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ABSTRACT

Blood-testis barrier (BTB) damage promotes spermatogenesis dysfunction, which is a critical cause of male
infertility. Dyslipidemia has been correlated with male infertility, but the major hazardous lipid and the un-
derlying mechanism remains unclear. In this study, we firstly discovered an elevation of palmitic acid (PA) and a
decrease of inhibin B in patients with severe dyszoospermia, which leaded us to explore the effects of PA on
Sertoli cells. We observed a damage of BTB by PA. PA penetration to endoplasmic reticulum (ER) and its damage
to ER structures were exhibited by microimaging and dynamic observation, and consequent ER stress was proved
to mediate PA-induced Sertoli cell barrier disruption. Remarkably, we demonstrated a critical role of aberrant
protein palmitoylation in PA-induced Sertoli cell barrier dysfunction. An ER protein, Calnexin, was screened out
and was demonstrated to participate in this process, and suppression of its palmitoylation showed an amelio-
rating effect. We also found that -3 poly-unsaturated fatty acids down-regulated Calnexin palmitoylation, and
alleviated BTB dysfunction. Our results indicate that dysregulated palmitoylation induced by PA plays a pivotal
role in BTB disruption and subsequent spermatogenesis dysfunction, suggesting that protein palmitoylation

might be therapeutically targetable in male infertility.

1. Introduction

Infertility is becoming a nonnegligible problem in the modern world,
and male infertility contributes to 30%-50% the infertile cases [1,2].
Spermatogenesis dysfunction is a critical cause of male infertility. In the
spermatogenic microenvironment, Sertoli cell is the only somatic cell
that directly interacts with germ cells, and is vital for spermatogenesis
by supporting germ cells structurally and nutritionally. Sertoli cells form
the blood-testis barrier (BTB), which provides an immune-privileged
microenvironment for spermatogenesis and protects germ cells against

harmful influences. Tight junction is a major junctional component of
the BTB, and its integrity is critical for normal spermatogenesis [3,4].
Dyslipidemia is one of the contributing factors to male infertility, and
a disruption of BTB may be involved [5,6]. Identification of the pivotal
lipid component involved in this process and clarification of the un-
derlying mechanism can further our understanding and treatment of
male infertility. Dyslipidemia is often accompanied with abnormal
levels of fatty acids, especially saturated fatty acids (SFAs) [7]. Palmitic
acid (PA; C16:0) is the most frequent SFA in food as well as the most
abundant circulating SFA. An increase of circulating PA is associated
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with the incidence of the complications of dyslipidemia [8]. However,
whether spermatogenesis dysfunction is associated with a higher PA
level in the circulatory system remains unclear.

We previously reported that PA is lipotoxic to Sertoli cells [9,10].
Therefore, PA may affect Sertoli cell functions and the spermatogenic
microenvironment, but the relevant mechanism needs further research.
Endoplasmic reticulum (ER) is the largest organelle in mammalian cells,
and accumulation or aggregation of misfolded proteins in ER induces ER
stress. Both dyslipidemia and saturated fatty acids have been reported to
be associated with ER stress, which can induce cellular dysfunction in
various cell types [11,12]. ER stress activates the unfolded protein
response (UPR), which is linked to the production of reactive oxygen
species (ROS), and these biological processes instigate each other to
disrupt cellular homeostasis [13]. ER stress has also been reported to
regulate barrier integrity [14]. Thus we investigated whether PA in-
duces barrier disruption and ER stress in Sertoli cells.

PA acts not only as an energy source, but also as a signaling molecule.
At the posttranslational level, PA can act as a substrate for protein
modification via the formation of thioester bonds in a process called
palmitoylation (or S-palmitoylation), which regulates the functions of
numerous proteins. Regarding ER, palmitoylation modulates ER pro-
teostasis, ER-mitochondria-calcium crosstalk, ER protein enrichment on
mitochondria-associated membranes, protein transport from the ER to
the Golgi apparatus and cytomembrane, and tethering of the ER to the
plasma membrane, all of which affect the functions of the ER [15-18].
On the other hand, because PA is the most abundant substrate, changes
in PA concentrations may dysregulate palmitoylation [19,20], which
could be involved in PA-induced Sertoli cell dysfunction. The involve-
ment of palmitoylation in the regulation of Sertoli cell functions and the
spermatogenetic microenvironment has never been well studied before,
and the relevant research will provide a new direction for the treatment
of male infertility.

In the present study, we identified elevated PA levels in the serum of
patients with severe spermatogenetic dysfunction. Based on this result,
we explored the effects of PA on BTB and the tight junctions formed by
Sertoli cells. The involvement of ER stress was also investigated by
subcellular distribution of PA, ultrastructural observation by electron
microscopy, and dynamic observation of ER. In addition, we confirmed
the involvement of palmitoylation in this process, and identified an ER
protein Calnexin (CNX) as a critical palmitoylated protein. We explored
the effects of w-3 polyunsaturated fatty acids (PUFAs) on PA-induced

USFA
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Sertoli cell dysfunction and on protein palmitoylation. Our findings
suggest that abnormal palmitoylation in Sertoli cells contributes to
Sertoli cell barrier disruption and spermatogenesis dysfunction, which
provides insights to pathogenesis and treatment of male infertility
accompanied with dyslipidemia.

2. Results

2.1. Serum PA levels are significantly higher in patients with severe
dyszoospermia

Aiming to understand the possible relationship between fatty acid
constitution and spermatogenesis dysfunction, severe spermatogenesis
dysfunction, including non-obstructive azoospermia (NOA) and extreme
oligospermia (EO), was selected for our clinical analysis. To be specific,
serum samples from 25 patients with NOA (n = 22) or EO (n = 3) and 25
healthy individuals (controls) were collected for fatty acid composition
analysis (Table S1, Table S2). Quantification of 39 medium- and long-
chain free fatty acids (C6-C24) was executed using gas chromatog-
raphy coupled to mass spectrometry (GC/MS). According to the result,
the levels of total medium and long-chain fatty acid (MLCFA) content
were elevated in the patients, accompanied by significantly increased
saturated, but not unsaturated fatty acids (Fig. 1A-C). Also, the ratio
between SFA and unsaturated fatty acid (USFA), i.e. SFA/USFA, showed
a significant increase (Fig. 1D). PA (C16:0) was the major component,
comprising 63.80% of the serum SFAs (Fig. 1E). The significantly
elevated serum PA levels in the patients with severe dyszoospermia
(NOA and EA) (Fig. 1F) indicated a relationship among excess PA and
disturbed spermatogenesis.

As an important hormone produced by Sertoli cells, inhibin B (INHB)
showed a significant decrease in the serums of patients with NOA or EO,
indicating that a dysfunction of Sertoli cells happened in these patients
(Fig. 1G, Table S1). Combining with our fatty acid analysis results, we
infer that a relationship may exist between excess PA and Sertoli cell
dysfunction.

2.2. PA induces spermatogenesis dysfunction and blood-testis barrier
disruption

To explore the effects of PA on spermatogenesis and Sertoli cell
functions, we administered mice with PA by intraperitoneal injection
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(Figs. 2 and S1). After 30 days of PA administration, sperm concentra-
tion and sperm motility were significantly decreased (Fig. 2A and B),
although the body weight, testis weight and epididymis weight were not
affected (Fig. S1). Hormone analysis indicated that INHB, which reflects
Sertoli cell functions, showed a significant decline in the serum of PA
treated mice (Fig. 2C). This result indicates that damage in the micro-
environment of spermatogenesis may occur, and Sertoli cells are prob-
ably a critical target. Thus we observed BTB in testes. In fluorescein
isothiocyanate isomer I (FITC-I) permeability assay, fluorescence was
detected only in the interstitial portion and the basal lines of the semi-
niferous tubules in the testes of control mice, but was also observed in
the lumen of the seminiferous tubules in the testes of mice injected with
PA (Fig. 2D). Moreover, according to the TEM analyses of testes, the BTB
of control mice was continuous and clearly delimited, while the BTB of
mice administered with PA appeared discontinuous and loose (Fig. 2E).
These observations indicate that BTB was severely destroyed by PA
administration.

We also assessed the integrity of the Sertoli cell barrier in primary
mouse Sertoli cells and TM4 Sertoli cells in vitro. Transepithelial resis-
tance (TER) and FITC-dextran permeability assays revealed that PA
impaired the cell barrier (Figs. 3A, 3B, S2A and S2B). PA also down-
regulated the tight junction proteins zona occluden-1 (ZO-1), occludin
(OCLN), claudin 11 (CLDN11) and claudin 5 (CLDN5) (Fig. S2C),
implying that PA impaired tight junctions between Sertoli cells.

2.3. PA enters the ER and induces ER stress in Sertoli cells

In order to understand the mechanism underlying the disruption of
Sertoli cell barriers by PA, we explored whether PA enters Sertoli cells
and the exact organelle PA penetrated. We traced PA endocytosis into
Sertoli cells using the green fluorescent PA analog BODIPY® FL C16.
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Fluorescence emission was detected in TM4 Sertoli cells after 30 min and
the intensity increased over time (Fig. S2D), indicating that PA pene-
trates Sertoli cells. We analyzed the subcellular location of PA using
BODIPY® FL C16, and lipid droplets, ER, and mitochondria were stained
with Nile Red, ER-Tracker Red, and MitoRed, respectively. PA colo-
calized with lipid droplets and ER, but not mitochondria (Fig. 3C and D
and S2E). Because lipid droplets store neutral lipids that function as
energy sources and are not usually harmful, and lipid droplets arise from
the ER [21], we further investigated the role of PA in the ER.

