKO and CD38fl/fl mice after HIRI. Data are shown as means ± SEM, *p < 0.05, **p < 0.01and ***p < 0.001, n= 3–6 per group
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through enhancing the XBP1/NLRP3 inflammatory pathway,
whereas myeloid-specific SIRT1 deficiency increased pyropto-
sis.22,33 SIRT3 also played a role in alleviating HIRI by activating the
downstream factors such as SOD2, CYP-D, and HIF1α to suppress
ROS production.36 Recent studies showed that SIRT5 inhibited
oxidative stress and inflammation by enhancing the expression of
SOD1 and IDH2, thereby alleviating HIRI.37 In this study, we
observed that SIRT1 and its target genes, PPARγ and p53, were
notably upregulated in CD38KO and CD38MKO mice following HIRI.
Our in vitro experiments also confirmed that CD38 deficiency
alleviated HIRI through activating PPARγ and p53 signaling
pathways. In addition, the effects of the macrophage-derived
SIRT1 on chromatin remodeling and epigenetic modifications
need to be further investigated in hepatocytes.
PPARγ is a key transcription factor for regulating M1/M2 type

polarization in macrophages. PPARγ agonists suppress the
secretion and expression of proinflammatory cytokines in human
monocytes, inhibit M1 macrophage activation in vitro, and
facilitate M2 macrophage differentiation.38 It has been reported
that IL-4 and IL-13 regulate macrophage polarization towards M2
type through STAT6, which was regulated by the transcription
factor PPARγ. In addition, activation of STAT6 elevated the
expression and activity of PPARγ and then further enhanced

macrophage M2 type polarization.39 p53, a tumor suppressor and
transcription factor, also participated in macrophage polarization
and pyroptosis. It was reported that myeloid-specific HO-1
deficiency reduced the expression and activity of SIRT1, resulting
in diminished expression and acetylation of p53, exacerbating
HIRI, whereas activation of SIRT1 reversed this process in mice.21

SIRT1 activation in macrophages also reduced target gene ASC
expression by deacetylating p53, prevented activation and
formation of NLRP3, and hence reduced pro-inflammatory
cytokine secretion IL-1β and IL-18.40 In our study, we observed
that the TNF-α and IL-1β expressions were significantly reduced,
and the expressions of IL-10, CD206 and TGF-β were greatly
enhanced in CD38KO and CD38MKO mice under HIRI condition.
Additionally, we observed a great increase in total p53 and
PPARγ expression, while the acetylation level of p53 was notably
reduced. Moreover, the protective influence of CD38 deletion
against H/R was reversed by using specific inhibitors to target
p53, AMPK (the key signaling protein kinase in the PPARγ
pathway), and PPARγ. These results indicated that CD38
deficiency activated PPARγ and p53 signaling pathways by
upregulating SIRT1 to inhibit inflammatory cytokine secretion
and promote macrophage M2 type polarization, thereby
alleviating HIRI.

Fig. 5 Myeloid CD38 deficiency alleviated hepatocytic hypoxia/reoxygenation injury in a co-culture condition in vitro. a Representative flow
cytometry plots of PI staining, along with the quantitative analysis, for hepatocytes from CD38fl/fl mice co-cultured with BMDMs from CD38KO

mice after H/R injury. MDA contents (b), LDH activities (c), the mRNA expressions of IL-1B (d), TNF-α (d), NLRP3 (e) and IL-18 (e), and the protein
expressions and the quantitative analysis (f) of NLRP3, IL-18 and PPARγ were examined in primary hepatocytes from CD38fl/fl mice co-cultured
with BMDMs from CD38KO mice after H/R injury. Data are shown as means ± SEM, *p < 0.05, **p < 0.01 and ***p < 0.001, n= 3–6 per group
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There are certain limitations to our research as well. First,
although our data indicated that CD38 deletion in bone marrow-
derived macrophages played a crucial protective role in hepatic IR,
macrophages possess different activation phases due to plasticity
and context-dependence and modification of tissue microenviron-
ment.15 Macrophages may have different roles in various liver
diseases or at different stages of the same disease, making clinical
application complicated.41 The roles and mechanisms of macro-
phage polarization in liver diseases should be further investigated
in the future. Second, it has been reported that although the bone
marrow-derived macrophages were the dominating cell types of
the infiltrating macrophage, Kupffer cells in the liver were
significantly reduced during the HIRI. However, as the largest
innate macrophage population in vivo, the role of Kupffer cells with
CD38 deficiency in hepatic IR needs to be further investigated.42,43

