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Pyrroloquinoline quinone inhibits PCSK9-NLRP3 mediated
pyroptosis of Leydig cells in obese mice
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Abnormal lipid metabolism and chronic low-grade inflammation are the main traits of obesity. Especially, the molecular mechanism
of concomitant deficiency in steroidogenesis-associated enzymes related to testosterone (T) synthesis of obesity dominated a
decline in male fertility is still poorly understood. Here, we found that in vivo, supplementation of pyrroloquinoline quinone (PQQ)
efficaciously ameliorated the abnormal lipid metabolism and testicular spermatogenic function from high-fat-diet (HFD)-induced
obese mice. Moreover, the transcriptome analysis of the liver and testicular showed that PQQ supplementation not only inhibited
the high expression of proprotein convertase subtilisin/Kexin type 9 (PCSK9) but also weakened the NOD-like receptor family pyrin
domain containing 3 (NLRP3)-mediated pyroptosis, which both played a negative role in T synthesis of Leydig Cells (LCs).
Eventually, the function and the pyroptosis of LCs cultured with palmitic acid in vitro were simultaneously benefited by suppressing
the expression of NLRP3 or PCSK9 respectively, as well the parallel effects of PQQ were affirmed. Collectively, our data revealed that
PQQ supplementation is a feasible approach to protect T synthesis from PCSK9-NLRP3 crosstalk-induced LCs’ pyroptosis in
obese men.
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INTRODUCTION
Obesity is a chronic metabolic disease characterized by an
abnormal accumulation of body fat as well as chronic low-grade
inflammation, which has been recognized as a global epidemic by
WHO in the 21st century [1]. Numerous cohort studies have
reported that a male factor induced by obesity contributes to
infertility in approximately 25% of couples who fail to conceive [2,
3]. Obesity results in a negative impact on male reproduction
potential, including erectile dysfunction, hypogonadism, and poor
semen quality [4]. High-fat-diet (HFD)-induced pathologic changes
in Leydig Cells (LCs) with lipid droplets and inflammatory response
is the crucial mechanism for lowing testosterone (T) to the
disruption of male reproductive function [5, 6]. Although studies
have confirmed that alteration in the hypothalamic-pituitary-
gonadal axis, insulin resistance (IR) as well as excessive accumula-
tion of aromatase and estrogen is closed related to obesity-
induced T deficiency [7, 8], recent progress reports that proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibits the uptake of
cholesterol for T synthesis, meanwhile, its upregulation was
significantly negatively correlated with sex hormone-binding
globulin (SHBG) secretion in obesity [9]. While PCSK9 became
one of the most promising targets for the improvement of
hypercholesterolemia, as for its inhibitors constituted a new class

of lipid-lowering drugs [10, 11], whether PCSK9 participates in
regulating T synthesis remains unknown.
Nowadays, evidence is apparent that obesity-induced activation

of inflammatory cytokines (e.g., NLRP3, IL-1β, IL-18) is a major
culprit behind the adiposity-related metabolic complication
[12, 13]. Especially, the accumulation of NLRP3 promoted
obesity-related impairment of spermatogenesis and testosterone
synthesis by triggering interleukin-1β (IL-1β) secretion [14].
Furthermore, pyroptosis in LCs mediated by NLRP3/Caspase-1/
GSDMD (Gasdermin D) pathway is also essential to the
pathogenesis of sterile inflammatory diseases such as Cd exposure
[15, 16], whether obese-associated pyroptosis of LCs leads to the
dysfunction of T synthesis needs to clarify. Simultaneously, PCSK9
activates NLRP3 inflammasome signaling (NLRP3, Caspase-1, IL-1β
and IL-18), subsequently induces Caspase-1-dependent pyroptosis
in chronic myocardial ischemia [17], which in turn NLRP3
inflammasome could activate PCSK9 secretion in cardiac endothe-
lial cells of obese mice [18]. Therefore, it is of great significance to
explore the relationship between the PCSK9-NLRP3 crosstalk and
the pathogenic mechanism of testosterone synthesis disorder in
obesity.
Pyrroloquinoline quinone (PQQ) is a newly discovered oxidor-

eductase coenzyme, exerting potential health benefits in
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anti-diabetic, anti-oxidative, and neuroprotective actions and so
on [19]. Study has demonstrated that PQQ could alleviate the
hyperlipidemia-generated lipid accumulation with the reduced
levels of TC and TG in liver or plasma [20]. Besides, PQQ also could
protect hepatocyte from lipotoxicity and inflammation followed
obesity via down-regulating the level of pro-inflammatory
cytokines (NLRP3, IL-6, TNF and IL-1β) [21]. Additively, PQQ
possesses pharmacological effects on mitigating NLRP3
inflammasome-mediated pyroptosis to block the progression of
inflammatory disease such as diabetes and obesity [22–24]. In the
present study, we discovered that PQQ restored the lipid
metabolism, T synthesis and semen quality in HFD-induced obese
mouse models in vivo, which was characterized the essential
functions of PCSK9 and NLRP3. Furthermore, we ascertained that
PQQ improved the T synthesis by increasing cholesterol intake
and suppressing the pyroptosis of LCs in vitro, which functioned
by inhibiting the expression of PCSK9 and NLRP3 respectively.
Together, our study defines a previously unknown function and
molecular mechanisms in which PQQ intervention effectively
ameliorates male reproductive dysfunction.

RESULTS
PQQ ameliorates the abnormal lipid metabolism in obese mice
To preliminary address whether PQQ supplementation would
restore obesity, the body and abdominal fat weight as well as the
levels of lipid metabolism of liver in three group were investigated
to evaluate the effectiveness of PQQ. As expected, a significant
increase in weight gain of average body, liver and abdominal fat
was detected in obese mice compared with normal ones (Fig. 1A,
B, E, Fig. S1C). In contrast, besides improvement on body, liver and
abdominal fat weight, administration of PQQ in obese mice also
remarkably attenuated the Lee’s index (0.324 ± 0.011,
0.333 ± 0.008, 0.317 ± 0.009, respectively) and enlarged diameter
(1225.99 ± 448.29 µm2, 11707.39 ± 2235.57 µm2, 1505.99 ± 448.20 µm2,
respectively) and area (40.27 ± 6.97 µm, 115.77 ± 14.39 µm,
42.89 ± 6.56 µm, respectively) of abdominal adipocytes gained in
HFD-fed (Fig. 1C, D, F). Besides, PQQ is a potential therapeutic agent for
the treatment of the HFD-impaired food intake and glucose tolerance,
as assessed by the oral glucose tolerance test (OGTT) (Fig. S1A, B). Since
the production and degradation of fatty acid mainly takes place in
peripheral organs such as the adipose tissue and liver. To investigate
whether a HFD have a negative effect on the structural as well as
function of the liver and whether those could be ameliorated by PQQ
supplement, liver tissues were examined by HE stains (Fig. 1G) and Oil
red O staining (Fig. 1H, Fig. S1D). Obviously, the size and number of
lipid droplets in the liver accumulated in the HFD group, whereas PQQ
administration prevented excessive lipid significantly (The quantifica-
tion of NAFLD activity scores is also provided in Table S2).
Transcriptome analysis was conducted to uncover the metabolic
features of the mice liver following abnormal lipid metabolism. The
results showed that there were 1023 upregulated and 824 down-
regulated genes between the OBE group and the Ctrl group, 2539
upregulated genes and 2564 downregulated genes in OBEPQQ mice
compared with OBE mice (Fig. S1F), among which there were 628
differentially expressed genes (DEGs) distinctly expressed between the
three groups (Fig. S1E). DEḍGswere subjected to hierarchical clustering,
further highlighting clusters of genes that are adverse expression
trends of obesemice with OBEPQQ and Ctrl ones (clusters 3–4, 7–8, 11,
13 and 15), which was shown in the heatmap. (Fig. S1G, Fig. 1I).
Moreover, the main enriched GO terms (Fig. S1H, I) and KEGG
pathways (Fig. 1J) are mainly overlapped in energy metabolism,
inflammatory signaling pathways, lipid metabolism and steroid
synthesis pathway. Most notably, 25 DEGs in above pathways were
restored markedly in PQQ administration. The clustering tree of these
DEGs showed that the expression of PCSK9, which are related to
cholesterol metabolism pathway, mediating the degradation of LDL to
cholesterol by lysosomes [25], were downregulated in response to

OBEPQQ group (Fig. 1K). These results were consistent with the
histopathological changes in liver tissue caused by HFD. All of results
above indicate that abnormal lipid metabolism occurred in male mice
fed with chronic HFD, and that could be alleviated by PQQ
intervention.

PQQ improves the abnormalities in serum lipid metabolism in
obese mice
To identify distinct metabolites that may be associated with
abnormal lipid metabolism in obesity among thousands of
variables, a pairwise comparison was conducted between the
various group via analysis of serum metabolomics. PCA score and
OPLS-DA supervised model indicate stable and reliable differ-
entiation between the groups, with the detailed parameters
showed in Supplementary Table 1 (Fig. 2A, Fig. S2A, B). The
generated cluster heatmap of the changed metabolites identified
in three groups showed that similar metabolites were located in
close proximity, indicating that the samples of the Ctrl and OBE
groups can be separated, with the pattern of OBEPQQ group
consistent with Ctrl group (Fig. 2B). As for the metabolic pathway
analysis, a total of 16 pathway were observed for the main
metabolic pathway between Ctrl and OBE group among which 1
pathway with P < 0.05; 12 between OBE and OBEPQQ group,
among which 6 pathway with P < 0.05 (detailed information can
be found in Supplementary Tables 3 and 4), including pathways
was identified in all three groups: Glycine, serine and threonine
metabolism, Phenylalanine, tyrosine and tryptophan biosynthesis,
Taurine and hypotaurine metabolism, Primary bile acid biosynth-
esis (Fig. 2C), and the last three pathways association with
cholesterol degradation. Furthermore, the level of serum lipid
metabolizing hormones has been analyzed. As shown in Fig. 2D,
the TC, TG and LDL contents in the HFD group increased
compared with those in the control group and all of those
reduced significantly by PQQ supplement. On the contrary, the
lower levels of HDL were observed in serum of HFD-induced
obese mice. While this tendency reversed following PQQ
treatment. The results demonstrated that PQQ administration
may played vital roles in the improvement effect of attenuating
abnormal cholesterol metabolism on obese mice. The underlying
mechanism may be dependent on the primary bile acid
biosynthesis, and then improve the lipid metabolism abnormal-
ities in serum.