Electron microscopy revealed that the ER morphology in the PA
group, showing widely dilated membranes with enlarged spaces,
considerably differed from that of the control cells (Fig. 3E). Using ER
tracker to stain ER in Sertoli cells, we found that in normal cells ER
distributed in the cytoplasm with some reticular structures stained
brighter at the periphery of nuclei. After 30 min of PA treatment, ER
showed dispersed staining, and the reticular structures around nuclei
disappeared (Fig. 3F). A sequential observation for 5 min revealed that
the reticular structures around the nuclei kept intact dynamically in
control cells (Video S1), while the structural failure was persistent in PA
treated cells (Video S2). When the cells were treated with PA for 24 h, ER
tracker staining was more obscure, and some punctate condensation
appeared (Fig. 3G). These results indicate a severe damage of ER after
PA treatment in Sertoli cells.

Moreover, the transcriptional expression levels of most ER stress
markers, including glucose-regulated protein 78 (Grp78), C/EBP ho-
mologous protein (Chop), activating transcription factor 4 (Atf4),
growth arrest and DNA damage-inducible transcript 34 (Gadd34),
homocysteine-inducible endoplasmic reticulum stress-inducible ubiq-
uitin-like domain member 1 protein (Herpudl), and hypoxia upregu-
lated 1 (Hyoul), were upregulated in the PA group (Fig. S2F). Among
these markers, Atf4 and Gadd34 are markers of the protein kinase R-like
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Fig. 3. PA damages cell barrier and induces ER stress in Sertoli cell. (A) TER detection of primary Sertoli cell barriers. The cells were incubated with (PA) or without
(Control) 0.4 mM PA for 3 days after barriers were formed on day 4 (n = 5). (B) FITC-dextran permeability assessment of primary Sertoli cell barriers. The cells were
treated with (PA) or without (Control) 0.4 mM PA for 24 h after cell barriers were formed (n = 5). (C, D) Subcellular localization of PA. Fluorescently marked PA
(BODIPY® FL C16) colocalized with (C) ER (ER-Tracker Red), but not (D) mitochondria (MitoRed). The nuclei were stained with Hoechst. Scale bar: 5 pm. White
arrowheads, PA and ER colocalization. (E) Ultrastructural changes in the ER of TM4 cells treated with (PA) or without (Control) 0.4 mM PA for 24 h were observed by
transmission electron microscopy. The lower panels show magnifications of the boxed areas in the relevant upper panels, revealing ribosomes lining the ER
membranes. Scale bar: 1 pm. (F, G) Observation of ER distribution in TM4 Sertoli cells by ER-Tracker Green staining. The cells were incubated with (PA) or without
(Control) 0.4 mM PA for 30 min (F) or 24 h (G). The nuclei were stained with Hoechst. Scale bar: 10 pm. White arrowheads, reticular structures at the periphery of
nuclei. Time-lapse observations of ER distribution were shown in the form of videos in Supplementary files (Video S1 and Video S2). (H) Translational expression
levels of ER stress-related genes were analyzed using western blotting. The relative intensities of bands were quantified by ImageJ and normalized to p-actin levels (n
= 3). () ROS detection using DCFH-DA staining. The fluorescence densities were calculated using ImageJ (n = 3). Scale bar: 50 pm. In Panels G and H, TM4 cells
were incubated with (PA) or without (Control) 0.4 mM PA for 24 h. Data are presented as mean + SD. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. Control group. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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endoplasmic reticulum kinase (PERK) signaling pathway, while Her-
pudl and Hyoul are markers of the ATF6 pathway. The protein
expression levels of a critical ER chaperone GRP78, as well as the
markers of PERK and ATF6 pathways, ATF4 and ATF6, were also up-
regulated by PA (Fig. 3H). Conversely, PA did not alter the expression
of the markers of the inositol-requiring enzyme 1 (IRE1) pathway,
including X-box binding protein 1 (Xbpl; including total [Xbp1T] and
spliced [XbplS] forms) and ER degradation-enhancing alpha-man-
nosidase like protein 1 (Edem) (Fig. S2F). Therefore, we concluded that
PA activates the PERK and ATF6, but not the IRE1 pathway.

Since ER stress activation leads to ROS generation [22], we also
detected ROS in Sertoli cells after PA treatment, and found that ROS
generation was remarkably activated by PA (Fig. 3I). These findings
indicate that PA causes ER stress in Sertoli cells.

2.4. ER stress signaling activation mediates PA-induced tight junction
disruption in Sertoli cells

When TM4 Sertoli cells were incubated with the ER stress activator,
tunicamycin (TM), the expression of ER stress marker genes were
induced (Fig. S3A), confirming the activation of ER stress signaling.
Assays of permeability using TER and FITC-dextran, as well as the
analysis of tight junction protein expression levels, showed that TM
induced cell barrier damage in Sertoli cells (Figs. S3B-F). Therefore, ER
stress activation significantly disrupted tight junctions among Sertoli
cells.

We have validated that PA activated PERK and ATF6 pathways, but
not IRE1 pathway. Therefore, we used PERK inhibitor GSK2606414 and
ATF6 inhibitor melatonin to treat Sertoli cells. Cell viability analysis
showed that GSK2606414 and melatonin showed cytotoxicity at 10 nM
and 10 pM, respectively (Fig. S3G). So we used concentrations up to the
cytotoxic dose for cell survival rescuing analysis, and found that
GSK2606414 showed most obvious rescuing effect at the concentration
of 0.4 nM, while melatonin did not present any rescuing effect
(Fig. S3H). We also observed an ameliorating effect of GSK2606414, but
not of melatonin, on PA-induced Sertoli cell barrier disruption (Figs. S3I
and S3J). These results indicate that activation of PERK pathway, rather
than ATF6 pathway, is involved in PA-induced Sertoli cell barrier
disruption.

CHOP is downstream of the PERK pathways, and is a critical
component of ER stress signaling [23]. According to our results, PA
significantly elevated CHOP expression in Sertoli cells not only on the
transcriptional level, but also on the translational level (Figs. 3H and
S2F). We also observed increase of CHOP expression after TM treatment
(Figs. S3A and S4A). Since CHOP is a critical node between PERK
pathway and cell damage, we furtherly investigated the effects of CHOP
depletion using short interfering RNA (siRNA). As siCHOP obviously
decreased CHOP expression (Figs. S4B and S4C), ROS generation, which
was induced by PA, was evidently diminished (Fig. S4D), indicating a
suppression of cell stress by CHOP RNA interfering (RNAi). Further-
more, siCHOP restored the levels of tight junction proteins that were
decreased by PA (Fig. S4E), as well as the PA-disrupted Sertoli cell
barriers, according to TER assays and FITC-dextran permeability assays
(Figs. S4F and S4G). Therefore, PA induced the disruption of tight
junctions in Sertoli cells by activating ER stress signaling.

2.5. PA activates ER stress signaling by inducing protein palmitoylation in
Sertoli cells

Because PA is an important substrate in palmitoylation, we analyzed
protein palmitoylation levels after PA treatment. In the testes of mice,
we observed an up-regulation of palmitoylation level after PA injection
(Fig. 4A), which indicate a possible involvement of protein palmitoy-
lation in PA-induced testis toxicity. To furtherly determine the cell type
affected in the spermatogenic microenvironment, we isolated primary
cells in testes, including Sertoli, Leydig and germ cells, to detect the
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palmitoylation levels after PA treatment. As shown in Fig. 4B, PA
induced palmitoylation most significantly in Sertoli cells, which
prompts that Sertoli cells may be the cell type most sensitive to PA-
induced palmitoylation in this microenvironment. In the TM4 Sertoli
cell line, an increase of palmitoylation after PA treatment was also found
(Fig. S5A). Combined with our previously identified fact that PA dam-
ages Sertoli cell functions, Sertoli cell was selected for further studies.

Using the palmitoylation inhibitor 2-bromopalmitate (2-BP, 10 pM),
we suppressed PA-induced palmitoylation in Sertoli cells (Fig. S5A).
Interestingly, prior incubation of Sertoli cells with 2-BP (5, 10, and 20
pM) substantially ameliorated PA-induced ER stress at an optimal con-
centration of 10 uM (Fig. S5B). The alleviation of PA-induced ER stress
by 2-BP (10 pM) was furtherly confirmed by protein expression analysis
of ER stress markers and ROS detection (Fig. 4C and D). These results
indicated that palmitoylation is critical for PA-induced stress in the ER of
Sertoli cells.

2.6. Inhibition of palmitoylation significantly ameliorates PA-induced
spermatogenesis dysfunction and BTB disruption

We investigated whether protein palmitoylation plays a role in PA-
induced Sertoli cell barrier disruption. Both TER and FITC-dextran
permeability assays indicated that 2-BP protected primary mouse Ser-
toli cells and TM4 cells against PA-induced barrier destruction (Figs. 4E,
4F, S5C and S5D). The expression of TJP1, CLDN11, OCLN, and CLDN5,
which was decreased by PA, was also rescued by 2-BP (Fig. 4G). These
results further confirmed that palmitoylation is involved in PA-induced
Sertoli cell dysfunction.