Third, the process of HIRI is a dynamic process with different
pathological changes at different times after ischemia and
reperfusion. In our study, we focused solely on a systematic
investigation of 1-hour ischemia followed by 12-hour reperfusion,
and the other time points need to be further observed.
We previously observed that there was a protective effect of

global CD38 deletion on cardiac ischemia-reperfusion and
nonalcoholic fatty liver disease (NAFLD).19 It has been reported
that CD38 deficiency upregulated IL-1β/TLR4/NLRP3/GSDMD

signaling axis via the TLR1/ERK/NF-κB pathway, resulting in
aggravated liver injury in the sepsis model of CD38KO mice.28,43

In our study, we demonstrated that myeloid-specific CD38
deletion greatly ameliorated HIRI in mice, strengthening the view
that functional regulation of CD38/NAD+/SIRT1 axis may improve
aseptic inflammation and tissue damage.
In summary, our study demonstrated that CD38 deficiency,

especially in myeloid cells, improved hepatic I/R or H/R injury both
in vivo and in vitro by suppressing pyroptosis, oxidative stress and
inflammation (Fig. 8e). The absence of myeloid CD38 not only
enhanced M2 polarization of macrophages and inhibited M1
polarization, but also reduced NLRP3-mediated pyroptosis through
activation of NAD+/SIRT1 pathway in macrophages, which in turn,
led to the inhibition of hepatic oxidative stress, inflammation, and
pyroptosis, eventually protecting against HIRI. Certainly, our study
should provide an insight in elucidating the mechanism of HIRI,
and CD38 of macrophages might be a potential therapeutic target
for prevention and treatment of HIRI clinically.

MATERIALS AND METHODS
Study approval
All animal experiments described herein were reviewed and
approved by the Nanchang University Ethics Committee (Approval

Fig. 6 Global and myeloid deletion of CD38 upregulated SIRT1-p53 signaling pathway. The expressions and the quantitative analysis of SIRT1
(a, b), SIRT3 (a, b), p53 (c, d), and AC-p53 (c, d) were determined by Western blot in liver tissues from CD38KO, CD38MKO, and CD38fl/fl mice after
HIRI. Data are shown as means ± SEM, *p < 0.05, **p < 0.01 and ***p < 0.001, n= 3 per group
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Code: X20200630) and were conducted according to Jiangxi
Province Laboratory Animal Care Guidelines for animal research.
All mice were backcrossed into C57BL/6 background at least 6
generations before experiments.

Animals
CD38fl/fl mice were generated by Cyagen (SuZhou, China). Global
CD38 knockout (CD38KO), myeloid-specific CD38 knockout
(CD38MKO), and liver/hepatocyte-specific CD38 knockout
(CD38LKO) mice were obtained by crossing CD38fl/fl mice with
EIIa-Cre mice (Cyagen, China), lysM (lysozyme M)-Cre mice and Alb
(Albumin)-Cre mice, respectively. The mice used in the study were
6-8 weeks old, and the age-matched CD38fl/fl mice served as
controls.

HIRI model in vivo
A HIRI mouse model was developed based on a previously
established protocol.44 Briefly, a nontraumatic vascular clamp was
applied to the portal vein branches to temporarily block blood
flow of the left and middle liver lobes. After 1 hour of ischemia, the

clamp was removed to restore blood circulation, followed by
12 hours of reperfusion. The mice were then sacrificed, and serum,
tissues, and organs were collected for further analysis.

H/R model in vitro
Cell H/R model was established with ref. 19. Briefly, after cell
adhesion, the culture medium was swapped out for a low-serum
medium with 1% FBS. After culturing for hours, the cells were
moved to a three-gas incubator (0.5% O₂, 5% CO₂, 37°C) for
12 hours of hypoxia, and then moved to a normal incubator (5%
CO2, 37 °C) for reoxygenation cultivation for 12 hours.