PQQ attenuates the testicular dysfunction in obese mice
To establish the harmful effects of HFD on male reproductive
function, we analyzed their pathological change on the testes of
HFD-induced obese mice. Morphological analysis found that PQQ
effectively protected testes structures against HFD damage and
reduced the loss of spermatogenic cells and LCs (Fig. 3A),
increasing the diameter (Ctrl: 444.64 ± 28.47 µm; OBE:
332.07 ± 16.50 µm and OBEPQQ: 417.842 ± 29.56 µm respectively,
being significantly different and P < 0.05) and area(Ctrl:
162794.28 ± 30088.52 µm2; OBE: 82663.17 ± 18558.00 µm2 and
OBEPQQ: 144810.51 ± 15152.32 µm2 respectively, being signifi-
cantly different and P < 0.05) of seminiferous tubule, which was
reduced by feeding HFD (Fig. 3C). The epididymal ducts of Ctrl and
OBEPQQ mice which was rich in sperm are well-formed, tightly
spaced. Whereas a few sperm can be observed in the abnormally
shaped epididymis of OBE mice (Fig. 3D). Meanwhile, in contrast
to the Ctrl group, PQQ supplement significantly improved the
ratio of testes/body weight and epididymis/body weight in obese
mice (Fig. 3B, E). Next, the effects of PQQ on sperm characteristics
was assessed. The sperm concentration which was regard as an
indicator of fertilization potential was found to be obviously
decreased in the OBE group mice, while PQQ treatment reversed
this effect (Fig. 3F). Likewise, PQQ was shown to reduce the
number and percentage of abnormal sperm induced by the HFD
(Fig. 3F). Furthermore, Compared with Ctrl group, mice in the OBE
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group showed a remarkable decrease in motile sperm and the
improvement in response to PQQ treatment significantly (Fig. 3F).
Taken together, those data showed that the protective effect of
PQQ on testicular injury.

PQQ improves the impaired testosterone synthesis in
obese mice
Subsequently, testicular transcriptomics was exerted to explore
the potential toxic mechanism of HFD-induced male reproductive
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injury and reverse effect of PQQ. Compared with the controls,
there were 275 upregulated and 159 downregulated DEGs in OBE
mice; there were 363 upregulated and 352 downregulated DEGs
between the OBEPQQ group and the OBE group (Fig. 4A).
Altogether, 56 genes were differentially expressed between the
three groups, among which 50 DEGs are adverse expression
trends of obese mice with OBEPQQ and Ctrl ones (Fig. 4B). We
further performed a function enrichment analysis based on the
KEGG and GO database (Fig. 4C, Fig. S3B, F). Most notably, DEGs
were significantly enriched in the metabolic pathways such as
inflammatory signaling pathways, energy metabolism and insulin
metabolism pathway. In addition, 24 DEPs in above pathways
were restored observably in PQQ administration. Similar to the
analysis of liver transcriptomics, the clustering tree of these DEGs
showed that proteins associated with cholesterol metabolism such
as PCSK9, and pyroptosis-related proteins (e.g., NLRP3, Caspase-1,
and GSDMD) were upregulated, LDLR and steroid synthesis-
associated proteins P450scc and 3β-HSD were downregulated in
response to HFD, which could be alleviated by PQQ intervention
(Fig. 4D).
Since our experimental results have confirmed that HFD

damage male reproduction to obese mice mainly stemming from
the inhibition of steroid metabolism. Further studies focused on
the level of T and the key enzyme for T synthesis which was often
coupled with T deficiency. As is exhibited in Fig. 4E, PQQ
intervention significantly enlarged the T content in serum from
obese mice. The expression level of StAR, P450scc and 3β-HSD, an
important T synthesis-associated gene/protein (enriched in lipid
metabolism and steroid hormone synthesis pathway in both GO
and KEGG analyses), were then determined by qRT-PCR, WB and
IHC analysis (Fig. 4F–H, Fig. S3C), showing the same pattern with
testicular transcriptome results. Our results suggested that PQQ
improves the level of T may thanks to relieving the impaired
expression of the key enzyme gene/protein for T synthesis in
obese mice.

PQQ inhibits the pyroptosis of Leydig cells in obese mice
Compelling evidence addressed that pyroptosis were reported to
subsequently trigger toxic substances-related injury in teste [26].
An assumption we came up with that a HFD could induce the
pyroptosis of LCs, leading to damaged T synthesis, and it is where
the therapeutic effects of PQQ interventions to improve male
reproduction. Hence, the expression level of pyroptosis factors
(Caspase-1 p20, GSDMD, IL-1β and IL-18) which were enriched in
the inflammatory response in both GO and KEGG analyses, were
then determined by qRT-PCR, WB and IHC analysis (Fig. 5F–H,
Fig. S3D). Coinciding with Fig. 4D, a sharply increased of above
factors was observed in LCs of obese mice compared with the Ctrl
group, nevertheless, the expressions of which could be signifi-
cantly down-regulate after PQQ treatment. Altogether, our results
confirm that PQQ ameliorates low T in obese mice via inhibiting
the HFD-induced pyroptosis of LCs.

PQQ protects against testicular injury by regulating PCSK9
and NLRP3
To further clarify the correlations which lead to insufficient T
synthesis in obesity between the disorders of cholesterol

metabolism and pyroptosis of LCs, elucidating the mechanism
of PQQ improving male reproductive dysfunction, the expression
of PCSK9 and NLRP3 that subsequently trigger to pyroptosis
[27, 28] has been determined in testes at first. LCs have the
capacity to biosynthesize testosterone from cholesterol in
testicular spermatogenic function [25], whereas dysregulation of
PCSK9 which targeted LDLR for subsequent degradation leading
to hypercholesterolemia and decreasing the level of intracellular
cholesterol [29]. As expected, agree with the transcriptome results
of testes, an increase of PCSK9 and NLRP3 specifically expressed in
LCs of obese mice detected by qRT-PCR, WB and IHC (Fig. 6A–D,
Fig. S3E), and recovery of values in response to PQQ treatment.
Interestingly, we next examined that the expression of LDLR, a
downstream signaling pathway target of PCSK9, is actually
reduced in mice fed HFD which could be suppressed via PQQ
administration (Fig. 6A–D).
In addition, it was reported that there was a positive correlation

between the level of NLRP3 inflammasome and PCSK9 secretion
particularly in the presence of HFD [18]. To further verify our
hypothesis, finding the key communities of PCSK9-NLRP3 inter-
action associated with male reproductive dysfunction induced by
obesity, Spearman’s correlation analysis was carried out to analyze
the links between PCSK9 and NLRP3, indicating a positively
significant correlation (Fig. 6E). Next, we therefore identified the
correlation of indices of obesity diagnosis, male reproductive
function, lipid metabolism indices, the rate-limiting enzymes of T
synthesizes, pyroptosis mediator, respectively. the PCSK9 and
NLRP3 level which was upregulated showed a significant negative
correlation with the levels of male reproductive function (T, sperm
count and sperm motility), T-converting proteins (StAR, 3β-HSD,
P450scc), HDL and LDLR. On the contrary, the relative abundance
of PCSK9 and NLRP3 positively correlated with obesity diagnosis
indices (body weight, fat mass and Lee’s index), abnormal sperm
rate, pyroptosis markers including Caspase-1, GSDMD, IL-1, IL-18
and the level of lipid metabolizing hormone (TG, TC and LDL)
(Fig. 6F).
Thus, PCSK9-NLRP3 interrelation caused the alterations of lipid

metabolism in liver as well as LCs-regulated T synthesis, which
probably caused by aggravated testicular pyroptosis and insuffi-
cient cholesterol uptake in LCs of obese mice. We concluded from
these observations that PQQ may be an inhibitor of LCs’
pyroptosis which was influenced by PCSK9-NLRP3 crosstalk,
improving the T synthesis of obese male. However, detailed
experimental evidence should be provided to support this
hypothesis.

PQQ promotes T synthesis via suppressing PCSK9-induced
pyroptosis in LCs
To corroborate whether PQQ amelioration of T synthesis dysfunc-
tion in obese mice derived from the suppression of PCSK9, which
gives rise to NLRP3-maneged pyroptosis of LCs, we used siRNA
duplexes or selective inhibitor MCC950 [30] to knock down the
expression of PCSK9 or NLRP3 respectively in a PA-treated TM3
cell model [31]. Based on the detection of cell viability analysis and
expression of genes, 0.4 mM PA, 100 nM MCC950 as well as
100 nM PQQ was selected as optimal drug-given concentrations
for the experiments that followed, with 50 nM PCSK9 siRNA

Fig. 1 PQQ ameliorates the abnormal lipid metabolism in obese mice. A Representative appearance of mice at end of the study.
B Comparison between the body weight of mice in the HFD and ND groups (1), and change in body weight in response to each diet and
treatment (2) (n= 12). C The representative light microscopic histologyimages of abdominal adipose masses stained with hematoxylin and
eosin (HE). D Relative LEE’s index. E Abdominal fat mess weight (n= 12). F The diameter (1) and area (2) of abdominal adipocyte in the mice.
G HE staining of liver. H Hepatic lipid droplets were visualized by oil red O staining. The red arrow indicates fat droplet. I Cluster analysis of
differentially expressed genes (DEGs) which are consistently effective treatment of PQQ enriched in mice’s liver (n= 4). J KEGG Functional
enrichment analysis of DEGs. K Cluster analysis of DEGs enriched in lipid metabolism and steroid hormone synthesis pathway. *P < 0.05,
**P < 0.01.
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successfully silencing the PCSK9 gene (Fig. S4A, F, G, P < 0.05). PA
treatment exhibited cytolysis of TM3 cells, which could be
significantly improved by PCSK9 siRNA, MCC950 and PQQ
intervention according to RTCA monitoring, indicating that the
effectiveness of PQQ administration specifically target PA (Fig. 7A).

