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Abstract: Obesity has become a major health concern worldwide and is strongly correlated with
various comorbidities including reproductive dysfunction. Therefore, this study aimed to explore the
effects of Morchella esculenta (ME) in improving reproductive dysfunction caused by high-fat diet-
induced obesity. Male C57BL/6] mice were randomly divided into control, obese, and ME-treated
obese groups. The total duration of high-fat diet feeding was 24 weeks, and over the last 8 weeks, the
ME-treated groups received low-dose (100 mg/kg) and high-dose (500 mg/kg) ME extract for 5 days
of each week. Biochemical markers, hormones, liver, testicular histology, and semen quality were
analyzed. The activities of the testicular antioxidants and the products of lipid peroxidation were
measured. The protein expression levels of apoptosis-, autophagy-, and inflammation-related
markers were also surveyed. The HFD-fed mice had abnormal sex hormone levels, poor sperm
quality, and destroyed testicular structure, which were significantly restored following ME
treatment. Despite having no effect on apoptosis-related markers, decreased activities of antioxidants
in obese mice were notably ameliorated. Furthermore, the levels of the inflammation-related markers
NF-xB and IL-6 were altered by ME treatment. In conclusion, ME has therapeutic effects on
reproductive dysfunction caused by diet-induced obesity, which may be partially due to improving
antioxidant capacity and inhibiting inflammation. ME might be useful as a complementary treatment
for male infertility.
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1. Introduction

Obesity, as excessive body fat accumulation due to continued energy imbalance, has been a
notable health burden since the 1980s [1], and currently, 38% of the global population is classified as
overweight or obese. Furthermore, it is expected that by 2035, 27% of the world population will be
overweight and another 24% will be obese [2]. An increasing projected prevalence of obesity has been
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reported in Asia countries [3,4]. Moreover, the Nutrition and Health Survey in Taiwan (NAHSIT)
revealed that the prevalence of overweight and obesity increased rapidly from 1993-1996 to 2013—
2016 (33.2% to 50.7%), and approximately one in two men and one in three women were overweight
or obese [5].

Obesity-associated comorbidities include type 2 diabetes, cardiovascular disease, cancers,
osteoarthritis, cognitive decline, and infertility [6]. Studies have shown that overweight and obese
men have higher rates of abnormal sperm quality and hormone levels [7,8] and higher reproductive
failure rates, such as pregnancy loss and decreased pregnancy rates following artificial reproductive
technology treatment [9,10]. Male overweight and obesity even adversely impact the health of their
offspring, with an increased risk of metabolic disorders and effects on neurologic function and
respiratory function [11].

Obesity and obesity-induced metabolic changes, such as elevated insulin levels and lipid
profiles, alter various mechanisms involved in male reproduction, including the hypothalamic—
pituitary—gonadal axis, testosterone biosynthesis, spermatogenesis, oxidative stress, apoptosis and
inflammation [12,13]. Abnormal autophagy is another mediator of obesity’s downstream effects that
was recently found to function in spermatogenesis and testosterone biosynthesis [14]. Furthermore,
oxidative stress-mediated mechanisms contribute to nearly 50% of infertility cases. The accumulation
of reactive oxygen species triggers inflammation, apoptosis, and autophagy, leading to abnormalities
of sperm function and infertility [15,16].

Due to its delicious taste and widely distribution across temperate regions, including Europe,
North America, and Asia, Morchella esculenta (ME), has been one of the most popular edible
mushrooms [17]. In the past few decades, with the understanding of the health benefits associated
with mushroom consumption, studies on mushrooms have greatly expanded. According to modern
studies, ME and its bioactive ingredients, such as organic acids, phenolic compounds and
polysaccharides, exert health-promoting, antiobesogenic, antioxidant, antimicrobial, anti-
inflammatory, and antitumor properties [18-21]. In addition, oral feeding of ME extract has been
reported to have a protective effect against reproductive impairments in a heavy metal toxicity-
induced rat model [22]. Because its potential actions on male infertility caused by diet-induced
obesity are not completely understood, the goal of this study was to identify the effects of ME
treatment on testicular and sperm function using a high-fat diet-induced obese animal model and to
investigate its roles in redox imbalance, apoptosis, inflammation, and autophagy in the testis.

2. Materials and Methods

2.1. Animals and Treatment

The animal experiments and protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of the National Defense Medical Center (Taipei, Taiwan), and animal care was
conducted in accordance with the guidelines. C57BL/6] mice (weighing 20-25 g, aged 8 weeks) were
obtained from the National Laboratory Animal Center (Taipei, Taiwan) and housed in the animal
center of the National Defense Medical Center. Mice were kept in plastic cages (2-3 per cage) under
aregular 12 h light/dark cycle, 23 + 2 degrees Celsius and 55 + 5% humidity, and provided a standard
rodent chow diet (LabDiet 5010; 13% energy from fat, 58% from carbohydrates and 29% from protein)
or high-fat diet (Research Diets D12451; 45% energy from fat, 35% from carbohydrates and 20% from
protein) and water ad libitum. Mice were assigned to the control group (Control, = 8) or diet-induced
obesity group (DIO, n = 24) for 16 weeks after acclimation. Then, the DIO group was divided into
three groups (n = 8 per group), and all groups were given vehicle or doses of ME by oral gavage 5
days a week for 8 weeks: control (vehicle), DIO (vehicle), LME (low-dose ME: 100 mg/kg), and HME
(high-dose ME: 500 mg/kg).