As a distribution balance of tight junction proteins between the
membrane and the cytoplasm contributes to the integrity of cell barriers,
we furtherly analyzed the expression of the tight junction protein OCLN
on the membrane and in the cytoplasm of Sertoli cells. The result
showed that OCLN decreased after PA treatment and increased after 2-
BP rescuing in the membrane, but remained constant in the cytoplasm
(Fig. S5E). Combined with the previous result that tight junction pro-
teins showed lower expression after PA treatment and their expression
recovered after 2-BP rescuing (Fig. 4G), we concluded that both PA and
2-BP may regulate tight junction proteins by modulating their expres-
sion on cell membrane but not in cytoplasm.

To investigate the effects of palmitoylation inhibition on spermato-
genesis and BTB in vivo, we gavaged mice with 2-BP simultaneously to
PA administration. Firstly, the palmitoylation inhibiting effects of 2-BP
was proved by analyzing protein palmitoylation in mouse testes
(Fig. 4A). Furtherly, as shown in Fig. 2A and B, 2-BP gavage significantly
recovered sperm concentration and sperm motility, which were sup-
pressed by PA. Hormone detection showed that both follicle-stimulating
hormone (FSH) and luteinizing hormone (LH), which were two impor-
tant sex hormones relating to spermatogenesis and were decreased by
PA in this experiment, remained at low levels after 2-BP treatment
(Figs. S1F and S1G), indicating that palmitoylation inhibition may not
recover the hypothalamus—pituitary—gonadal axis in vivo. In one of our
previously published studies, we used FSH as a representative hormone
to treat HFD-fed mice with high PA levels, and demonstrated that
spermatogenesis dysfunction induced by dyslipidemia is more possibly
be induced by damage in the microenvironment rather than by the
abnormal hormone levels [24]. Hence, the spermatogenic microenvi-
ronment may be a critical rescuing target of palmitoylation inhibition
using 2-BP. According to our previous results, Sertoli cell may be the cell
type most sensitive to PA-induced palmitoylation in the spermatogenic
microenvironment. However, INHB level was not augmented by 2-BP
(Fig. 2C). So we furtherly observed BTB, which reflects the barrier
function of Sertoli cells. Using both FITC-I permeability assay and TEM
observation, we demonstrated that 2-BP administration rescued
PA-induced BTB damage in vivo (Fig. 2D and E). Thus, PA-induced
over-palmitoylation most likely leads to the disruption of Sertoli cell
barriers, which further results in spermatogenesis dysfunction.
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Fig. 4. Inhibition of protein palmitoylation ameliorates PA induced Sertoli cell dysfunction. (A) Analysis of the palmitoylation levels of proteins extracted from the
testes of mice administered or not administered the PA injection, with or without gavage of 2-BP (n = 6 for Control, n = 7 for PA and 2-BP + PA). (B) Analysis of the
palmitoylation levels of proteins extracted from primary Sertoli cells, Leydig cells and germ cells, which were treated with or without 0.4 mM PA (n = 3). (C)
Inhibition of palmitoylation by 2-BP suppressed PA-induced ER stress in Sertoli cells. Translational expression levels of ER stress-related genes were analyzed using
Western blotting (n = 3). (D) ROS detection using DCFH-DA staining. The fluorescence densities were calculated using ImageJ (n = 3). Scale bar: 50 pm. (E) TER
detection of primary Sertoli cell barriers. The cells were incubated with PA (PA), with PA combined with 2-BP (2-BP + PA), or with the vehicle (Control) for 3 days
after barriers were formed on day 4 (n = 5). (F) FITC-dextran permeability assessment of primary Sertoli cell barriers. The cells were treated PA (PA), with PA
combined with 2-BP (2-BP + PA), or with the vehicle (Control) for 24 h after cell barriers were formed (n = 5). (G)Tight junction protein levels were examined by
western blotting in TM4 Sertoli cells (n = 3). The relative intensities of bands in western blotting results were quantified by ImageJ and normalized to p-actin levels.
Data are presented as mean + SD. n. s., no significant difference vs. Control group. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. Control group. *P < 0.05, **P < 0.01
eind ###p < 0.001 vs. PA group.
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Fig. 5. Identification of palmitoylated proteins regulated by PA. (A) The flowchart illustrating the mass spectrum analysis of palmitoylated proteins regulated by PA.
(B-D) GO (B), COG (C) and KEGG pathway (D) analysis of proteins whose palmitoylation levels were up-regulated after PA treatment in TM4 cells. (E) Detection of
palmitoylation levels of ER proteins predicted to be regulated by PA. TM4 cells were treated by PA, with or without 2-BP pretreatment.
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2.7. Inhibition of palmitoylation also alleviates PA-induced Sertoli cell
apoptosis

Now we have found that PA-induced over-palmitoylation could
disrupt Sertoli cell barriers, and a decrease of the expression of tight
junction proteins is involved in this process. However, a loss of Sertoli
cell viability may also lead to barrier disruption. We previously found

Redox Biology 54 (2022) 102380

Z-VAD-FMK, PA-induced Sertoli cell barrier disruption was alleviated.
However, in the presence of Z-VAD-FMK, 2-BP still showed an amelio-
rating effect of cell barrier disruption compared to the group treated
with only PA and Z-VAD-FMK (Figs. S6D-E). Therefore, apoptosis is
involved in Sertoli cell barrier disruption caused by PA through inducing
over-palmitoylation, but other mechanisms should not be excluded, and
the improvement of the expression of tight junction proteins is a

that PA induces Sertoli cell apoptosis [9]. Also, after CHOP activation, considerable mechanism.
apoptosis is reported to be a key mode of cell death [25]. Therefore, we
analyzed apoptosis after PA and 2-BP treatment. Our results indicated
that PA-induced apoptosis of Sertoli cells could be alleviated by 2-BP

(Fig. S6A). After inhibiting apoptosis using apoptosis inhibitor
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Fig. 6. The palmitoylation of calnexin is involved in PA-induced cell barrier disruption in Sertoli cells. (A) Sequences of wild type (WT) and mutated calnexin
fragments. The predicted palmitoylation sites are marked with red color, and the mutated sites are marked with green color. (B) The palmitoylation of exogenous
calnexin was validated, and sites 8, 503 and 504 were found to be its palmitoylation target sites. (C) The palmitoylation of exogenous calnexin was up-regulated by
PA, while the mutation of all three target sites diminished palmitoylation. (D) Western blotting results indicated that mutation of all three palmitoylation target sites
in calnexin alleviated PA-induced upregulation of CHOP (n = 3). (E) Mutation of all three palmitoylation target sites in calnexin alleviated PA-induced ROS pro-
duction in Sertoli cells. ROS production was detected using DCFH-DA staining. The fluorescence densities were calculated using ImageJ (n = 3). Scale bar: 50 ym. (F,
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assays (G, n = 5) were used to detect the cell barrier integrity. (H) Tight junction protein levels were examined by western blotting. The relative intensities of bands
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2.8. Variation of ER protein palmitoylation after PA stimulation and 2-BP
treatment

Now we know that protein palmitoylation plays an important role in
PA-induced Sertoli cell barrier disruption. However, the palmitoylated
proteins involved in this process remained unknown. Thus, we purified
palmitoylated proteins in Sertoli cells treated with or without PA using
acyl-biotin exchange (ABE) assay, and compared protein palmitoylation
in control and PA-treated Sertoli cells using mass spectrometry (Fig. 5A).
The proteins showing higher palmitoylation levels in PA-treated cells
were screened out for Gene Ontology (GO), Cluster of Orthologous
Groups of proteins (COG) and KEGG Pathway annotation (Fig. 5B-D).
Both COG and KEGG Pathway annotation showed an enrichment of
proteins relating to ER functions, i.e. “Posttranslational modification,
protein turnover, chaperones” in COG, and “Protein processing in
endoplasmic reticulum” in KEGG Pathway. Among the 12 palmitoylated
proteins involved in the pathway “Protein processing in endoplasmic
reticulum”, 7 proteins show ER location, in which 4 proteins directly
function in the regulation of protein folding, including CNX, thioredoxin
related transmembrane protein 1 (TMX1), protein disulfide-isomerase
A3 precursor (PDIA3/ERP57) and prolyl 4-hydroxylase, beta poly-
peptide (P4hb/PDIA1/ERP59) (Table S3).

According to our previous results, PA enters ER after being incor-
porated by Sertoli cells. Also, dysfunction of protein folding is upstream
of ER stress. Thus, we focused on ER proteins regulating protein folding,
and the up-regulation of palmitoylation levels of these 4 proteins by PA
was validated. Moreover, the palmitoylation levels of these proteins
were also decreased by palmitoylation inhibitor 2-BP (Fig. 5E).