We also directly detected the presence of the T and cholesterol
both in intracellular and cell culture supernatant. Briefly, T was
highly abundant in PA-treated TM3 cells after PQQ management,
with higher intracellular cholesterol as well as lower extracellular
cholesterol (Fig. 7B, C). As anticipated, Fig. 7D shows that the LDH

Fig. 2 PQQ improves the abnormalities in serum lipid metabolism in obese mice. A Orthogonal partial least square discriminant analysis
(OPLS-DA) score plots of Ctrl and OBE group showed clear distinction in the positive ion mode (1) and the negative ion mode (2). OPLS-DA
score plots of OBE and OBEPQQ group showed clear distinction in the positive ion mode (3) and the negative ion mode (4) (Ctrl, n= 18; OBE,
n= 18; OBEPQQ, n= 8). B Heatmap of the changed metabolites about lipid metabolism identified in serum samples analyzed. C Summary plot
for computed metabolic pathway analysis of differential metabolites identified pathways as a function of log(p) (y-axis) and the pathway
impacts of the key metabolites (x-axis) that differed between OBE and Ctrl group, OBEPQQ and OBE group. D Analysis of serum TC level (1), TG
level (2), LDL level (3), and HDL level (4). *P < 0.05, **P < 0.01 (n= 5).
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Fig. 3 PQQ attenuates the testicular dysfunction in obese mice. A HE staining of testis. B The testis index of mice (n= 10). C The diameter (1)
and area (2) of seminiferous tube in the mice. D HE staining of epididymis. E The epididymis index of mice (n= 10). F The sperm count (1)
(n= 10), abnormal sperm rate (2) (n= 11) and sperm motility (3) (n= 6) at the end of the experiment. *P < 0.05, **P < 0.01.
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release induced by PA was significantly reduced after PCSK9
inhibition and PQQ administration. The uptake of PI was used to
quantitatively examine membrane damage in individual cells
during diverse interventions exposure, revealing that incubation

of TM3 cells with PA resulted in an increase in PI uptake but
recovered following PQQ supplementation (Fig. 7E, Fig. S5B).
Likewise, all the effective efforts with PQQ intake above was in line
with those of PA+siRNA group.
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Next, similar to the efficiency of silencing PCSK9, PQQ
administration were almost abolished the adverse effect induced
by PA treatment, reflected in the up-expression of the LDLR and
T-converting proteins (StAR, 3β-HSD, P450scc) with the down-
regulated expression of pro-pyroptosis factors (NLRP3, Caspase-1
p20, GSDMD, IL-1β and IL-18) (Fig. 7F, G). Notably, inhibition of
PCSK9 in normal TM3 cells also plays a role in increased T
synthesis by suppressing the pyroptosis partly (Fig. S4A–F, Fig.
S5A). Thus, PQQ could ameliorate T synthesis in obese mice via the
regulation of PCSK9, through increased cholesterol intake caused
by LDLR upregulated, as well as diminished NLRP3-maneged
pyroptosis of LCs.

PQQ promotes T synthesis via suppressing NLRP3-induced
pyroptosis in LCs
To further dissect the hypothesis that PQQ could also regulate the
expression of NLRP3, weakened the PCSK9 to ameliorate the PA-
damaged T synthesis, same experimental method was also
conducted. As is exhibited, PA-treated TM3 cells with MCC950 or
PQQ administration are flooded with T and cholesterol (Fig. 8A, B).
Moreover, PQQ severely relieved LDH release and PI intake, with
the decline in NLRP3 and PCSK9 as opposed to a parallel increase
in the expression of LDLR (Fig. 8C–F). In addition, TM3 cells treated
with PQQ exhibited a significant up-expression of the T-converting
proteins (StAR, 3β-HSD, P450scc), accompanied by the down-
regulated expression of pro-pyroptosis factors (NLRP3, Caspase-1
p20, GSDMD, IL-1β and IL-18) (Fig. 8E, F). Likewise, all the effective
efforts with PQQ intake above was in line with those of
PA+MCC950 group. Those results prove that PQQ could
ameliorate T synthesis in obese mice via the regulation of NLRP3,
through diminished LCs pyroptosis and increased cholesterol
intake caused by PCSK9 downregulation. Hence, PQQ ameliorate
the obese-induced dysfunction of T synthesis caused by
pyroptosis in LCs via regulating the PCSK9-NLRP3 crosstalk.

DISCUSSION
Obesity is a chronic systematic inflammatory disease with an
abnormal accumulation of body fat, which is accompanied by a
negative impact on male reproduction potential, particular
including the poor levels of T [1, 4]. T produced by cholesterol
uptake in LCs is the most critical steroid hormone that maintains
the fertility of men [32]. However, obesity-incurred T deficiency is
tightly associated with the pathological injury of hypertrophied
LCs with abundant lipid accumulation, vesicles, and
autophagosome-like structures containing degenerated mito-
chondria [5, 33, 34]. In this study, we have explored that HFD-
triggered decreased T concentration with a decline in semen
quality is positively correlated with the degenerated seminiferous
tubules, as well as the downregulated T-converting proteins (StAR,
CYP11a1, and 3β-HSD) in LCs of obese mice, which is in line with
the previous studies [35–37]. Fortunately, multiple studies have
confirmed that weight loss by lifestyle intervention, bariatric
surgery, or drug intervention delivered a significant amelioration
of T synthesis and improvement of the quality of sexual function
[38, 39]. PQQ, as a newly discovered oxidoreductase coenzyme,
performed forceful therapeutic promise effectively to lose weight,
combating hyperglycemia, hyperlipemia, and increased insulin
levels [40]. We were pleasantly surprised that PQQ administration

not only significantly lost weight but also ameliorated the damage
to the structure and function of the testis, as well as T level and
secretion in obese mice and PA-treated LCs. Subsequently, the
biological functions of PQQ were preliminarily proven by up-
regulating the T-converting proteins (StAR, P450scc, and 3β-HSD),
which was identical with the other antioxidants like melatonin,
lycopene, catechin and so on [41–45]. Significantly, it was the first
research for PQQ combating dysfunction of T synthesis, however,
the underlying mechanism of which needs to be further explored.
In order to get deeper into the molecular mechanisms that how

PQQ improves the synthesis of T and spermatogenesis, obesity-
associated dysfunction of lipid metabolism has to be considered
as the prominent inducement [34]. Abundant cross-sectional and
prospective studies have attested a significantly negative correla-
tion between the dyslipidemia (e.g., increased level of TC, TG, LDL)
and decreased free T and SHBG levels in overweight men, as for
the dyslipidemia has become an independent risk factor for
suppressive T-converting proteins (StAR and P450scc) levels in LCs
[46–48]. In many cases, losing weight through bariatric surgery
and drug intervention could prevent dyslipidemia, which deliv-
ered a significant amelioration of T synthesis [38, 39]. During all
the mechanisms that regulate the dyslipidemia, PCSK9 inhibition
has been verified as a biological target in enhancing serum
cholesterol clearance, companying with improving the hyperch-
olesterolemia of obese patients [10, 49, 50]. Molecular elucidation
of PCSK9 inhibitors promote the blocking of low-density
lipoprotein receptor (LDLR) degradation and increase LDL uptake
of the liver in order to regulate intracellular and plasma
cholesterol levels [51–54]. The increased expression of LDLR in
LCs boosts the intake of exogenous cholesterol which as the raw
material of T synthesis [55], however the function of LDLR was
inhibited by HFD-induced obesity, which might influence normal
spermatogenesis [56–58]. Increased PCSK9 expression induced by
dyslipidemia inhibited SHBG synthesis in the liver [9], which
indicated that PCSK9 may be the core of obesity-related abnormal
T synthesis. PQQ has significant efficacy in losing weight and
improving lipid metabolism as other antioxidants [59]. Early PQQ
supplementation has persistent long-term protective effects on
alleviating hyperlipidemia following decreased TG, TC and LDL in
obese mice and patients [21, 60, 61]. While reliable experimental
data we initially applied to confirm that PQQ administration not
only effectively mediated damaged lipid and cholesterol metabo-
lism with an increased level of intracellular cholesterol, but also
depressed the expression of PCSK9, up-regulating downstream
target LDLR and the T-converting proteins in the LCs, therefore,
which may be the potential mechanism where PQQ improves the
obesity-incurred dysfunction of T synthesis.
It is well known that obesity-triggered chronic low-grade

inflammation negatively affected the male reproductive system,
following disruption of semen parameters and testicular ster-
oidogenesis with decreased key steroidogenic enzymes (StAR,
P450scc, 3β-HSD and 17β-HSD) under the increasing concentra-
tions of inflammatory cytokines (IL-1, IL-6, and TNF-α) in the testis
[62, 63]. However, inhibition of inflammatory responses generated
by antioxidants (like melatonin, vitamin K and fucoxanthin) was
confirmed to increase T levels [64–67]. Considerable researches
have proved that PQQ has a positive effect on inflammatory
diseases such as obesity, diabetes, and sepsis via the mediation of
pro-inflammatory cytokine such as IL-6, IL-1β and TNF-α [68–70].

Fig. 4 PQQ improves the impaired testosterone synthesis in obese mice. A Volcano plots of testicular DEGs in OBE vs. Ctrl groups (1) and
OBEPQQ vs. OBE groups (2) (n= 4). B The venn diagram of DEGs. C The functional enrichment analysis of DEGs. D The heatmap of the changed
DEGs identified in functional enrichment analysis. E The level of testosterone in serum (n= 8). F qRT-PCR validation of StAR, P450scc and
3β-HSD in testes (n= 3). G Expression of StAR, P450scc and 3β-HSD in testes detected by WB analysis (1) and quantified by ImageJ software (2).
Relative quantitation of protein level normalized to tubulin (n= 3). H Immunohistochemistry analysis of the expression of StAR, P450scc and
3β-HSD in testes. PBST was used as the negative control. The red arrows indicate the cells with positive signal. *P < 0.05, **P < 0.01.