Isolation and extraction of cells
Primary hepatocytes and bone marrow-derived macrophages
(BMDMs) were harvested from male mice aged 6 to 8 weeks,
following established protocols.45,46 In short, the mice were
anesthetized and securely positioned on a sterilized surgical tray.
The hepatic portal vein and inferior vena cava were then
carefully exposed. A D-Hanks solution was introduced into the
liver via the hepatic portal vein, ensuring the organ was fully

Fig. 7 Myeloid CD38 deficiency promoted macrophage M2 polarization through activating NAD+/SIRT1 pathway in vitro. The mRNA
expressions of IL1B (a), CD206 (a), and the protein expressions and the quantitative analysis of SIRT1 (b) and SIRT3 (b) were determined by
QPCR and Western blot in BMDMs from CD38fl/fl and CD38KO mice after LPS stimulation, respectively. c The mRNA expressions of IL1B and IL-6
were determined by QPCR in BMDMs from CD38fl/fl mice with the stimulation of hepatocytes-derived conditioned media after hypoxia/
reoxygenation injury (HCMHR). The protein expressions and the quantitative analysis of SIRT1/SIRT3 (d), the NAD+ contents (e) and the
infiltrations of the type 2 macrophages (CD206/Il-10, f, g), and type 1 macrophages (CD86/iNOS, f, g) were determined in BMDMs from
CD38KO and CD38fl/fl mice with HCMHR stimulation. Data are shown as means ± SEM, *p < 0.05, **p < 0.01 and ***p < 0.001, n= 3–6 per group
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saturated. Once the outflow fluid from the incised inferior vena
cava transitioned from a reddish hue to a clear appearance, the
perfusion process was halted. Then the perfusion solution was
replaced with a solution containing type IV collagen to
continuously perfuse the liver, and then stopped perfusion
when the liver was soft and inelastic. The liver was removed and
put into 4 °C pre-cooled DMEM medium. Then the liver envelope
was torn with forceps and the liver tissue was bluntly separated.
To wrap up the process, the hepatocyte mixture was passed
through a 200-mesh cell strainer. Afterward, the suspension was
spun in a centrifuge at 300 rpm for five minutes. Once the

supernatant was carefully removed, the remaining cell pellet was
mixed again using DMEM medium. Finally, the cells were
carefully transferred into a well plate that had been pre-coated
with porcine skin collagen. Once they adhered, the medium was
refreshed.
BMDMs were isolated from femurs and tibias of mice of each

group. The BMDMs were subjected to treatment with red blood
cell lysis buffer composed of 155 mM NH₄Cl, 12 mM NaHCO₃, and
0.1 mM EDTA, following which they were suspended in 2ml of
unsupplemented DMEM. Next, BMDMs were transferred into
DMEM containing 10% fetal calf serum and M-CSF and cultured

Fig. 8 Myeloid CD38 deficiency facilitated macrophage M2-type polarization through activating SIRT1-p53 and SIRT1-PPARγ pathway in vitro.
The mRNA expressions of TNF-α (a), IL1B (b), IL-10 (c) and CD206 (d) were determined by QPCR in BMDMs from CD38KO and CD38fl/fl mice with
the stimulation of the hepatocytes-derived conditioned media after hypoxia/reoxygenation injury (HCMHR) in the pretreatment of Compound
C (AMPK inhibitor), PFT-α (P53 inhibitor) and T0070907(PPARγ inhibitor), respectively. Data are shown as means ± SEM, *p < 0.05, **p < 0.01 and
***p < 0.001, n= 3 per group. e The mechanism of myeloid-specific deletion of CD38 (CD38MKO) protecting against hepatic ischemia/
reperfusion injury (HIRI): CD38MKO elevates the intracellular NAD+ levels in macrophages, and in turn, alleviates hepatic ischemia/reperfusion
injury (HIRI)-induced inflammation and pyroptosis via activating SIRT1 signaling pathways in macrophages. On the one hand, SIRT1 promotes
myeloid monocytes toward macrophage type 2 polarization through activating PPARγ signaling pathway in macrophages and inhibits
monocytes toward macrophage type 1 polarization via activating p53 signaling, reducing HIRI-induced inflammation. On the other hand,
SIRT1 also suppresses the release of pro-inflammatory factors such as IL1-β and IL18 through inactivating the canonical inflammasome-
pyroptosis pathway of NLRP3-mediated caspase-1/GSDMD processing in macrophages. Image created with BioRender.com, with permission
(agreement number: FG27ZL6X5O; citation to use: https://www.biorender.com/j12e628)
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for 7 days with fresh medium being added on the 4th day and the
6th day.