2.9. Palmitoylation of CNX plays a critical role in PA-induced Sertoli cell
barrier disruption

According to the mass spectrometry results, among the 4 proteins
functioning in the regulation of protein folding, CNX showed the most
dramatic up-regulation of palmitoylation level after PA stimulation
(Ratio = 7.43, Table S3). Thus we furtherly studied whether CNX pal-
mitoylation is involved in PA-induced Sertoli cell barrier disruption.
Firstly, we predicted palmitoylation sites in CNX using CSS-PALM
(http://csspalm.biocuckoo.org/) and NBA-PALM (http://nbapalm.
biocuckoo.org/), and identified Cys-8, Cys-503 and Cys-504 as the po-
tential palmitoylation sites (Fig. 6A). Among these sites, Cys-503 and
Cys-504 have been demonstrated to be palmitoylated before [26]. Cys-8
is a newly identified palmitoylation site of CNX. As shown in Fig. 6B,
mutation of Cys-8 into alanine significantly decreased palmitoylation of
CNX. Moreover, while CNX with mutations of both Cys-503 and Cys-504
still showed a weak palmitoylation, mutations of all three sites (mIII)
diminished CNX palmitoylation completely (Fig. 6B). In PA-treated
Sertoli cells, mIII also diminished CNX palmitoylation (Fig. 6C). When
Sertoli cells were transfected with CNX containing mlII, ER stress and
ROS production induced by PA was alleviated (Fig. 6D and E), and the
Sertoli cell barrier was recovered (Fig. 6F-H). These results demonstrate
that CNX palmitoylation play a considerable role in the regulation of ER
stress activation and cell barrier integrity damage.

2.10. Disruption of calcium balance is involved in PA-induced Sertoli cell
barrier disruption

The palmitoylation of CNX has been reported to modulate its inter-
action with sarcoendoplasmic reticulum (SR) calcium transport ATPase
(SERCA) 2b, and this interaction regulates ER-mitochondria calcium
crosstalk [27]. Thus we analyzed calcium balance in Sertoli cells by
using cytosolic Ca>" indicator Fluo-3 and mitochondrial Ca®* indicator
Rhod-2 for staining. According to the results, PA increased both cyto-
solic and mitochondrial Ca?" concentrations, while 2-BP
down-regulated both Ca" concentrations (Figs. S7A and S7B). As the
imbalance of calcium between ER and mitochondria may impair their
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interaction and cause mitochondrion dysfunction, we analyzed mito-
chondrial ROS by using MitoSOX to indicate mitochondrial superoxide.
The results showed that PA increased mitochondrial ROS, which was
decreased by 2-BP (Fig. S7C). These results indicate that a disruption of
calcium balance happened in Sertoli cells after PA-induced
over-palmitoylation.

Moreover, mutation of CNX palmitoylation sites alleviated both Ca**
concentrations (Figs. S8A and S8B). Therefore, we used a SERCA pump
inhibitor thapsigargin to treat Sertoli cells. The results indicated that
inhibition of SERCA rescued both Sertoli cell survival and cell barrier
integrity (Figs. S8C-F). So we concluded that calcium balance disrup-
tion, which is regulated by CNX palmitoylation, was involved in tight
junction disruption induced by PA.

2.11. -3 PUFAs ameliorates PA-induced spermatogenesis dysfunction,
BTB disruption and excessive palmitoylation in vivo

According to the serum fatty acid composition analyzed in this study,
SFA/USFA ratio was higher in men with NOA or EO (Fig. 1D). USFAs are
essential for spermatogenesis, and supplementation of USFAs has
already been proved to improve male fertility [28]. ©-3 PUFAs are a
representative class of USFAs, which has been discovered to alleviated a
series of symptoms caused by dyslipidemia [29]. Therefore, we explored
whether ©-3 PUFAs have an ameliorating effect on PA-induced sper-
matogenesis dysfunction, and whether palmitoylation regulation is
involved in this process.

We gavaged mice with ©-3 PUFAs simultaneously to PA adminis-
tration, and found that ©-3 PUFAs significantly recovered sperm con-
centration and sperm motility (Fig. 7A and B). The effects of ®-3 PUFAs
on sex hormones are similar to that of 2-BP, that is to say, ®-3 PUFAs also
did not recover the level of FSH, LH or INHB (Fig. 7C, S9F and S9G). On
the other hand, w-3 PUFAs recovered PA-induced BTB damage in mouse
testes (Fig. 7D and E), indicating a rescuing effect of ®-3 PUFAs on
Sertoli cell barrier function. We furtherly detected protein palmitoyla-
tion in testes, and found that ®-3 PUFAs decreased palmitoylation
obviously (Fig. 7F), suggesting a possible involvement of palmitoylation
regulation by w-3 PUFAs in this process.

2.12. -3 PUFAs alleviate PA-induced Sertoli cell damage and excessive
palmitoylation in vitro

The ameliorating effect of ©-3 PUFAs on PA-induced ER stress in
Sertoli cells was validated in vitro. A pre-treatment of Sertoli cells with
®-3 PUFAs (25, 50, 100 and 200 pM) substantially alleviated PA-induced
over-expression of ER stress markers, and the concentration of 200 pM
showed the most dramatic rescuing effect, which was validated by
quantitative RT-PCR analysis (Fig. S10A). Thus 200 uM was selected for
further analysis of w-3 PUFA effects. Protective effect of ®-3 PUFAs
against PA-induced ER stress was also proved by decreased protein
expression levels of ER stress markers (Fig. 8A) and by reduced ROS
generation (Fig. 8B).

On the other hand, the effect of ®-3 PUFAs on Sertoli cell barrier was
also investigated. Both TER and FITC-dextran permeability assays
showed a protection by w-3 PUFAs against PA-damaged barrier disrup-
tion (Figs. 8C, 8D, S10B and S10C). The expression levels of tight
junction proteins were also recovered by ©-3 PUFA treatment (Fig. 8E).
Therefore, the protective role of w-3 PUFAs on Sertoli cell barrier
maintaining was validated.

Protein palmitoylation analysis revealed that ©-3 PUFAs, like 2-BP,
significantly decreased palmitoylation level in Sertoli cells in vitro,
which was increased by PA (Fig. 8F). Combining with the palmitoylation
alleviating effects of w-3 PUFAs in testes in vivo (Fig. 7F), we can infer
that ©-3 PUFAs modulate protein palmitoylation in Sertoli cells. More-
over, the palmitoylation level of the ER protein CNX, which has been
demonstrated to participate in the regulation of ER stress activation and
cell barrier integrity damage in Sertoli cells, was alleviated by ®-3
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PUFAs (Fig. 8G). The other ER proteins that were previously validated to
be over-palmitoylated by PA, were also found to be modulated by ©-3
PUFAs on their palmitoylation levels (Fig. S10D). These results indicate
that ©-3 PUFAs may ameliorate PA-induced cell damage by adjusting the
palmitoylation levels of CNX, and possibly some other ER proteins.

Besides ®-3, ®-6 is also a major type of PUFAs. To investigate
whether the palmitoylation regulating effect is specific to -3 PUFAs, we
used a representative w-6 PUFA, arachidonic acid (AA), to treat Sertoli
cells. According to the results, AA rescued both PA-induced decrease of
Sertoli cell survival and disruption of cell barrier integrity (Figs. S10E
and S10F). Meanwhile, AA significantly alleviated PA-induced over-
palmitoylation in Sertoli cells (Fig. S10G). Therefore, it can be inferred
that PUFAs may participate in modulating palmitoylation levels and
thus improve Sertoli cell functions in dyslipidemia conditions.

3. Discussion

Current information about male infertility causes includes genetic
factors, environmental factors, age, life-style, and so on. Metabolic dis-
order is also an important factor leading to male infertility in the modern
world. Although the prevalence of hyperlipidemia has been reported to
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Fig. 7. »-3 PUFAs rescues PA-induced
spermatogenesis dysfunction in mice.
Mice were injected intraperitoneally (i.
p.) with BSA (Control group) or PA-BSA
(PA group) (n = 6 per group) once daily
for 30 days, with or without gavage of
®-3 PUFAs every two days. (A, B) Sperm
concentrations (A) and sperm motilities
(i.e. percentage of mobile sperms) (B)
were assessed using a haemocytometer.
(C) Concentrations of INHB in serums
were analyzed by ELISA. Data are pre-
sented as mean + SD. *P < 0.05 and
##%P < 0,001 vs. Control group. P <
0.05 vs. PA group. (D) Assessment of
BTB integrity in vivo using FITC-I
permeability assays. Asterisks (*) indi-
cate leaked FITC-I in the lumen of
seminiferous tubules. Scale bars: 100
pm. (E) The ultrastructure of tight
junctions was observed using trans-
mission electron microscopy. White ar-
rows indicate the tight junctions. Scale
bars: 1 pm. (F) Analysis of the palmi-
toylation levels of proteins extracted
from the testes of mice administered or
not administered the PA injection, with
or without gavage of w-3 PUFAs. The
relative intensities of bands were quan-
tified by ImageJ and normalized to
B-actin levels (n 6). Data are pre-
sented as mean + SD. **P < 0.01 vs.
Control group; ##p < 0.01 vs. PA group.
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be significantly higher in infertile men [30], the critical type of lipid
disturbing male fertility remains unclear. According to our clinical data,
the levels of PA increased in the serum of patients with severe dyszoo-
spermia (NOA and EO) (Fig. 1), providing a direct evidence supporting
that excess PA is detrimental to spermatogenesis. As elevated dietary,
seminal plasma and spermatozoal PA levels have been proved to nega-
tively associate with male fertility [31-34], our results connected these
points with the circulating PA. Also, our data focused on the relationship
between PA and dysfunction in spermatogenesis, which is the first
critical step before sperm maturation, and is reflected mostly by sperm
concentration. An elevated serum PA level accompanied with frustrated
spermatogenesis leads us to explore the mechanism underlying this
correlation. According to a significant decrease of INHB in the serum of
patients with severe dyszoospermia (Fig. 1G), a correlation between
elevated PA levels and Sertoli cell dysfunction was speculated.