J. Wang et al.

8

Cell Death and Disease          (2023) 14:723 



Fig. 5 PQQ inhibits the pyroptosis of Leydig cells in obese mice. A qRT-PCR validation of Caspase-1, GSDMD, IL-1β and IL-18 in testes (n= 3).
B Expression of Caspase-1 p20, GSDMD, IL-1β and IL-18 in testes detected by WB analysis (1) and relative quantified by ImageJ software (2).
Relative quantitation of protein level normalized to tubulin (n= 3). C Immunohistochemistry analysis of the expression of Caspase-1, GSDMD,
IL-1β and IL-18 in testes. PBST was used as the negative control. The red arrows indicate the cells with positive signal. *P < 0.05, **P < 0.01.
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Conformably, supported by Fan W’s efforts and our transcriptome
analyses, we have detected that increased pro-inflammatory
cytokine NLRP3 accompanying the inhibited T synthesis [71],
which was alleviated in PQQ-treated obese mice. Owing to the

pyroptosis mediated by NLRP3/Caspase-1/GSDMD is also an
essential pathway to the pathogenesis of inflammatory-related
male infertility such as male genital tract diseases and abnormal
spermatogenesis [72, 73], we speculate whether the improvement
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of PQQ promote T synthesis came into play in management of the
LCs pyroptosis induced by obesity. Applying MCC950 (a direct
inhibition of NLRP3), we provide in vitro evidence documented
that PQQ supplementation exerts suppression of the LCs
pyroptosis, recovering the T synthesis with sufficient intracellular
cholesterol levels in PA-cultured TM3 cells. Collectively, these
findings initially validate the functional role of PQQ in maintaining
T synthesis against NLRP3-targeted LCs pyroptosis in obese mice.
Interestingly, PCSK9 is also considered as an pro-inflammatory

molecule and its inhibitors may be manifested by the down-
regulation of inflammatory cascade [74, 75]. In the previous reports,
PCSK9 and pyroptosis signaling are highly expressed in patients
with myocardial infarction [17]. PCSK9 played an important role in
activating the NLRP3 pyroptosis signaling (NLRP3, Caspase-1, IL-1β,
and IL-18), while PCSK9− /− significantly suppressed expression of
NLRP3 inflammasome signaling, GSDMD-NT, and LDH release [17].
Coincidentally, PCSK9 overexpression induced pyroptosis and
increased ROS production in Human Umbilical Vein Endothelial
Cells, which could be blocked by PCSK9 interference [76]. On the
contrary, NLRP3 inflammasome with the downstream signals
Caspase-1, IL-1β and IL-18 all participate in PCSK9 secretion, lower
expression of NLRP3 and attenuated the secretion of PCSK9 in IL-
1β-deficient mice fed with HFD [18]. In addition, NLRP3 knockout
diminished pyroptosis and LDL levels, increased serum HDL levels
in mice fed HFD, which along with blocked PCSK9 levels and
increased LDLR concentration [77, 78]. In this study, we first
demonstrated a positive correlation between the expression of
PCSK9 and NLRP3 in the testis of obese mice, which both activated
the pyroptosis and the increased LDL levels simultaneously in the
obese mice and PA-treated TM3 cells, consistent with the previous
reports [18, 79]. Furthermore, in keeping with the former
researchers [80, 81], the restrained PCSK9 or NLRP3 revealed a
synergistic inhibition on the pyroptosis and its related factors.
Moving forward, we newly identified, for the first time, a molecular
mechanism that PCSK9-NLRP3 crosstalk-induced the pyroptosis of
LCs and deficiency of T synthesis can be effectively rescued by
PQQ. In summary, we have originally proved the new pharmaco-
logical effects of PQQ, which could ameliorate the obesity-related
male subfertility via regulating PCSK9-NLRP3 crosstalk.

Limitations of the study
Although our study provides evidence that PQQ ameliorated
obesity-related dysfunction of T synthesis via regulating PCSK9-
NLRP3 crosstalk, there are several aspects that remain to be
determined. Although we used one dietary model and one kind of
fatty acids to induce obesity and simulate the high-fat environ-
ment, validating the in vivo or in vitro activity of LCs, availability of
human LCs line may provide more relevance to the human obesity-
induced male infertility. Future mechanistic studies should pay
more attention to whether the same pathogenic mechanism that
PCSK9-NLRP3 crosstalk triggering LCs pyroptosis exists in obesity-
induced male infertility results from various pathogenic factors.

MATERIALS/SUBJECTS AND METHODS
Key resources table
See Table 1 for key resources information.

Experimental model and subject details
Animals and experimental groups. All experimental procedures
were approved by the Animal Ethics Committee of the University of
South China (permit number: USC2020031602). 48 male C57BL/6 J
mice (4 weeks, 16 ± 2 g) were obtained from the Laboratory Animal
Center of the University of South China (Hengyang, China; permit
number: SYXK (Xiang) 2020-0002). Free access to food and water,
the mice were kept in a temperature-controlled environment
(24 ± 2 °C) with a regular dark–light (12 h:12 h) cycle, which were
randomly separated into control (Ctrl, n= 18) and experimental
(OBE, n= 30) groups after a week of acclimatization. To establish
the OBE model, the Ctrl group was given a normal diet (ND),
whereas the OBE group was given a HFD rich in 60% fat for
12 weeks [82]. The mice which reached body weights of more than
120% of the mean body weight of the Ctrl group mice satisfied the
criteria for an obese animal model [83]. The experimental group
was then separated into an OBE group (n= 18) and an OBEPQQ
group (n= 12) at random (This number of experimental animals in
each group satisfied the modeling for serum metabolomics
analysis, which was limited by the dose of drugs and HFD.
Therefore, the sample size of serum metabolome was larger than
that of other experiments). In the treatment experiment for 8 weeks,
mice were divided into three groups as follows: Ctrl group, OBE
group, and OBEPQQ group. The Ctrl and OBE mice were fed as
described. The OBEPQQ mice were fed a HFD and intragastric
administration of PQQ (10mg/kg/d, dissolved in normal saline [68]).

Cell culture and transfection. TM3 cells were purchased from
Cellcook Biotech Co., Ltd. and cultured in Dubecco’s Modified
Eagle Medium Nutrient Mixture F-12 (DMEM/F-12) with 5%
certified fetal bovine serum and 2.5% horse serum at 37 °C in a
humid atmosphere with 5% CO2. The cells were first seeded in a 6
wells plate for the treatments and grown for 48 h. Subsequently,
0.4 mM palmitic acid (PA), 100 nM MCC950, and 100 nM PQQ were
added to the medium for 24 h.
For cell transfection, about 0.4 mM PA-treated TM3 cells

(2 × 105/well) in a 6-well plate were transfected with 50 nM
negative control and mouse-specific small interference RNA
(siRNA) against PCSK9 synthesized by RiboBio, using a riboFECT
CP Transfection Kit according to the manufacturer’s instructions.
After transfection for 24 h at 37 °C, the culture medium was
changed by a fresh complete culture medium. qRT-PCR and WB
were conducted to analyze the transfection efficiency after
transfection for 24 h. Then the cells were lysed and used for
experimentation. The siRNA sequences were as follows
(stB0001516A, RiboBio, China): genOFFTM st-h-PCSK9_001: (5′-
GAGGTGTATCTCCTAGACA-3′).
The experimental groups and administration are as follows: Ctrl

group (TM3 cells were treated with a fresh complete culture
medium), NC group (TM3 cells were transfected with 50 nM
negative control siRNA), siRNA group (TM3 cells were transfected
with 50 nM siRNA against PCSK9). PA group (TM3 cells were
treated with 0.4 mM PA), PA+siRNA group (0.4 mM PA-treated
TM3 cells were transfected with 50 nM siRNAs against PCSK9),
PA+MCC950 group (0.4 mM PA-treated TM3 cells were cultured
with 100 nM MCC950), and PA+ PQQ group (0.4 mM PA-treated
TM3 cells were cultured with 100 nM PQQ).

Fig. 6 PQQ protects against testicular injury by regulating PCSK9 and NLRP3. A The mRNA levels of PCSK9, LDLR and NLRP3 in testes
analyzed by qRT-PCR (n= 3). B The protein levels of PCSK9, LDLR and NLRP3 in testes were determined by WB analysis (n= 3).
C Immunohistochemistry analysis of the expression of PCSK9, LDLR and NLRP3 in testes. PBST was used as the negative control. The red
arrows indicate the cells with positive signal. D The quantified analyses of WB (Fig. 7B) by ImageJ software. Relative quantitation of protein
level normalized to tubulin. E Spearman’s correlation coefficient analysis between the PCSK9 and NLRP3. F Correlation coefficient matrix
showing the functional correlation between the altered expression of PCSK9-NLRP3 pathway and the indicators of testosterone synthesis
disorders; Correlation analysis was performed using Spearman’s correlation due to a skewed distribution of the data. The value of r represents
the degree of correlation (0 > r > 1, positive correlation; −1 < r < 0, negative correlation). *P < 0.05, **P < 0.01.
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Method details
Oral glucose tolerance tests. The mice were gavaged with a bolus
of glucose (2.0 g/kg body weight). Blood samples were collected
from the tail at 0, 30, 60, and 120min after the gavage.

Assessment of semen quality. The caudal epididymis was
dissected and placed in 1.5 mL normal saline, which was cut up
in order to give motility sperm time to escape into liquid, the
caudal epididymis was left undisturbed for 20 min, heated to 37˚C.
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Then the 20 µl of sperm suspension was transferred into a
Neubauer hemocytometer chamber for the assessment of the
total number of sperm and Abnormal sperm rate with a light
microscope (x 200) in at least 10 microscopic fields [84]. Sperm
motility was estimated by counting the percentages of motile
sperms in five separate and random fields each microscopic field
with more than 200 sperms [85].

Morphological analysis of the liver, abdominal adipose,
and testes. Finally, the mice were anesthetized with urethane
(0.6mL/100 g), and the liver, abdominal adipose, and testes were
dissected and weighed to calculate the organ index (% of body
weight). Lee’s index was calculated as follows: Lee’s index= (body
weight)1/3 / body length × 10. The abdominal adipose and testes
from different mice were fixed in 4% paraformaldehyde for 24 h and
flushed with water for another 24 h. Then, the tissues were
embedded in paraffin and sectioned into 5 μm-thick slices, which
were stained with hematoxylin and eosin (H&E) for observing the
morphology. Then, the diameters and area of 50 seminiferous
tubules from each group were randomly evaluated by using an
ocular micrometer with a light microscope (BX43; Olympus, PA,
USA). Besides, Liver tissues were fixed in 4% PFA and gradually
incubated in gradient sucrose solutions (30%, 50%, and 70%
sucrose) for more than 12 hours. Then the tissue embedded in OCT
compound and Oil Red O staining was performed on 8-m frozen
sections. The differentiated mature adipocytes were rinsed in PBS
and fixed with 4% PFA overnight before being treated for
10minutes with a working Oil Red O solution (in 60% isopropanol)
[86]. Oil red O staining of the liver was used as an effective method
to assess liver steatosis on frozen sections [87]. The remaining
tissues were quickly frozen in liquid nitrogen and stored at −80 °C.

Determination of the hormone levels of lipid metabolizing. Blood
was collected from the abdominal aorta of mice when sacrificed
and placed at room temperature (23 ± 2°C) for 30 min before
centrifugation at 2500 rpm for 15 min at 4 °C. The levels of serum,
TM3 cells and the supernatant of cells of Total Cholesterol (TC),
Triglycerides (TG), LDL-C and high-density lipoprotein cholesterol
(HDL-C) were measured using assay kits. In essence, the enzyme-
coupled reactions resulted in the formation of quinone imide,
which can be measured spectrophotometrically at 510 nm (TC or
TG) and 546 nm (LDL-C or HDL-C). The concentration (mmol/L) of
TC or TG in the assay sample was estimated from the equation:
[(sample OD - control OD)/(standard OD - control OD)] × standard
concentration (mmol/L). The concentration (mmol/L) of LDL-C or
HDL-C in the assay sample was estimated from the equation:
[(sample OD1 - sample OD1)-(control OD1- control OD1)]/[(sample
OD2 - sample OD2)-(control OD2- control OD2)] × standard
concentration (mmol/L).