Cell culture and treatment
A co-culture system was set up using 0.4 μm TRASWELL chamber.
Hepatocytes were positioned within the lower compartment,
while bone marrow-derived macrophages (BMDMs) were placed
in the upper one. The cell culture medium employed was DMEM
(Dulbecco’s Modified Eagle’s Medium) sourced from Gibco (Grand
Island, NY, USA), which was fortified with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin, both also obtained from
Gibco. These cells were incubated at 37°C in a humidified
environment with 5% CO₂. Prior to initiating the hypoxia/
reoxygenation culture, the medium was switched to a low-
serum formulation containing 1% FBS. After 4 hours, the cells were
placed in a pre-set three gas incubator (0.5% O2, 5% CO2, 37 °C) for
hypoxia culture for 12 hours, and then transferred to a common
incubator (5% CO2, 37 °C) for reoxygenation culture for 12 hours.
The inhibitors including Compound C (AMPK inhibitor, BML-275,
MedChemExpress), PFTα (P53 inhibitor, HY-15484, MedChemEx-
press), T0070907 (PPARγ inhibitor, HY-13202, MedChemExpress)
were added before conducting hypoxia/reoxygenation. The
supernatant and cells were harvested for subsequent analysis.

Measurements of multiple indices
MDA content and SOD activity were measured using correspond-
ing assay kits (TBA method, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), respectively. Briefly, cells or tissues were
collected, homogenized, or broken by sonication. According to the
instructions, the absorbances were measured at 532 (MDA) and
450 (SOD) nm wavelength using a microplate reader, respectively.
The outcomes were adjusted for total protein levels, with every
trial conducted at least three times to ensure reliability. For mouse
blood samples, both whole blood and serum were collected, and
the measurements of the complete blood count and analysis of
liver function (AST, ALT) were conducted by Wuhan Servicebio
Technology Co., Ltd.

Haematoxylin and eosin (H&E) and DHE staining
Liver tissue was collected and preserved by fixation in 4%
paraformaldehyde (PFA) for a full 24 hours. The tissue blocks were
sectioned into 5 μm slices and treated with H&E or DHE following
standard protocols.

Flow cytometric analysis for propidium iodide (PI) staining
Following the established protocol, the cells were plated and
incubated under standard conditions. Following the initial
treatment, the cells were thoroughly washed and then suspended
in phosphate-buffered saline (PBS). To facilitate staining, a 5 μL
volume of propidium iodide (PI) solution was added to the cell
mixture. Subsequently, the prepared samples were analyzed using
the CytoFLEXLX system by Beckman Coulter for detailed flow
cytometry.

Immunofluorescence (IF) staining
The preparation of animal tissue sections was carried out in the
same manner as previously described. A suspension of cells (4 ×
10⁵ cells/mL) was plated onto coverslips and then treated with 4%
paraformaldehyde (PFA) for 20minutes at ambient temperature.
After an extensive wash with PBS, the cells underwent permea-
bilization using 0.25% Triton X-100 for an hour, followed by a two-
hour blocking step with 10% goat serum. The samples were then
subjected to overnight immunostaining at 4 °C with monoclonal
antibodies targeting IL-1β (GB12115, Servicebio), F4/80
(GB113373, Servicebio), ASGR1 (EPR22642, Abcam), CD86 (NBP2-
25208, Novus Biologicals), CD206 (18704-1-AP, Proteintech), iNOS
(PTM-6217, Jingjie), and IL-10 (PTM-5750, Jingjie). Following
incubation with Alexa Fluor-tagged secondary antibodies (1:200

dilution) for one hour, the final images were obtained using
fluorescence microscopy.