One of the most important functions of Sertoli cells is the formation
of the BTB. We previously identified abnormal ZO-1 expression and
distribution in the testes of patients with nonobstructive azoospermia
[35], which emphasized the indispensable role of BTB on spermato-
genesis. We previously showed that PA decreases Sertoli cell survival [9,
10]. In the present study, we demonstrated that PA is a risk factor for
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Fig. 8. ©-3 PUFAs ameliorate PA-induced Sertoli cell dysfunction and protein over-palmitoylation. (A) 0-3 PUFAs suppressed PA-induced ER stress in Sertoli cells.
TM4 cells were treated by PA, with or without a pretreatment of w-3 PUFAs. Translational expression levels of ER stress-related genes were analyzed using Western
blotting. The relative intensities of bands were quantified by ImageJ and normalized to p-actin level (n = 3). (B) ROS detection using DCFH-DA staining. The
fluorescence densities were calculated using ImageJ (n = 3). Scale bar: 50 pm. (C, D) Assessment of cell barrier integrity in vitro. After cell barrier formation, cells
were incubated with PA (PA), with PA combined with ©-3 (0-3 + PA), or with the vehicle (Control). TER detection (C, n = 8) and FITC-dextran permeability assays
(D, n = 5) were used to analyze the integrity of primary Sertoli cell barriers. (E) Tight junction protein levels in TM4 Sertoli cells were examined by western blotting.
The relative intensities of bands were quantified by ImageJ and normalized to p-actin levels (n = 3). (F) Analysis of the palmitoylation levels of proteins extracted
from PA-treated TM4 cells with or without a pretreatment with w-3 PUFAs. The relative intensities of bands were quantified by ImageJ and normalized to p-actin
levels (n = 3). (G) Detection of palmitoylation levels of CNX in TM4 cells treated by PA, with or without pretreatment of ©-3 PUFAs. Data are presented as mean +
SD. **P < 0.01 and ***P < 0.001 vs. Control group. *P < 0.05, **P < 0.01 and **#P < 0.001 vs. PA group.

Sertoli cell barrier dysfunction (Figs. 2 and 3 and S2). A recently pub-
lished study demonstrated that intraperitoneal injected PA shows lip-
otoxicity in mouse testes, and may affect germ cells [36]. However, the
invasion of PA into the seminiferous tubules has not been clarified
before, and so the direct effect of PA on germ cells needs further
confirmation. Our results demonstrated that PA enters Sertoli cells and
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disrupts BTB (Figs. 2 and 3 and S2). Thus, PA from the blood may
directly affect Sertoli cells, and then enter seminiferous tubules through
either Sertoli cells or disrupted BTB. Such a finding could expand our
knowledge on the mechanism underlying PA induced testis toxicity.
Our findings supported the involvement of ER stress signaling in PA-
induced Sertoli cell barrier disruption (Figs. 3, S2, S3 and S4). The
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damage of ER structure induced by PA was detected not only by electron
microscopy observation, but also by a dynamic observation using ER
tracker staining. A sequential observation of ER after 30 min of PA
treatment indicated that PA plays a role shortly after its addition
(Fig. 3F, Videos S1 and S2). A long-term treatment of PA for 24 h
exacerbated ER damage (Fig. 3G). Therefore, the injury to ER by PA is
rapid and persistent, which leads to ER stress and Sertoli cell barrier
destruction. There is ample evidence that amelioration of ER stress is a
promising strategy to treat metabolic diseases, including dyslipidemia
[37]. Reduction of ER stress could also prevent the disruption of tight
junction barriers [14], which was demonstrated in Sertoli cells by our
results (Figs. S3 and S4). Thus alleviation of ER stress is a potential
means to improve Sertoli cell barriers disrupted by PA and in
dyslipidemia.

In this study, we found activation of the PERK and ATF6 branches of
the UPR. And we furtherly validated that inhibition of PERK branch, but
not ATF6 branch, of the UPR shows an alleviating effect on PA-induced
barrier disruption, indicating an involvement of PERK pathway in
regulating Sertoli cell barrier integrity. As PERK pathway has been
found to be involved in epithelial barrier injury [38], this result provides
a new evidence for targeting PERK pathway in restoring the integrity of
cell barriers. Interestingly, PERK pathway has been proposed to function
as a calcium sensor in ER, and play a role in cellular response to calcium
concentration [39]. Consistent with this, we found that calcium balance
is disrupted in PA-induced Sertoli cell barrier destruction, which is
recovered after 2-BP treatment (Fig. S7). Therefore, PERK pathway is
critical in PA-induced Sertoli cell dysfunction, and a causal relationship
between calcium balance disruption and PERK pathway may exist in this
process.

Protein palmitoylation participates in the activation of ER stress
signaling in some cell types [40,41]. According to our results, we found
that inhibition of palmitoylation ameliorated PA-induced BTB disrup-
tion, as well as ER stress and barrier destruction in Sertoli cells, indi-
cating that palmitoylation is involved in this process (Figs. 2 and 4 and
S5). Therefore, a critical role of protein palmitoylation in the regulation
of Sertoli cell functions is speculated. The discovery that disruption of
Sertoli cell barriers triggered by PA is mediated by abnormal palmi-
toylation introduces over-palmitoylation into male infertility. Also, as
shown in Fig. 1E, stearic acid (SA; C18:0) is the second abundant SFA in
serum, and SA has also been reported to induce cell dysfunction [42], as
well as has a higher concentration in infertile men [43]. SA, although is
not the most common substrate for palmitoylation, could also be
transferred to protein cysteines by some DHHC S-acyltransfertases [44].
Therefore, SA may also participate in the harmful effects on spermato-
genesis microenvironment, and palmitoylation may also be a critical
mechanism involved. These suggest that modulation of protein palmi-
toylation is a candidate option for the treatment of dyszoospermia
accompanied with dyslipidemia.

To clarify the mechanism underlying PA-induced Sertoli cell barrier
destruction due to over-palmitoylation, we analyzed both apoptosis and
tight junction protein expression. When both apoptosis inhibitor Z-VAD-
FMK and 2-BP were added for Sertoli cell treatment, the rescuing effect
on PA-induced barrier disruption is obviously more remarkable than Z-
VAD-FMK was added only (Figs. S6D and S6E). So we can conclude that
although apoptosis is involved in this process, there may be other
mechanisms. As we observed improvement of the expression of tight
junction proteins (Fig. 4G), and CHOP silencing has been found to
improve the expression of tight junction proteins by others [45], it can
be inferred that the regulation of tight junction protein expression is also
a critical mechanism.

In consistent with the fact that PA enters ER in Sertoli cells as we
confirmed, proteins regulating ER functions were found to be a major
class of palmitoylated proteins modulated by PA (Fig. 5). In fact, protein
folding is a most important function of ER, and ER stress is induced by
abnormal accumulation of unfolded proteins in ER, so the proper
regulation of protein folding is vital for cell status. We identified 4
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proteins directly functioning in the regulation of protein folding, whose
palmitoylation levels were elevated by PA and decreased by 2-BP.
Among them, CNX showed the most dramatic up-regulation of palmi-
toylation level after PA stimulation. CNX is a key chaperone partici-
pating in protein folding in ER, and its palmitoylation on Cys-503 and
Cys-504 has been reported before [17,26]. Our study identified a third
palmitoylation site, Cys-8 (Fig. 6). As CNX has been reported to regulate
PERK and ATF6 pathways, its abnormal palmitoylation induced by PA
may disrupt ER status [46,47]. Our further analysis validated that pal-
mitoylation of CNX modulates the ER status, and also cell barrier
functions in Sertoli cells (Fig. 6). Such a result is consistent with a pre-
viously reported work, in which CNX was found to function in
blood-brain barrier integrity against T-cell penetration [48]. Moreover,
as CNX regulates calcium crosstalk between ER and mitochondria by
interacting with SERCA, we validated that calcium balance is regulated
by CNX palmitoylation, and that SERCA is involved in cell barrier
damage by PA (Fig. S8). These results proved that regulation of calcium
balance by CNX palmitoylation may play a role in cell barrier integrity
regulation. Therefore, our study discovered the involvement of CNX in
BTB integrity maintenance, and proposed that the palmitoylation of
CNX may regulate this integrity by influencing ER status.