Testosterone’s determination. The supernatant of serum was
isolated for detecting T with radioimmunoassay by the Beijing
Research Institute of Biotechnology of the North. The levels of T in
cell culture supernatant were measured with an enzyme-linked
immunosorbent assay (ELISA) kit according to the manufacturer’s
instructions. The quantity of protein is measurable at 450 nm.

Transcriptome sequencing and bioinformatics analysis. Liver and
testes RNA sequencing was carried out by Novogene (Beijing,
China). In brief, to evaluate RNA purity and concentration, a
NanoPhotometer® spectrophotometer (Implen Inc., CA, USA) and
the Qubit® RNA Assay Kit in Qubit® 2.0 Fluorometer (Life
Technologies, CA, USA) were used. Following the manufacturer’s
instructions, a transcriptome sequencing library was created with
3 g RNA per sample using the NEBNext® UltraTM RNA Library Prep
Kit for Illumina® (California, USA), as well as index codes were added
to attribute sequences to each sample. The TruSeq PE Cluster Kit v3-
cBot-HS (Illumina, California, USA) was used to cluster the index-
coded samples on a cBot Cluster Generation System. Then the
prepared library was sequenced on an Illumina Hiseq platform,
yielding 150 bp paired-end reads. The DESeq2 R package (1.10.1)
was used to perform differential expression analysis between
various groups. DESeq2 adjusted p-values of gene for the sake of
determining which genes were differentially expressed. The cluster
Profiler R package was used to perform Gene Ontology (GO)
enrichment analysis of differentially expressed genes (DEGs).
Significantly enriched GO items were regard as the adjusted
p-value of which less than 0.05. The cluster Profiler R program was
performed to examine the statistical enrichment of DEGs using
KEGG pathways (http://www.genome.jp/kegg/) [88].

LC–MS/MS analysis. All serum sample tubes were thawed at
room temperature (RT), and then 100 µl of each sample was
transferred into a new 1.5 ml centrifuge tube. The samples were
vortexed for 15 s after the addition of 300 µl of acetonitrile. The
mixture was then centrifuged (13,000 rpm/min, 4 °C) for 15 min.
The supernatant fraction was collected and dried in vacuo.
Vortexed it for 15 s after added 100 μL of 75% methanol solution
to dissolve the dried metabolites, The mixture was then
centrifuged (13,000 rpm/min, 4 °C) for 15 min, and the respective
supernatants were transferred to a fresh vial for LC–MS (Thermo,
Ultimate 3000LC, Q Exactive).
The LC–MS/MS analyses were carried out with a Dionex UltiMate

3000 UHPLC (Thermo Fisher Scientific Inc., Waltham, MA, USA)
system with an ACQUITY UPLC BEH C18 column (50mm× 2.1mm,
1.7 μm, Techway, CHN) preheated to 30 °C. The mobile phase was
composed of solvent A (aqueous 0.1% (v/v) formic acid) and solvent
B (methanol) delivered at 0.30mL/min with the following gradient:
0–4min, 5% B, 4–20min, 5% B–100% B, 20–23min, 100% B,
23–25min, 100% B–5% B. The injection volume was 3 µL.
The Q Exactive mass spectrometer (Thermo Fisher Scientific Inc.,

Waltham, MA, USA) was used to obtain sample mass spectrum data
using positive ion or negative ion scan mode with spray voltage
3.0 kV and capillary temperature of 320 °C. The flow rate of sheath
gas was 30 psi and aux gas was 10 arb. The full scan mode scanned
from m/z 100–1000.

Immunohistochemical analysis (IHC) of testes. The antigen in
5 µm-thick dewaxed slices were retrieved by microwave treatment
and the endogenous peroxidase was inactivated. Then, the
sections were blocked with 5% bovine serum albumin for
45min. Next, slices were incubated with polyclonal primary
antibodies overnight at 4 °C. After washing with PBST

Fig. 7 PQQ promotes T synthesis via suppressing PCSK9-induced pyroptosis in LCs. A Normalized cell index of TM3 cells incubated with or
without 0.4 mM PA (1) and 0.4 mM PA-treated TM3 cells incubated with or without 50 nM PCSK9 siRNA, 100 nM MCC950 or 100 nM PQQ (2).
Data were acquired by RTCA (n= 3). B Cholesterol levels in intracellular (1) (n= 9) and TM3 cells culture supernatant (2) (n= 8). C Testosterone
levels of TM3 cells (n= 8). D LDH release was assayed by the LDH Cytotoxicity Assay Kit (n= 10). E The fluorescence intensity of PI was
detected by a microplate absorbance reader (1) and the cells with positive signal was assessed by statistical analysis (2). F qRT-PCR validation
of PCSK9, LDLR, NLRP3, StAR, P450scc, 3β-HSD, Caspase-1, GSDMD, IL-1β and IL-18 (n= 3). G Expression of PCSK9, LDLR, NLRP3, StAR, P450scc,
3β-HSD, Caspase-1 p20, GSDMD, IL-1β and IL-18 detected by WB analysis (1), and heatmap showing relative quantified analysis performed by
ImageJ software (2). Relative quantitation of protein level normalized to tubulin; The red one indicates p-value vs Ctrl group, while the black
one indicates p-value vs PA group; ns means no significant with Ctrl group. *P < 0.05, **P < 0.01. (n= 3).
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Fig. 8 PQQ promotes T synthesis via suppressing NLRP3-induced pyroptosis in LCs. A Cholesterol levels in intracellular (1) (n= 9) and TM3
cells culture supernatant (2) (n= 8). B Testosterone levels in TM3 cells (n= 8). C LDH release was assayed by the LDH Cytotoxicity Assay Kit
(n= 10). D The fluorescence intensity of PI was detected by a microplate absorbance reader (1) and the cells with positive signal was assessed
by statistical analysis (2). E qRT-PCR validation of NLRP3, PCSK9, LDLR, StAR, P450scc, 3β-HSD, Caspase-1, GSDMD, IL-1β and IL-18 (n= 3).
F Expression of NLRP3, PCSK9, LDLR, StAR, P450scc, 3β-HSD, Caspase-1 p20, GSDMD, IL-1β and IL-18 detected by WB analysis (1), and heatmap
of that relative quantified analysis performed by ImageJ software (2). Relative quantitation of protein level normalized to tubulin; The red one
indicates p-value vs Ctrl group, while the black one indicates p-value vs PA group. *P < 0.05, **P < 0.01. (n= 3).
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Table 1. Key resources.

Reagent or resource Source Identifier

Antibodies

Rabbit polyclonal anti-PCSK9 (IHC: 1:200, WB:
1:1000)

ABclonal Cat# A7860, RRID:AB_2770818

Rabbit polyclonal anti-LDLR (IHC: 1:150, WB:
1:1000)

Abmart Cat# T55235; N/A

Rabbit polyclonal anti-NLRP3 (IHC: 1:150, WB:
1:1000)

ABclonal Cat# A5652, RRID:AB_ 2766412

Rabbit polyclonal anti-caspase-1 (WB: 1:1000) ABclonal Cat# A0964, RRID:AB_2757485

Rabbit polyclonal anti-total and cleaved
caspase-1 antibody (IHC: 1:150)

Abmart Cat# PY10200; N/A

Rabbit monoclonal anti-GSDMD (IHC: 1:500,
WB: 1:1000)

Abcam Cat# ab219800, RRID:AB_2888940

Rabbit polyclonal anti-IL-1β (IHC: 1:150, WB:
1:1000)

ABclonal Cat# A16288, RRID:AB_2769945

Rabbit polyclonal anti-IL-18 (IHC: 1:150, WB:
1:1000)

Proteintech Cat# 10663-1-AP, RRID:AB_2123636

Rabbit polyclonal anti-StAR (IHC: 1:150, WB:
1:1000)

Immunoway Cat# YN1369; N/A

Rabbit polyclonal anti-CYP11a1 (IHC: 1:150,
WB: 1:1000)

Abmart Cat# PU986898; N/A

Rabbit polyclonal anti-3β-HSD (IHC: 1:200, WB:
1:1000)

Immunoway Cat# YN0349; N/A

Rabbit polyclonal anti-3β-tubulin (WB: 1:5000) ABclonal Cat# AC015, RRID:AB_2773007

Goat anti-rabbit IgG (H+ L), HRP conjugate
(WB: 1:1000)

Proteintech Cat# SA00001-2, RRID:AB_2722564

Goat Anti-Rabbit IgG(H+ L), biotin conjugate
(IHC: 1:200)

Proteintech Cat# SA00004-2, RRID:AB_2890946

Chemicals, peptides, and recombinant proteins

High-fat-diet Beijing Keao Xieli Feed Cat# D12492

Pyrroloquinoline quinone Cima Science Cat# 72909-34-3

Palmitic acid Kunchuang Biotechnology Cat# SYSJ-KJ

MCC950 SparikJade Cat# SJ-MX0058A

DMEM/F-12 Gibco Cat# C11330500BT

Certified fetal bovine serum VivaCell Bioscience Cat# C04001-500

Horse Serum VivaCell Bioscience Cat# C2510-0500

Trypsin-EDTA solution, 0.25% (without phenol
red)

Solarbio Cat# T1300

OCT compound Tissue Tek Cat# 4583

Oil Red O Sigma-Aldrich Cat# 1320-06-5

Western blotting stripping buffer Solarbio Cat# SW3020

Propidium iodide staining solution BD, Biosciences Cat# 51-66211E

Annexin V binding buffer, 10X conc BD, Biosciences Cat# 51-66121E

DNase/RNase-free water Solarbio Cat# R1600

Trizol reagent Solarbio Cat# 15596-018

Triton X-100 Sigma-Aldrich Cat# V900502

Tween 20 Sigma-Aldrich Cat# V90054

Phosphate-buffered saline Thermo Scientific Cat# 20012027

Critical commercial assays

Total cholesterol assay kit Jiancheng (Nanjing, China) Cat# A111-1-1

Triglyceride assay kit Jiancheng (Nanjing, China) Cat# A110-1-1

Low-density lipoprotein cholesterol assay kit Jiancheng (Nanjing, China) Cat# A113-1-1

High-density lipoprotein cholesterol assay kit Jiancheng (Nanjing, China) Cat# A112-1-1

Testosterone assay kit Jiancheng (Nanjing, China) Cat# H090-1-2

BCA protein assay kit Thermo Scientific Cat# 23227

SDS-PAGE gel kit Solarbio Cat# P1200
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(Phosphate-buffered saline containing 0.1% Tween 20), the slices
were incubated with Rabbit Anti-Goat IgG(H+ L), Biotin conjugate
at room temperature and 37 °C for 45 min. Antibody bound to the
section was visualized in DAB solution, and PBST was used as a
negative control. Finally, the stained sections were observed and
photographed under a light microscope (BX43, Olympus).