Western blotting
Liver samples were homogenized in RIPA buffer containing 1mM
PMSF, and their protein concentrations were determined using a
BCA assay kit. The lysates were then separated by SDS-PAGE and
transferred onto PVDF membranes. To prevent nonspecific
interactions, the membranes were blocked with 5% nonfat milk
for one hour before being incubated with the appropriate
antibodies overnight at 4 °C. CD38 (R&D), GAPDH (KangChen),
SOD2 (CST), NOX2 (Abcam), IL-1β (CST), PPARγ (Santa Cruz
Biotechnology), NLRP3 (CST), IL-18 (Abmart), GSDMD-N (Abmart),
SIRT3 (Sigma-Aldrich), SIRT1 (Sigma-Aldrich), p53 (Abcam), Acetyl-
p53 (Abcam) antibodies were diluted 1:400/1000, respectively. The
membrane was then treated with an HRP-linked secondary
antibody, diluted to a ratio of 1:5000, and left to incubate for
one hour at room temperature. Detection was subsequently
carried out using an ECL system, manufactured by Fdbio Science
in Hangzhou, China.

Quantitative real time PCR analysis (qRT-PCR)
RNA was isolated from both tissue samples and cell cultures using
Trizol reagent (Invitrogen, Carlsbad, CA, USA). To quantify the RNA, a
Nano 2000 spectrophotometer (Thermo Fisher) was employed.
Following this, the RNA was reverse transcribed into cDNA using the
Takara High Capacity cDNA Synthesis Kit (TaKaRa, Dalian, China),
adhering strictly to the protocol provided by the manufacturer. The
synthesized cDNA was then stored at −80°C for future use.
Quantitative PCR was carried out on an ABI-ViiA7 PCR system. To
assess mRNA expression levels, the ΔCt method was applied, with
GAPDH serving as the housekeeping gene for normalization. The
specific primers utilized in the real-time PCR process are detailed as
follows: GAPDH (F-AGCCAAAAGGGTCATCATCT; R-GGGGCCATCCA-
CAGTCTTCT), CD38 (F-CTGCCAGGATAACTACCGACCT; R-CTTTC
CCGACAGTGTTGCTTCT); IL1B (F-TGTAATGAAAGACGGCACACC; R-
TCTTCTTTGGGTATTGCTTGG); IL-6 (F-GGAAATCGTGGAAATGAG; R-
GCTTAGGCATAACGCACT); TNF-α (F-GTGGAACTGGCAGAAGAGGCA;
R-AGAGGGAGGCCATTTGGGAAC); TGF-β (F-TACCTGAACCCGTGTT
GCTCTC; R-GTTGCTGAGGTATCGCCAGGAA); CD206 (F-TAGCACTGG
GTTGCATTGGT; R-TGCAGGGTTGACATGAGACC); PPARγ (F-TGCCAG
TTTCGATCCGTAGA; R-ATGAATCCTTGGCCCTCTGA);iNOS (F-CTGCAG
CACTTGGATCAGGAACCTG; R- GGAGTAGCCTGTGTGCACCTGGAA);
IL-10(F-GCTCTTACTGACTGGCATGAG; R-CGCAGCTCTAGGAGCATG
TG); NLRP3 (F-AACAGCCACCTCACTTCCAG; R-CCAACCACAATCTCC-
GAATG); Caspase-1 (F-GCACAAGACCTCTGACAGCA; R-TTGGGCAGTT
CTTGGTATTC); IL-18 (F-GAAAATTTCAACTCTCTCCTGTG; R-CCTTCG
TATGATGAAGATTCAAA).

Statistics
The results are presented as mean values ± standard error of the
mean (SEM). For comparing two groups, the Student’s t-test was
employed, whereas one-way ANOVA was utilized for analyses
involving multiple groups. Statistical significance was indicated
with asterisks as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.
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