Our results prompted that over-palmitoylation of proteins in Sertoli
cells leads to BTB disruption and spermatogenesis dysfunction. There-
fore, modulation of palmitoylation may help improving spermatogen-
esis. Palmitoylation is a reversible lipid modification regulated by Asp-
His-His-Cys (DHHC) S-acyltransfertases which promotes palmitoyla-
tion, and certain serine hydrolases functioning as S-deacylases to induce
depalmitoylation [44]. In our study, PA is the substrate of palmitoyla-
tion, so excess PA can induce over-palmitoylation. To decrease palmi-
toylation, there are some reported palmitoylation inhibitors, such as
2-BP and cerulenin, which suppress DHHC S-acyltransfertases [49].
However, 2-BP, which is used in our study, as well as cerulenin, have not
been proved to be clinically safe medicines. We furtherly tried to explore
an eligible medicine to protect BTB against PA-induced damage. As a
representative class of USFA, ®-3 PUFAs have attached attention due to
the therapeutic effects and a wide range of food sources. In our formerly
published paper, we already demonstrated a protective role of ®-3
PUFAs on PA-induced Sertoli cell toxicity [9]. In this study, we further
confirmed the effects of ®-3 PUFAs on PA-induced ER stress and cell
barrier damage in Sertoli cells both in vivo and in vitro (Figs. 7 and 8 and
S10). Interestingly, a down-regulation of protein palmitoylation induced
by PA was observed after ®-3 PUFA treatment (Figs. 7 and 8 and S10).
The palmitoylation of CNX was also alleviated by ©-3 PUFAs (Fig. 8G).
We also discovered palmitoylation alleviating effects of w-6 PUFAs,
accompanied with cell barrier recovering effects on PA-induced Sertoli
cell barrier damage (Figs. S1I0E-G). The suppression of palmitoylation
by ®-3 and w-6 PUFAs is in accordance with a previously published
study, in which a similar phenomenon was found in T cells [50]. These
results indicate a possible relationship between palmitoylation regula-
tion and the protective role of PUFAs. It has been reported that although
PA is the most commonly attached lipid in S-palmitoylation, other fatty
acids including USFAs can also modify lipoproteins, so S-palmitoylation
is also called S-acylation [51,52]. But the mechanism underlying the
regulation by PUFAs on palmitoylation remains unclear, and this ques-
tion should be a key point in the further research. Nevertheless, the
protective role of PUFAs on BTB is confirmed, and a diet with adequate
PUFAs is recommended for male fertility protection. Also, other palmi-
toylation inhibitors still needs to be discovered for male fertility
improvement.

In conclusion, our study demonstrated the involvement of PA and
palmitoylation in the pathogenesis of spermatogenesis dysfunction. Our
clinical results revealed that the PA levels are significantly higher in
patients with severe dyszoospermia, i.e. NOA and EO. The studies in vivo
and in vitro indicated that PA disrupts BTB by damaging tight junctions
between Sertoli cells, and ER stress plays a critical role in this process.
Aberrant palmitoylation is an important cause of ER stress and
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subsequent cell barrier damage after PA treatment. A screen for palmi-
toylated proteins involved in PA-induced Sertoli cell dysfunction was
executed, and CNX was found to play a critical role in regulating ER
status and cell barrier in Sertoli cells by its palmitoylation level varia-
tion. We also found that -3 PUFAs, a representative class of USFAs,
showed protective roles on PA-induced BTB disruption, and an allevia-
tion of excessive palmitoylation. Collectively, these results indicate that
palmitoylation is a crucial regulator of Sertoli cell function (Fig. 9),
which may provide novel targets for treating dyszoospermia accompa-
nied by Sertoli cell dysfunction and disordered lipid metabolism.

4. Materials and methods
4.1. Collection of human serum samples

Serum samples were collected between 8:00 and 11:00 a.m. from 25
patients with NOA (n = 22) or EO (n = 3) and 25 healthy individuals
(controls) who were undergoing routine semen analysis at our clinical
laboratory (Table S1) between September 2017 and January 2020. All
the individuals were aged from 20 to 43 years old. The blood samples
were centrifuged at room temperature for 10 min at 1800xg, and then
serum samples were taken and stored at —70 °C. Sperm quality was
analyzed using a WLJY-9000 computer-assisted system (WLJY-9000,
Weili Co., Ltd, Beijing, China). Normal sperm criteria was defined as
sperm concentration >15 x 10%/mL, progressive motility >32%, total
motility >40% and normal sperm morphology rate >4%. NOA was
defined as no sperm observed in either semen analysis or testicular bi-
opsy, excluding chromosomal karyotype abnormalities and AZF region
deletion. EO was defined as sperm concentration <1 x 10%/mL. The
seminal fluid samples of all the three patients with EO were centrifuged,
and 50 pl was taken out for each semen smear. Only 3 to 10 progressive
sperms were observed in each sample, indicating that all these EO sperm
samples also show extremely low progressive motility. All clinical
samples were collected under informed consent and approved by the
Research Ethics Committee of Jinling Hospital.

4.2. Serum inhibin B analysis

Serum inhibin B levels were measured using an iFlash Chem-
iluminescence Immunoassay Analyzer (YHLO Biotech, Shenzhen,
China).
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Fig. 9. Mechanism of Sertoli cell barrier disruption induced by PA. PA enters
Sertoli cells, penetrates ER, and palmitoylates ER proteins. Palmitoylated CNX
and other ER proteins activate ER stress, especially PERK pathway, promote cell
apoptosis and down-regulate tight junction proteins by inducing CHOP
expression, and finally disrupt Sertoli cell barrier. On the other hand, w-3
PUFAs alleviates the palmitoylation of ER proteins and Sertoli cell dysfunction
induced by PA.
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4.3. Serum fatty acid analysis

Serum free fatty acid levels were analyzed by GC/MS. In brief, the
samples were thawed on ice and chloroform methanol solution was
added. After ultrasonication, the supernatant was taken. Then 1% sul-
furic acid-methanol solution was added and the mixtures were incu-
bated at 80 °C for 30 min for free fatty acid methyl esterification.
Thereafter, the methylated fatty acids were extracted by n-hexane and
washed by water. The levels of methylated fatty acids were determined
by GC/MS using Agilent 7890A/5975C gas chromatography-mass
spectrometer with an Agilent DB-WAX capillary column (30 mx0.25
mm ID x 0.25 pm) (Agilent Technologies, CA, USA). In this analysis, 39
free fatty acids of medium and long-chain length (i.e., C6-C24) were
quantified. The analysis was performed by Shanghai Applied Protein
Technology Inc.

4.4. Animal and treatment

Four-week-old male ICR mice and eight-week-old male C57BL/6
mice (Beijing Vital River Lab Animal Technology Co., Ltd., Beijing,
China) were housed at 20-26 °C under a 12/12 h light/dark cycle.
Experimental procedures involving animals were conducted according
to the NIH Guide for the Care and Use of Laboratory Animals and were
approved by the Ethics Committee of the Nanjing Jinling Hospital. The
ICR mice were intraperitoneally injected with 200 mg/kg body weight
PA (Sigma-Aldrich, St. Louis, MO, USA) (conjugated with BSA, PA
group) or the same volume of BSA (Yeasen, Shanghai, China) (Control
group) once daily for 30 d [36,53]. In treatment groups, the mice were
gavaged 40 mg/kg 2-BP (2-BP + PA group) or 2 g/kg ®-3 PUFAs (derived
from fish oil, containing >90% ®-3 ethyl ester, and included at least 40%
DHA and 32% EPA) (OMEGA 3 TREASURE, Shanghai, China) (#-3 +PA
group) every two days, simultaneous with PA injection [54,55].

4.5. Measurement of sperm concentrations and motilities in mice

Sperms from one of the cauda epididymis were released into 0.4 mL
HTF medium and incubated for 5 min at 37 °C, and then sperm con-
centrations and motilities were determined using a haemocytometer
(Qiujing, Shanghai, China) under a light microscope (Olympus, Tokyo,
Japan).

4.6. Analysis of reproductive hormone levels in mouse serum

Blood samples from mice were centrifuged at 4 °C for 10 min at 4000
rpm, and the serum was collected for hormone detection. FSH, LH, INHB
and T levels in serum samples were analyzed by ELISA kits (Cloud-Clone
Corp, Wuhan, China) according to the manufacturer’s instructions.

4.7. Assessment of BTB integrity in vivo by FITC-I permeability assay

Freshly diluted FITC-I (Sigma-Aldrich; 200 pL) in PBS (5 mg/mL) was
injected into the caudal vein of each mouse. The mice were sacrificed by
neck breaking 2 h later, and then, their testes were dissected and flash
frozen in liquid nitrogen for BTB integrity assays. The testes were
embedded in Optimal cutting temperature compound and sectioned to
8-pm thickness using a cryostat microtome. Images were acquired on a
fluorescence microscope (IX73; Olympus Corporation, Tokyo, Japan)
equipped with a 10 x objective.

4.8. Electron microscopy

Small pieces of testicular tissues or Sertoli cells were collected and
fixed with 0.1 M phosphate buffer containing 2.5% glutaraldehyde
(Servicebio Wuhan, China), and then sequentially stained with 1%
osmium tetroxide, 2% uranyl acetate solution and lead citrate (all from
Servicebio). Embedded cells were sectioned and visualized using a
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transmission electron microscopy (HITACHI, Tokyo, Japan).

4.9. Isolation and culture of primary mouse Sertoli cells, leydig cells and
germ cells

Primary mouse Sertoli cells for cell barrier analysis were isolated
from the testes of 20-day-old ICR mice (Beijing Vital River Laboratory
Animal Technology Co., Ltd). The isolation was executed using a two-
step enzyme digestion method as previously described [10]. Cells
were cultured in Dulbecco’s modified Eagle’s medium/Ham’s nutrient
mixture F12 (DMEM/F12; Yuanye, Shanghai, China) supplemented with
10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) at 37 °C under a 5% CO atmosphere for two days.
Then the cells were treated with 20 mM Tris (pH 7.4) for 3 min to
remove germ cells, washed with PBS and cultured until use.