RNA isolation and quantitative real-time PCR (qRT-PCR). Total RNA
from testes tissues and TM3 cells was extracted using the TRIzol
reagent and reversed to cDNA using TransScript® One-Step gDNA
Removal and cDNA Synthesis SuperMix Kit according to the
manufacturer’s protocol. The cDNA in same treatment groups
were then randomly allocated into one experimental sample (each
comprising 3 samples). Real-time PCR analyses were performed
using the ChamQ Universal SYBR qPCR Master Mix with
QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher,
Waltham, MA, USA). Primers were shown in Table S1. Data were
normalized against endogenous GAPDH and quantification of the
fold change was calculated using the 2−ΔΔCt method. Experiments
were performed at least three times.

Western blot (WB) analysis. Proteins were purified from testis
tissues or TM3 cells. Western blot analyses were performed as
detailed in a previous report [89]. Finally, eECL was added and
Tanon-5500 Chemiluminescence Imaging System was used to
detect chemiluminescence and protein bands. Band intensities
were quantified using ImageJ software.

Cell cytotoxicity. To assess adherence to target cells and resulting
cytotoxicity induced by different interventions, TM3 cells were

plated in two 16 well plate overnight. On day 2, different
interventions were added for further dynamic cell-growth
monitoring via real-time cell analysis (RTCA). Cell Counting Kit-8
(CCK8) assay was implemented to analyze cell viability in TM3 cells
treated by PA, MCC950 and PQQ in different concentrations. TM3
cells in 96-well plates were mixed with 20 μL CCK8 solution for 4 h.
The absorbance (450 nm) was analyzed.

Pyroptosis detection. For the LDH release assay, the super-
natants of TM3 cells were calculated for the presence of the
cytoplasmic enzyme LDH using the LDH Cytotoxicity Assay Kit
according to the manufacturer’s instructions. The percentage of
cytotoxicity was evaluated as 100 × (experimental LDH -
spontaneous LDH)/(maximum LDH release - spontaneous
LDH). For the PI uptake assay, 5 μL Propidium iodide staining
solution was added to the 1 mL 1 × Binding Buffer which was
diluted by 10 × Binding Buffer. Then Cell cultures after treat-
ment incubated in mentioned compound under light shielding.
For the propidium iodide (PI) uptake assay, the fluorescence
intensity of the retained PI was detected at an excitation
wavelength of 536 nm [90].

Quantification and statistical analysis
Data analysis of experiments. Data analysis and visualization were
performed by GraphPad Prism v.8.0 (GraphPad Software, CA, USA)
and presented as the mean ± standard deviation (SD). The
student’s t-test was used to compare the data between two
independent groups, whereas significant differences among
multiple treatment comparison were analyzed using one-way
ANOVA tests followed by Tukey’s test post hoc. Correlation arrays

Table 1. continued

Reagent or resource Source Identifier

eECL western blotting kit ComWin Biotech Cat# CW0049M

DAB substrate kit (20X) Solarbio Cat# DA1010

One-step gDNA removal and cDNA synthesis
SuperMix

TransGen Biotech Cat# AT311-03

ChamQ universal SYBR qPCR master mix Vazyme (Nanjing, China) Cat# Q711-02

LDH cytotoxicity assay kit Beyotime (Hangzhou, China) Cat# C0016

Cell counting kit-8 (CCK8) Biosharp Cat# BS350A

riboFECT CP transfection kit RiboBio Cat# C10511-1

Experimental models: organisms/strains

C57BL/6 J male mice Laboratory Animal Center of the
University of South China

N/A

Experimental models: cell lines

TM3 Cellcook Biotech (Guangzhou, China) Cat# CC9048

Oligonucleotides

See Table S1 for qRT-PCR primers This paper N/A

Software and algorithms

ZEN Carl Zeiss https://www.zeiss.co.jp/microscopy/ products/
microscopesoftware/zen.html

ImageJ NIH https://imagej.nih.gov/ij/

ACDsee ACD Systems International Inc https://www.acdsee.cn

MetaboAnalyst 4.0 - https://www.metaboanalyst.ca/MetaboAnalyst/faces/
home.xhtml

R MathSoft https://www.r-project.org

Compound Discoverer 3.1 (CD 3.1) software Thermo Fisher Scientific Inc. -

GraphPad Prism 9 GraphPad Software https://www.graphpad.com/

Other

Glass slide Citoglas Cat# 7105 P

PVDF transfer membrane Merck Millipore Cat# GVWP02500
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of transcriptome and hormone level was generated using
Spearman’s rank correlation coefficients in the SPSS version 26.0
(SPSS Inc. Chicago, USA). P-value less than 0.05 was considered as
statistical significance.

Metabolomics data analysis. Analyzed and processes the mass
spectrum data by Compound Discoverer 3.1 (CD 3.1) software
(Thermo Fisher Scientific Inc., Massachusetts, America). The P-
values were obtained by Student’s t-test in CD 3.0 software.
Multivariate statistical analyses including unsupervised principal
component analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA) were performed using the SIMCA-
P 14.1 software package (Umetrics, Umea, Sweden). To further
validate the OPLS-DA model, permutation tests (200 times) were
performed. The variable importance (VIP) in the projection is
obtained by OPLS-DA. Significantly different metabolites were
screened using variable projected importance scores (VIP > 1)
and P-values (P < 0.05). Metabolite pathway analysis was per-
formed using MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/
MetaboAnalyst/faces/home.xhtml). The difference metabolite
datasets in serum was visualized using heat maps (“pheatmap”
package in R, https://www.r-project.org).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
All data reported in this paper will be shared by the lead contact upon request. This
study did not generate custom code. Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon
request.

MATERIALS AVAILABILITY
This study did not generate new unique reagents.

CODE AVAILABILITY
All data reported in this paper will be shared by the lead contact upon request. This
study did not generate custom code. Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon
request.

REFERENCES
1. Conway B, Rene A. Obesity as a disease: no lightweight matter. Obes Rev.

2004;5:145–51.
2. Teerds KJ, de Rooij DG, Keijer J. Functional relationship between obesity and

male reproduction: from humans to animal models. Hum Reprod Update.
2011;17:667–83.

3. Anderson JE, Farr SL, Jamieson DJ, Warner L, Macaluso M. Infertility services
reported by men in the United States: national survey data. Fertil Steril.
2009;91:2466–70.

4. Kahn BE, Brannigan RE. Obesity and male infertility. Curr Opin Urol.
2017;27:441–5.

5. Zhao J, Zhai L, Liu Z, Wu S, Xu L. Leptin level and oxidative stress contribute to
obesity-induced low testosterone in murine testicular tissue. Oxid Med Cell
Longev. 2014;2014:190945.

6. Kelly DM, Jones TH. Testosterone and obesity. Obes Rev. 2015;16:581–606.
7. Pivonello R, Menafra D, Riccio E, Garifalos F, Mazzella M, de Angelis C, et al.

Metabolic disorders and male hypogonadotropic hypogonadism. Front Endo-
crinol. 2019;10:345.

8. Zitzmann M. Testosterone deficiency, insulin resistance and the metabolic syn-
drome. Nat Rev Endocrinol. 2009;5:673–81.

9. Li S, Schooling CM. A phenome-wide association study of genetically mimicked
statins. BMC Med. 2021;19:151.

10. Musunuru K, Chadwick AC, Mizoguchi T, Garcia SP, DeNizio JE, Reiss CW, et al. In
vivo CRISPR base editing of PCSK9 durably lowers cholesterol in primates. Nature.
2021;593:429–34.

11. Ahamad S, Mathew S, Khan WA, Mohanan K. Development of small-molecule
PCSK9 inhibitors for the treatment of hypercholesterolemia. Drug Discov Today.
2022;27:1332–49.

12. Monteiro R, Azevedo I. Chronic inflammation in obesity and the metabolic syn-
drome. Mediat Inflamm. 2010;2010:289645.

13. Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K, Mynatt RL, et al. The
NLRP3 inflammasome instigates obesity-induced inflammation and insulin
resistance. Nat Med. 2011;17:179–88.

14. Mu Y, Yin TL, Zhang Y, Yang J, Wu YT. Diet-induced obesity impairs spermato-
genesis: the critical role of NLRP3 in Sertoli cells. Inflamm Regen. 2022;42:24.

15. Zhong O, Wang J, Tan Y, Lei X, Tang Z. Effects of NAD+ precursor supple-
mentation on glucose and lipid metabolism in humans: a meta-analysis. Nutr
Metab. 2022;19:20.

16. Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated programmed necrotic cell
death. Trends Biochem Sci. 2017;42:245–54.

17. Wang X, Li X, Liu S, Brickell AN, Zhang J, Wu Z, et al. PCSK9 regulates pyroptosis via
mtDNA damage in chronic myocardial ischemia. Basic Res Cardiol. 2020;115:66.

18. Ding Z, Wang X, Liu S, Zhou S, Kore RA, Mu S, et al. NLRP3 inflammasome via IL-
1beta regulates PCSK9 secretion. Theranostics. 2020;10:7100–10.

19. Akagawa M, Nakano M, Ikemoto K. Recent progress in studies on the health
benefits of pyrroloquinoline quinone. Biosci Biotechnol Biochem. 2016;80:13–22.

20. Singh AK, Pandey SK, Naresh Kumar G. Pyrroloquinoline quinone-secreting pro-
biotic Escherichia coli Nissle 1917 ameliorates ethanol-induced oxidative damage
and hyperlipidemia in rats. Alcohol Clin Exp Res. 2014;38:2127–37.

21. Jonscher KR, Stewart MS, Alfonso-Garcia A, DeFelice BC, Wang XX, Luo Y, et al.
Early PQQ supplementation has persistent long-term protective effects on
developmental programming of hepatic lipotoxicity and inflammation in obese
mice. FASEB J. 2017;31:1434–48.

22. Qu XF, Zhai BZ, Hu WL, Lou MH, Chen YH, Liu YF, et al. Pyrroloquinoline quinone
ameliorates diabetic cardiomyopathy by inhibiting the pyroptosis signaling
pathway in C57BL/6 mice and AC16 cells. Eur J Nutr. 2022;61:1823–36.