Primary cells for palmitoylation analysis were isolated from the
testes of 8-week-old ICR mice. Primary Sertoli cells were isolated as
described above. Primary Leydig cells were isolated using a density
gradient centrifugation method according to a previously published
method [56]. Primary germ cells were also isolated referring to a
method previously reported [57]. Inbrief, decapsulated testes were
minced by scalpels, and Sertoli cells and tissue fragments were removed
by twice pelleting at 100xg. Then the supernatant was filtered
sequentially with 100-pm and 40-pm cell strainer (BD Falcon, BD Bio-
sciences, Bedford, MA, USA), and germ cells were collected by centri-
fuging at 500xg for 10 min. In order to mimic the status in vivo, all the
isolated primary cells were used for experiment immediately after
attachment to dishes, and DMEM/F12 was used for cell incubation.

4.10. Culture of TM4 cell line

Mouse TM4 Sertoli cells (iCell Bioscience, Inc., Shanghai, China)
were cultured in DMEM/F12 supplemented with 10% FBS at 37 °C
under a 5% CO; atmosphere.

4.11. Cell treatment

PA at the dose of 0.4 mM was used to induced Sertoli cell damage.
This dose is determined according to estimated concentration of PA in
serum and the dose commonly applied in the studies of PA [58-63].

For rescuing experiments, 2-BP, GSK2606414 (Selleck, Shanghai,
China), melatonin (Sigma-Aldrich), Z-VAD-FMK (Selleck), thapsigargin
(Selleck), w-3 PUFAs (OMEGA 3 TREASURE) or AA (Sigma-Aldrich)
were used with a pretreatment for 2 h and then added for incubation as
long as PA presents. The cell treatment doses of these reagents such as
®-3 PUFAs were determined referring to published studies [9,64-66].

4.12. Transepithelial resistance (TER) measurements

We measured TER to assess the integrity of functional cell barriers as
follows: Sertoli (0.5 x 10° cells/cm?) were seeded onto Millicell
Hanging Cell Culture Inserts (PET 0.4 pm, Merck Millipore, Billerica,
MA, USA) and cultured for 3 days to allow cell barrier formation. Then,
the cells were treated, and the TER was monitored using a Millicell
Electrical Resistance System (Merck Millipore). To analyze the effects of
CHOP knockdown and mutated CNX over-expression on cell barrier
formation, TM4 cells were transfected with indicated siRNAs or plas-
mids. Twenty-four hours after the transfection, cells were plated on
Millicell Hanging Cell Culture Inserts and cultured. TER was monitored,
and PA was added in the medium 3 days later when the cell barrier
formed.

4.13. FITC-dextran permeability assessment

For FITC-dextran permeability assessment, TM4 cells and primary
mouse Sertoli cells were also plated on Millicell Hanging Cell Culture
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Inserts. Once cell barriers formed, PA, 2-BP (Sigma-Aldrich), or TM
(Abcam, Shanghai, China) were added to the medium. After 24 h, 1 mg/
mL FITC-dextran (Sigma-Aldrich) diluted in 200 uL. DMEM/F12 without
phenol red (Yuanye) was added to the apical side, and 1.2 mL DMEM/
F12 without phenol red was added in the basal chamber. After incuba-
tion for 4 h, a 200 pL sample was taken from the basal chamber, and the
fluorescence emission at 520 nm was measured with excitation at 490
nm using a Synergy HTX Multi-Mode Microplate Reader (BioTek,
Shanghai, China).

4.14. CCK-8 cell viability analysis

Cells were seeded in 96-well plates at a density of 5 x 10%, and
cultured overnight for attachment before treatment. After treatment,
cell viabilities were analyzed using Cell Counting Kit-8 (Beyotime,
Shanghai, China).

4.15. Cell apoptosis analysis

Cells were treated with PA and 2-BP for 24 h, and then the apoptotic
rates were analyzed using Annexin V-FITC Apoptosis Detection Kit
(Beyotime) and flow cytometry.

4.16. Western blotting

Cells were suspended in radioimmunoprecipitation assay protein
extraction buffer for cell lysis and protein extraction [67]. Protein
concentrations were determined using Pierce BCA protein analysis kit
(Thermo Fisher Science, Inc.). For polyacrylamide gel electrophoresis, a
total of 20 pg protein was loaded in each lane. After electrophoresis,
proteins were transferred to PVDF membrane (Merck Millipore, Bill-
erica, MA, USA), and exposed to primary and secondary antibodies
successively. The main antibodies used include: rabbit polyclonal ZO-1
(1:1000; cat. no. 21773-1-AP; ProteinTech Group, Inc., Wuhan,
China), rabbit polyclonal Occludin (1:1000; cat. no. 13409-1-AP; Pro-
teinTech Group, Inc.), rabbit polyclonal Claudin-11 (1:500; cat. no.
AF5364; Affinity Biosciences, OH, USA), rabbit polyclonal Claudin-5
(1:500; cat. no. AF5216; Affinity Biosciences), mouse monoclonal
CHOP (L63F7) (1:1000; cat. no. 2895; Cell Signaling Technology,
Shanghai, China), Rabbit polyclonal GRP78/BiP (1:1000; cat. No.
ab21685; Abcam), rabbit polyclonal ATF4 (1:500; cat. no. 10835-1-AP;
ProteinTech Group, Inc.), rabbit polyclonal ATF6 (1:500; cat. no.
24169-1-AP; ProteinTech Group, Inc.), rabbit polyclonal Calnexin
(1:1000; cat. no. 10427-2-AP; ProteinTech Group, Inc.), rabbit poly-
clonal TMX1 (1:1000; cat. no. 27489-1-AP; ProteinTech Group, Inc.),
rabbit polyclonal PDI (PDIA1) (1:500; cat. no. 11245-1-AP; ProteinTech
Group, Inc.), rabbit polyclonal ERp57/ERp60 (PDIA3) (1:1000; cat. no.
15967-1-AP; ProteinTech Group, Inc.), mouse monoclonal f-actin
(8H10D10) (1:1000; cat. no. 3700; Cell Signaling Technology). The
secondary antibodies used include: goat anti-rabbit IgG (H + L) sec-
ondary antibody, horseradish peroxidase (HRP)-conjugated (1:5000;
cat. no. 31460; Invitrogen; Thermo Fisher Scientific, Inc.) and goat
anti-mouse IgG (H + L) secondary antibody, HRP-conjugated (1:5000;
cat. no. 31430; Invitrogen; Thermo Fisher Scientific, Inc.). The proteins
were visualized by BlodtightTM Western Chemiluminescent HRP Sub-
strate (Bioworld, Visalia, CA, USA), and images were captured by
Tanon-5200 Chemiluminescent Imaging System (Tanon Science and
Technology, Co., Ltd., Shanghai, China). The intensities of bands were
quantified using ImageJ version 1.32j software (National Institutes of
Health, MD, USA).

4.17. Quantitative RT-PCR
The mRNA expression levels of ER stress-related genes were quan-

tified using quantitative RT-PCR. Total RNA was extracted using a Total
RNA Isolation Kit (BEI-BEI Biotech, Zhengzhou, China), and 1 pg total
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RNA was then reverse-transcribed with PrimeScript RT Master Mix
(Takara Bio, Inc., Otsu, Japan). For quantitative RT-PCR, transcripts
were amplified using AceQ qPCR SYBR Green Master Mix (Vazyme
Biotech, Nanjing, China), and fluorescence signals were monitored by a
Roche LightCycler 96 Real-time PCR system (Roche Diagnostics, Basel,
Switzerland). The gene 36B4 (ribosomal protein lateral stalk subunit PO)
was used as an internal control, and the relative expression levels were
figured up using the 27224 method [68]. The sequences of the primers
used in this study are listed in Table 54.

4.18. Fluorescent PA pulse-chase experiments and staining of organelles

PA endocytosis was detected using the fluorescence-labeled PA
analogue, 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
hexadecanoic acid (BODIPY® FL C16; Thermo Fisher Scientific, Inc.)
[69]. TM4 cells were incubated with 1 pM BODIPY® FL C16 diluted in
DMEM/F12 for 0.5, 2, or 24 h. To localize organelles, we used Nile Red
(Sigma-Aldrich), ER-Tracker Red (Beyotime), and MitoRed (KeyGEN
BioTECH, Nanjing, China) to detect lipid droplets, the ER, and the
mitochondria, respectively. Nuclei were stained with Hoechst 33,342
(Beyotime). Fluorescent images were captured using a Laser Scanning
Confocal Microscope (LSM 710, Zeiss, Germany) equipped with a 40 x
objective (for PA endocytosis tracing), or a High-Resolution Microscope
(GE DeltaVision OMX, GE Healthcare, Little Chalfont, UK) equipped
with a 60 x objective (for subcellular co-localization).

To observe ER structure and distribution, TM4 Sertoli cells were
incubated with 10 pM ER-Tracker Green (Invitrogen; Thermo Fisher
Scientific, Inc.) for 30 min, and the fluorescent images were captured
using PerkinElmer Ultraview spinning disk confocal microscope equip-
ped with a Nikon Apochromat TIRF 60 x 1.40NA objective and a
Hamamatasu C9100-23B EMCCD camera. For sequential observation,
fluorescent images were captured once per minute for 5 min, and the
videos were produced using ImageJ version 1.32j software.