23. Qu X, Zhai B, Liu Y, Chen Y, Xie Z, Wang Q, et al. Pyrroloquinoline quinone
ameliorates renal fibrosis in diabetic nephropathy by inhibiting the pyroptosis
pathway in C57BL/6 mice and human kidney 2 cells. Biomed Pharmacother.
2022;150:112998.

24. Zhou P, Guan H, Guo Y, Zhu L, Liu X. Maternal high-fat diet programs renal
peroxisomes and activates NLRP3 inflammasome-mediated pyroptosis in the rat
fetus. J Inflamm Res. 2021;14:5095–110.

25. Ooi T, Raymond A, Cousins M, Favreau C, Taljaard M, Gavin C, et al. Relationship
between testosterone, estradiol and circulating PCSK9: Cross-sectional and inter-
ventional studies in humans. Clin Chim acta Int J Clin Chem. 2015;446:97–104.

26. Hong Y, Zhou Y, Shen L, Wei Y, Long C, Fu Y, et al. Exposure to DEHP induces
testis toxicity and injury through the ROS/mTOR/NLRP3 signaling pathway in
immature rats. Ecotoxicol Environ Saf. 2021;227:112889.

27. Mäkelä J, Koskenniemi J, Virtanen H, Toppari J. Testis development. Endocr Rev.
2019;40:857–905.

28. Yuan R, Zhao W, Wang QQ, He J, Han S, Gao H, et al. Cucurbitacin B inhibits non-
small cell lung cancer in vivo and in vitro by triggering TLR4/NLRP3/GSDMD-
dependent pyroptosis. Pharm Res. 2021;170:105748.

29. Ason B, van der Hoorn JW, Chan J, Lee E, Pieterman EJ, Nguyen KK, et al. PCSK9
inhibition fails to alter hepatic LDLR, circulating cholesterol, and atherosclerosis in
the absence of ApoE. J Lipid Res. 2014;55:2370–9.

30. Zahid A, Li B, Kombe AJK, Jin T, Tao J. Pharmacological inhibitors of the NLRP3
inflammasome. Front Immunol. 2019;10:2538.

31. Chen Z, Wen D, Wang F, Wang C, Yang L. Curcumin protects against palmitic
acid-induced apoptosis via the inhibition of endoplasmic reticulum stress in
testicular Leydig cells. Reprod Biol Endocrinol. 2019;17:71.

32. Gao F, Li G, Liu C, Gao H, Wang H, Liu W, et al. Autophagy regulates testosterone
synthesis by facilitating cholesterol uptake in Leydig cells. J Cell Biol. 2018;217:2103–19.

33. Mah PM, Wittert GA. Obesity and testicular function. Mol Cell Endocrinol.
2010;316:180–6.

34. Pinto-Fochi ME, Pytlowanciv EZ, Reame V, Rafacho A, Ribeiro DL, Taboga SR, et al.
A high-fat diet fed during different periods of life impairs steroidogenesis of rat
Leydig cells. Reproduction. 2016;152:795–808.

35. Wang L, Chen G, Wu S, Xu Y, Guo C, Wang M, et al. Genipin improves lipid
metabolism and sperm parameters in obese mice via regulation of miR-132
expression. Acta Biochim Biophys Sin. 2022;54:1278–88.

36. Kurniawan AL, Lee YC, Shih CK, Hsieh RH, Chen SH, Chang JS. Alteration in iron
efflux affects male sex hormone testosterone biosynthesis in a diet-induced
obese rat model. Food Funct. 2019;10:4113–23.

37. Leisegang K, Almaghrawi W, Henkel R. The effect of Nigella sativa oil and met-
formin on male seminal parameters and testosterone in Wistar rats exposed to an
obesogenic diet. Biomed Pharmacother. 2021;133:111085.

38. Andersen E, Juhl CR, Kjoller ET, Lundgren JR, Janus C, Dehestani Y, et al. Sperm
count is increased by diet-induced weight loss and maintained by exercise or

J. Wang et al.

17

Cell Death and Disease          (2023) 14:723 

https://www.metaboanalyst.ca/MetaboAnalyst/faces/home.xhtml
https://www.metaboanalyst.ca/MetaboAnalyst/faces/home.xhtml
https://www.r-project.org


GLP-1 analogue treatment: a randomized controlled trial. Hum Reprod.
2022;37:1414–22.

39. Oliveira PF, Sousa M, Silva BM, Monteiro MP, Alves MG. Obesity, energy balance
and spermatogenesis. Reproduction. 2017;153:R173–R185.

40. Gonzalez-Dominguez A, Visiedo-Garcia FM, Dominguez-Riscart J, Gonzalez-
Dominguez R, Mateos RM, Lechuga-Sancho AM. Iron metabolism in obesity
and metabolic syndrome. Int J Mol Sci. 2020;21:5529.

41. Adewoyin M, Ibrahim M, Roszaman R, Isa MLM, Alewi NAM, Rafa AAA, et al. Male
infertility: the effect of natural antioxidants and phytocompounds on seminal
oxidative stress. Diseases. 2017;5:9.

42. Nejatbakhsh R, Riyahi S, Farrokhi A, Rostamkhani S, Mahmazi S, Yazdinezhad A,
et al. Ameliorating effects of fennel and cumin extracts on sperm quality and
spermatogenic cells apoptosis by inducing weight loss and reducing leptin
concentration in diet-induced obese rats. Andrologia. 2017;49:8.

43. Xu D, Liu L, Zhao Y, Yang L, Cheng J, Hua R, et al. Melatonin protects mouse testes
from palmitic acid-induced lipotoxicity by attenuating oxidative stress and DNA
damage in a SIRT1-dependent manner. J Pineal Res. 2020;69:e12690.

44. Elumalai P, Krishnamoorthy G, Selvakumar K, Arunkumar R, Venkataraman P,
Arunakaran J. Studies on the protective role of lycopene against poly-
chlorinated biphenyls (Aroclor 1254)-induced changes in StAR protein and
cytochrome P450 scc enzyme expression on Leydig cells of adult rats. Reprod
Toxicol. 2009;27:41–45.

45. Yu PL, Pu HF, Chen SY, Wang SW, Wang PS. Effects of catechin, epicatechin and
epigallocatechin gallate on testosterone production in rat leydig cells. J Cell
Biochem. 2010;110:333–42.

46. Ma JX, Wang B, Li HS, Jiang XJ, Yu J, Ding CF, et al. Association between obesity-
associated markers and semen quality parameters and serum reproductive
hormones in Chinese infertile men. Reprod Biol Endocrinol. 2020;18:95.

47. Jing J, Ding N, Wang D, Ge X, Ma J, Ma R, et al. Oxidized-LDL inhibits testosterone
biosynthesis by affecting mitochondrial function and the p38 MAPK/COX-2 sig-
naling pathway in Leydig cells. Cell Death Dis. 2020;11:626.

48. Chung TH, Kwon YJ, Lee YJ. High triglyceride to HDL cholesterol ratio is asso-
ciated with low testosterone and sex hormone-binding globulin levels in middle-
aged and elderly men. Aging Male. 2020;23:93–97.

49. Melendez QM, Krishnaji ST, Wooten CJ, Lopez D. Hypercholesterolemia: the role
of PCSK9. Arch Biochem Biophys. 2017;625-626:39–53.

50. Sliz E, Kettunen J, Holmes MV, Williams CO, Boachie C, Wang Q, et al. Metabo-
lomic consequences of genetic inhibition of PCSK9 compared with statin treat-
ment. Circulation. 2018;138:2499–512.

51. Du Y, Li S, Cui CJ, Zhang Y, Yang SH, Li JJ. Leptin decreases the expression of low-
density lipoprotein receptor via PCSK9 pathway: linking dyslipidemia with obe-
sity. J Transl Med. 2016;14:276.

52. Lebeau PF, Byun JH, Platko K, Saliba P, Sguazzin M, MacDonald ME, et al. Caffeine
blocks SREBP2-induced hepatic PCSK9 expression to enhance LDLR-mediated
cholesterol clearance. Nat Commun. 2022;13:770.

53. Vekic J, Zeljkovic A, Stefanovic A, Jelic-Ivanovic Z, Spasojevic-Kalimanovska V.
Obesity and dyslipidemia. Metabolism. 2019;92:71–81.

54. Ma N, Fan L, Dong Y, Xu X, Yu C, Chen J, et al. New PCSK9 inhibitor miR-552-3p
reduces LDL-C via enhancing LDLR in high fat diet-fed mice. Pharm Res.
2021;167:105562.

55. Wang Y, Peng X, Zhou Z, Tang C, Liu W. Effects of Bushen Yiyuan recipe on
testosterone synthesis in Leydig cells of rats with exercise-induced low serum
testosterone levels. Pharm Biol. 2022;60:1670–8.

56. Sui GG, Xiao HB, Lu XY, Sun ZL. Naringin activates AMPK resulting in altered
expression of SREBPs, PCSK9, and LDLR to reduce body weight in obese C57BL/6J
mice. J Agric Food Chem. 2018;66:8983–90.

57. Sedes L, Thirouard L, Maqdasy S, Garcia M, Caira F, Lobaccaro JA, et al. Choles-
terol: a gatekeeper of male fertility? Front Endocrinol. 2018;9:369.

58. Komninos D, Ramos L, van der Heijden GW, Morrison MC, Kleemann R, van
Herwaarden AE, et al. High fat diet-induced obesity prolongs critical stages of
the spermatogenic cycle in a Ldlr(-/-).Leiden mouse model. Sci Rep.
2022;12:430.

59. Wang J, Liao B, Wang C, Zhong O, Lei X, Yang Y. Effects of antioxidant supple-
mentation on metabolic disorders in obese patients from randomized clinical
controls: a meta-analysis and systematic review. Oxid Med Cell Longev.
2022;2022:7255413.

60. Singh AK, Pandey SK, Saha G, Gattupalli NK. Pyrroloquinoline quinone (PQQ)
producing Escherichia coli Nissle 1917 (EcN) alleviates age associated oxidative
stress and hyperlipidemia, and improves mitochondrial function in ageing rats.
Exp Gerontol. 2015;66:1–9.

61. Nakano M, Kawasaki Y, Suzuki N, Takara T. Effects of pyrroloquinoline quinone
disodium salt intake on the serum cholesterol levels of healthy Japanese adults. J
Nutr Sci Vitaminol. 2015;61:233–40.

62. Leisegang K, Sengupta P, Agarwal A, Henkel R. Obesity and male infertility:
mechanisms and management. Andrologia. 2021;53:e13617.

63. Yuxin L, Chen L, Xiaoxia L, Yue L, Junjie L, Youzhu L, et al. Research progress on
the relationship between obesity-inflammation-aromatase axis and male inferti-
lity. Oxid Med Cell Longev. 2021;2021:6612796.

64. Deng SL, Zhang BL, Reiter RJ, Liu YX. Melatonin ameliorates inflammation and
oxidative stress by suppressing the p38MAPK signaling pathway in LPS-induced
sheep orchitis. Antioxidants. 2020;9:1277.

65. Takumi N, Shirakawa H, Ohsaki Y, Ito A, Watanabe T, Giriwono PE, et al. Dietary
vitamin K alleviates the reduction in testosterone production induced by lipo-
polysaccharide administration in rat testis. Food Funct. 2011;2:406–11.

66. Kong ZL, Sudirman S, Hsu YC, Su CY, Kuo HP. Fucoxanthin-rich brown algae
extract improves male reproductive function on streptozotocin-nicotinamide-
induced diabetic rat model. Int J Mol Sci. 2019;20:4485.

67. Liang Q, Cai W, Zhao Y, Xu H, Tang H, Chen D, et al. Lycorine ameliorates
bleomycin-induced pulmonary fibrosis via inhibiting NLRP3 inflammasome acti-
vation and pyroptosis. Pharm Res. 2020;158:104884.

68. Devasani K, Kaul R, Majumdar A. Supplementation of pyrroloquinoline quinone
with atorvastatin augments mitochondrial biogenesis and attenuates low grade
inflammation in obese rats. Eur J Pharm. 2020;881:173273.

69. Lin X, Yang F, Huang J, Jiang S, Tang Y, Li J. Ameliorate effect of pyrrolo-
quinoline quinone against cyclophosphamide-induced nephrotoxicity by
activating the Nrf2 pathway and inhibiting the NLRP3 pathway. Life Sci.
2020;256:117901.

70. Wu Y, Zhao M, Lin Z. Pyrroloquinoline quinone (PQQ) alleviated sepsis-induced
acute liver injury, inflammation, oxidative stress and cell apoptosis by down-
regulating CUL3 expression. Bioengineered. 2021;12:2459–68.

71. Fan W, Xu Y, Liu Y, Zhang Z, Lu L, Ding Z. Obesity or overweight, a chronic
inflammatory status in male reproductive system, leads to mice and human
subfertility. Front Physiol. 2017;8:1117.

72. Tavalaee M, Rahmani M, Drevet JR, Nasr-Esfahani MH. The NLRP3 inflammasome:
molecular activation and regulation in spermatogenesis and male infertility; a
systematic review. Basic Clin Androl. 2022;32:8.

73. Perri A, Bossio S, Rago V, Greco EA, Lofaro D, LA Russa A, et al. NLRP3-
inflammasome activation in male reproductive system diseases. Minerva Endo-
crinol. 2022. https://doi.org/10.23736/S2724-6507.22.03918-5.

74. Ding Z, Pothineni NVK, Goel A, Luscher TF, Mehta JL. PCSK9 and inflammation:
role of shear stress, pro-inflammatory cytokines, and LOX-1. Cardiovasc Res.
2020;116:908–15.

75. Dwivedi DJ, Grin PM, Khan M, Prat A, Zhou J, Fox-Robichaud AE, et al. Differential
expression of PCSK9 modulates infection, inflammation, and coagulation in a
murine model of sepsis. Shock. 2016;46:672–80.

76. Zeng J, Tao J, Xi L, Wang Z, Liu L. PCSK9 mediates the oxidative lowdensity
lipoproteininduced pyroptosis of vascular endothelial cells via the UQCRC1/ROS
pathway. Int J Mol Med. 2021;47:53.

77. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, et al. NLRP3
inflammasomes are required for atherogenesis and activated by cholesterol
crystals. Nature. 2010;464:1357–61.

78. Pirillo A, Bonacina F, Norata GD, Catapano AL. The interplay of lipids, lipoproteins,
and immunity in atherosclerosis. Curr Atheroscler Rep. 2018;20:12.

79. Varghese JF, Patel R, Yadav UCS. Sterol regulatory element binding protein
(SREBP) -1 mediates oxidized low-density lipoprotein (oxLDL) induced macro-
phage foam cell formation through NLRP3 inflammasome activation. Cell Signal.
2019;53:316–26.

80. Zou Y, Chen Z, Zhang X, Yu J, Xu H, Cui J, et al. Targeting PCSK9 ameliorates graft
vascular disease in mice by inhibiting NLRP3 inflammasome activation in vascular
smooth muscle cells. Front Immunol. 2022;13:894789.

81. Ma Y, Zha L, Zhang Q, Cao L, Zhao R, Ma J, et al. Effect of PCSK9 inhibitor on
contrast-induced acute kidney injury in patients with acute myocardial infarction
undergoing intervention therapy. Cardiol Res Pract. 2022;2022:1638209.

82. Nematollahi A, Kazeminasab F, Tavalaee M, Marandi SM, Ghaedi K, Nazem MN,
et al. Effect of aerobic exercise, low-fat and high-fat diet on the testis tissue
and sperm parameters in obese and nonobese mice model. Andrologia.
2019;51:e13273.

83. Shan W, Lu S, Ou B, Feng J, Wang Z, Li H, et al. PACAP ameliorates the fertility of
obese mice through PAC1/PKA/ERK/Nrf2 signal axis. J Endocrinol.
2021;248:337–54.

84. Ghanbari E, Khazaei MR, Ahangar P, Khazaei M. Crab shell extract improves sperm
parameters and antioxidant status in testes of diabetic rats. J Diet Suppl.
2019;16:215–26.

85. Sanchez-Gutierrez M, Martinez-Loredo E, Madrigal-Santillan EO, Betanzos-Cabrera
G, Hernandez-Zavala A, Mojica-Villegas MA, et al. Exposure of fluoride with
streptozotocin-induced diabetes aggravates testicular damage and spermatozoa
parameters in mice. J Toxicol. 2019;2019:5269380.

86. Tan HL, Guan XH, Hu M, Wu J, Li RZ, Wang LF, et al. Human amniotic
mesenchymal stem cells-conditioned medium protects mice from high-fat diet-
induced obesity. Stem Cell Res Ther. 2021;12:364.

J. Wang et al.

18

Cell Death and Disease          (2023) 14:723 

https://doi.org/10.23736/S2724-6507.22.03918-5


87. Riva G, Villanova M, Cima L, Ghimenton C, Bronzoni C, Colombari R, et al. Oil red
O is a useful tool to assess donor liver steatosis on frozen sections during
transplantation. Transpl Proc. 2018;50:3539–43.

88. Liang A, Huang L, Liu H, He W, Lei X, Li M, et al. Resveratrol improves follicular
development of PCOS rats by regulating the glycolytic pathway. Mol Nutr Food
Res. 2021;65:e2100457.

89. Wang JY, Ma D, Luo M, Tan YP, Ou Z, Tian G, et al. Effect of spermidine on
ameliorating spermatogenic disorders in diabetic mice via regulating glycolysis
pathway. Reprod Biol Endocrinol. 2022;20:45.

90. Chang YP, Ka SM, Hsu WH, Chen A, Chao LK, Lin CC, et al. Resveratrol inhibits
NLRP3 inflammasome activation by preserving mitochondrial integrity and
augmenting autophagy. J Cell Physiol. 2015;230:1567–79.

ACKNOWLEDGEMENTS
We apologize to the colleagues like Duo Ma, Min Luo, Leguang Zhou, Zhouxin Zhang,
Yixue Xu, Cheng Zhou, Yongming He, Wanli Wang, Min Xie and so on, whose relevant
work cannot be cited in this review due to space limitations. The research in authors’
lab has been supported by University of South China, Clinical Anatomy and
Reproductive Medicine Application Institute. This work was also supported by the
National Natural Science Fund of China (No.82360292), The Natural Science
Foundation of Guangxi in China (No. 2023GXNSFAA026043; No.
2022GXNSFAA103023), Postgraduate Scientific Research Innovation Project of Hunan
Province (No. 223YXC021), Hunan Province Innovation and Entrepreneurship Training
Program for College Students (No. S202210555248; No. S202310555209; No.
S202310555203).

AUTHOR CONTRIBUTIONS
Conceptualization, XL, ZT, LH, and SZ; methodology, JW, KL, LH, and YT; investigation,
JW, YT, DZ, XL, RD, YL, HX, LQ MT, MS, and KL; results interpretation, JW, SZ, OZ, JL, JH,
YC, and TL; resources, XL, and SZ; writing-original draft, JW and XL; writing-review and
editing, XL, JW, and SZ; visualization, YW, JW, OZ and JH; supervision, ZT and JL;
funding acquisition, LH, XL, JL, JW, MT, JH, and YC.

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

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-06162-8.

Correspondence and requests for materials should be addressed to Zhihan Tang or
Xiaocan Lei.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

J. Wang et al.

19

Cell Death and Disease          (2023) 14:723 

https://doi.org/10.1038/s41419-023-06162-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Pyrroloquinoline quinone inhibits PCSK9-NLRP3 mediated pyroptosis of Leydig cells in obese�mice
	Introduction
	Results
	PQQ ameliorates the abnormal lipid metabolism in obese�mice
	PQQ improves the abnormalities in serum lipid metabolism in obese�mice
	PQQ attenuates the testicular dysfunction in obese�mice
	PQQ improves the impaired testosterone synthesis in obese�mice
	PQQ inhibits the pyroptosis of Leydig cells in obese�mice
	PQQ protects against testicular injury by regulating PCSK9 and�NLRP3
	PQQ promotes T synthesis via suppressing PCSK9-induced pyroptosis�in LCs
	PQQ promotes T synthesis via suppressing NLRP3-induced pyroptosis�in LCs

	Discussion
	Limitations of the�study

	Materials/subjects and methods
	Key resources�table
	Experimental model and subject details
	Animals and experimental�groups
	Cell culture and transfection

	Method details
	Oral glucose tolerance�tests
	Assessment of semen quality
	Morphological analysis of the liver, abdominal adipose, and�testes
	Determination of the hormone levels of lipid metabolizing
	Testosterone&#x02019;s determination
	Transcriptome sequencing and bioinformatics analysis
	LC–MS/MS analysis
	Immunohistochemical analysis (IHC) of�testes
	RNA isolation and quantitative real-time PCR (qRT-PCR)
	Western blot (WB) analysis
	Cell cytotoxicity
	Pyroptosis detection

	Quantification and statistical analysis
	Data analysis of experiments
	Metabolomics data analysis

	Reporting summary

	References
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