4.19. Detection of ROS generation

The generation of cytosolic ROS was detected using 2/, 7’ dichloro-
fluorescin diacetate (DCFH-DA). Mitochondrial ROS was detected by
using MitoSOX to indicate mitochondrial superoxide. Briefly, after
treatment, TM4 cells were loaded with 10 pM DCFH-DA (KeyGEN
BioTECH, Nanjing, China) diluted in PBS for 30 min or 5 pM MitoSOX
(Invitrogen; Thermo Fisher Scientific, Inc.) diluted in HBSS for 10 min at
37 °C. Then the cells were washed twice with PBS, and images were
acquired on a fluorescence microscope (IX73; Olympus Corporation,
Tokyo, Japan) equipped with a 20 x objective.

4.20. Detection of relative calcium (Ca®*) concentration

Cytosolic Ca%t indicator Fluo-3 and mitochondrial Ca?* indicator
Rhod-2 were used to stain TM4 Sertoil cells. In brief, after treatment,
TM4 cells were incubated with 2 pM Fluo-3 (KeyGEN BioTECH) or 1 pM
Rhod-2 (Abcam) diluted in phenol red-free DMEM/F12 medium for 30
min. Then the cells were washed twice with PBS, and images were ac-
quired on a fluorescence microscope (IX73; Olympus Corporation,
Tokyo, Japan) equipped with a 20 x objective.

4.21. Plasmid construction, RNAi and cell transfection

Plasmid over-expressing mouse C-terminally tagged Calnexin-Flag
was generated by cloning the calnexin ¢cDNA into pCDNA3.1 vector
bearing the Flag tag. Constructs to express Calnexin with point muta-
tions were constructed using Fast Site-Directed Mutagenesis Kit
(TransGen Biotech Co., LTD, Beijing, China), following the manufac-
turer’s instructions.

The siRNAs for CHOP and non-specific siRNA (negative control, NC)
were designed and synthesized by Genepharma (Shanghai, China). The
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sequences are as follows: siCHOP-1, 5'-GGAAGAGGAGGAAGAGCAA-3’;
siCHOP-2, 5-GCAAGGAAGAACUAGGAAA-3’; siCHOP-3, 5'-AGGA-
GAAGGAGCAGGAGAA-3'.

For plasmid over-expression and RNAi, TM4 cells were transfected
with plasmids or siRNAs using Lipofectamine 3000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) following the manufacturer’s in-
structions. The following experiments were executed 24 h after the
transfection.

4.22. ABE assay and mass spectrometry

Protein palmitoylation was analyzed using ABE assays as previously
described with some modifications [70]. For total protein palmitoyla-
tion analysis, cells or testis samples were collected, and protein was
extracted using RIPA Buffer (Sigma-Aldrich). Then the protein was
incubated at 4 °C overnight with rotating in 50 mM N-ethylmaleimide
(NEM, Sigma-Aldrich) diluted in RIPA Buffer. After precipitation with
acetone, the protein samples were resuspended in 300 pl 4% SDS Buffer
(4SB, containing 4% SDS, 50 mM Tris and 5 mM EDTA, pH 7.4), and
each sample was divided into two equal parts (150 pl for each part): one
part was mixed with 150 pl 1.5 M hydroxylamine solution (HA,
Sigma-Aldrich) (+HA Sample), and the other part was mixed with 150 pl
0.1 M Tris-HCI (pH 7.4) (-HA Sample). After incubating at room tem-
perature with rotating for 2 h, protein samples were precipitated with
acetone, resuspended in 100 pl 4SB (pH6.2), mixed with 400 pl
BMCC-Biotin Buffer (containing 6.25 pM BMCC-Biotin (Sangon,
Shanghai, China), 150 mM NaCl, 50 mM Tris, 5 mM EDTA and 0.2%
Triton X-100), and incubated with rotating for 2 h at room temperature.
Finally, protein samples were precipitated with acetone again, and
resuspended in appropriate volumes of 2% SDS Buffer (containing 2%
SDS, 50 mM Tris and 5 mM EDTA, pH 7.4). Following quantification of
protein concentrations using Pierce BCA protein analysis kit, 5 pg of
each protein sample was resolved by polyacrylamide gel electropho-
resis. Then, the proteins were transferred to polyvinylidene difluoride
membranes, blocked, incubated with horseradish
peroxidase-conjugated streptavidin (Beyotime), and visualized using
BlodtightTM Western Chemiluminescent HRP Substrate. Images were
captured by Tanon-5200 Chemiluminescent Imaging System.

For mass spectrometry analysis of palmitoylated proteins and the
analysis of the palmitoylation levels of specific proteins, another method
using HPDP-Biotin was executed. In brief, cells were collected after
treatment, resuspended in lysis buffer, and lysed by ultrasonication.
After centrifugation at 4 °C, 13,000xg to remove insoluble material, 2
mg of protein was taken out for each sample, and incubated at 4 °C
overnight with rotating in 50 mM NEM. After precipitation with meth-
anol/chloroform, the protein samples were resuspended in 200 pl
resuspension buffer, and each sample was divided into two equal parts
(100 pl for each part): one part was mixed with 800 ul 1 M HA, 1 mM
EDTA, protease inhibitors and 100 pL. 4 mM HPDP-Biotin (Thermo
Scientific) (+HA Sample), and the other part was treated identically but
HA was replaced with 50 mM Tris (pH 7.4) (-HA Sample). After incu-
bating at room temperature with rotating for 2 h, protein samples were
precipitated with methanol/chloroform, resuspended in 100 pl resus-
pension buffer, and added with 900 pl PBS containing 0.2% Triton X-
100. In each sample, 50 pl was removed as a loading control, and the
remaining was incubated with 15 pl streptavidin-agarose beads (Thermo
scientific) for 2 h at room temperature. The beads were washed twice
with wash buffer, and 3-5 times with PBS. Finally, the beads were
resuspended with 25 pL 2 x SDS sample buffer containing 1% 2-mercap-
toethanol v/v, and proteins were eluted by heating at 95 °C for 5 min.
Samples were analyzed by Western blotting.

For mass spectrometry, palmitoylated proteins (100 pg) extracted
and purified from each sample were reduced by DTT and carbox-
yamidomethylated by iodoacetamide. After digestion with trypsin, the
peptide mixtures were desalted, freeze dried and then resuspended in
buffer A (2% ACN, 0.1% FA). The resuspended samples were centrifuged
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at 20,000xg for 10 min, and the supernantants were collected and
loaded on a LC-20AD nano-HPLC (Shimadzu, Kyoto, Japan) by the
autosampler onto a C18 trap column (inner diameter 75 pm), followed
by a gradient separation. The column outlet was coupled directly to
nanoelectrospray ionization (nanoESI) tandem mass spectrometry (Q-
Exactive, Thermo Fisher Scientific, San Jose,CA), and analyzed using
DDA (Data-Dependent Acquisition) method. Protein identification was
performed with MaxQuant integrated Andromeda search engine against
the UniProt Mus musculus protein database (17,015 sequences). The
analysis was performed by Beijing Genomics Institution. The mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE [71] partner repository with the
dataset identifier PXD028778.

4.23. Statistical analyses

Data were plotted using GraphPad Prism 8 (GraphPad Software Inc.,
LA Jolla, CA, USA), and are presented as means + standard deviation
(SD). Different groups were compared using one-way analyses of vari-
ance followed by least significant difference (equal variances) or Games-
Howell (unequal variances) post-hoc tests, using SPSS Software Version
17.0 (SPSS, Inc., Chicago, Illinois, USA). Values with p < 0.05 were
regarded as significantly different.

Data availability

The mass spectrometry proteomics data have been deposited to the
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Abbreviations:

2-BP 2-bromopalmitate

4SB 4% SDS Buffer

ABE acyl-biotin exchange

Atf4 activating transcription factor 4

BTB blood-testis barrier

Chop C/EBP homologous protein

CLDN5 claudin 5

CLDN11 claudin 11

CNX Calnexin

COG Cluster of Orthologous Groups of proteins

Edem ER degradation-enhancing alpha-mannosidase like protein 1

EO extreme oligospermia

ER endoplasmic reticulum

FBS fetal bovine serum

FITC-I  fluorescein isothiocyanate isomer I

FSH follicle-stimulating hormone

Gadd34 growth arrest and DNA damage-inducible transcript 34

GC/MS gas chromatography coupled to mass spectrometry

GO Gene Ontology

Grp78  glucose-regulated protein 78

HA hydroxylamine solution

Herpudl homocysteine-inducible endoplasmic reticulum stress-
inducible ubiquitin-like domain member 1 protein

Hyoul hypoxia upregulated 1

INHB inhibin B

IRE1 inositol-requiring enzyme 1

LH luteinizing hormone

MLCFA medium and long-chain fatty acid

NEM N-ethylmaleimide

NOA non-obstructive azoospermia

OCLN occludin

P4hb/PDIA1/ERP59 prolyl 4-hydroxylase, beta polypeptide
PA palmitic acid
PDIA3/ERP57 protein disulfide-isomerase A3 precursor

PERK protein kinase R-like endoplasmic reticulum kinase
PUFA polyunsaturated fatty acid

RNAi RNA interfering

ROS reactive oxygen species

SD standard deviation

SFA saturated fatty acid

siRNA  short interfering RNA

T testosterone

TER transepithelial resistance

™ tunicamycin

TMX1 thioredoxin related transmembrane protein 1
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USFA unsaturated fatty acid
Xbpl X-box binding protein 1
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