ME powder was prepared and provided by Grape King Bio Ltd. (Taoyuan, Taiwan), and the
safety of the ME powder was tested [23]. Briefly, the mycelium was isolated from the fresh fruiting
body and maintained on potato dextrose agar (PDA) slants at 25 degrees. After 7 days, 1 cm® ME was
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removed from the PDA and transferred to a 2 L flask containing 1 L synthetic culture medium
(composed of 2% sucrose, 2% soybean powder, 0.3% yeast extract, 0.05% KH2POs, and 0.05% MgSOs,
adjusted to pH 5) at 25 °C for 5 days with shaking at 120 rpm. This fermentation process was then
scaled up from a 2 L shake flask to 200 L fermenters for 5 days. After fermentation with a controlled
pH of 5, agitation at 50 rpm, and temperature at 25 °C, the whole broth was harvested, lyophilized,
ground to a powder, and stored in a desiccator at room temperature. For aqueous and ethanolic
extract preparation, the freeze-dried ME powder was suspended at 1:20 w/v in water and ethanol
(95%). Briefly, the aqueous suspension mixture was boiled at 121 degrees for 15 min, while the
ethanolic suspension mixture was sonicated in a bath sonicator for 1 h. Afterward, both suspensions
were passed through filter papers and concentrated through a rotary evaporator or freeze dryer. The
nutrient content of the dried ME powder revealed that the crude carbohydrate, protein, and lipid
contents were 39%, 39%, and 17%, respectively, with 4% moisture and 0.3% ash [23]. The total
polysaccharides in the ME powder was determined using phenol-sulfuric acid reaction [24], and the
content was 11.5%.

2.2. Serum Analyses

Mice were euthanized, and blood was collected by heart puncture at the end of the experiment.
Serum was separated from blood samples using centrifugation and sent to the National Laboratory
Animal Center for measurements of total cholesterol (TC), triglyceride (TG), and glucose levels.
Serum insulin (10-1247-01; Mercodia, Uppsala, Sweden), follicle-stimulating hormone (MBS2507988;
MyBioSource, San Diego, CA, USA), luteinizing hormone (MBS2514287; MyBioSource), and
testosterone (No. 582701; Cayman, Ann Arbor, MI, USA) levels were determined using commercially
available kits. The homeostasis model assessment for the insulin resistance (HOMA-IR) was
calculated by using the following formula: HOMA-IR = [fasting serum glucose (mg/dL) x insulin
(mIU/L)] /405 [25].

2.3. Assessments of Sperm Motility, Sperm Count, and Sperm Morphology

Spermatozoa were collected from the vas deferens after weighing, and an evaluation of sperm
motility was instantly performed. The diluted sample was loaded in a Neubauer chamber
(Marienfield-Superior, Lauda-Konigshofen, Germany) and placed on the microscope stage, and the
percentage of motile cells was visually calculated. The sperm count was assessed using an automated
cell counter (Bio-Rad, Redmond, WA, USA) by inserting the counting slide filled with sample. In
terms of sperm morphology, smear samples were fixed in methanol, stained with 2% eosin solution,
washed with ethanol, dried at room temperature, and observed under a light microscope, and the
percentage of normal sperm morphology was calculated.

2.4. Histology

Liver and testis tissues were cleaned in cold phosphate-buffered saline and fixed with 10%
formalin. Then, the tissues were sent to the pathology division of the Cardinal Tien Hospital (New
Taipei City, Taiwan) for processing, paraffin embedding, sectioning into 4-um slices and staining
with hematoxylin and eosin. The stained slides were observed at appropriate magnification under a
light microscope (Leica, Wetzlar, Germany) and analyzed using Image].

2.5. Testicular Redox Status

Total protein was extracted from the testis tissues and used to measure the activities of testicular
antioxidants, including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx). In addition, the formation of malondialdehyde (MDA) in the testis was also measured with
commercial ELISA kits following the manufacturer’s protocols (Catalog number: 706002, 707002,
703102 and 10009055, respectively, for SOD, CAT, GPx and MDA; Cayman).
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2.6. Western Blotting

Proteins were separated using sodium dodecyl sulfate—polyacrylamide gel electrophoresis and
transferred from the gel to a polyvinylidene difluoride membrane. The membrane was blocked with
5% nonfat dry milk blocking buffer and incubated in different dilutions of primary antibody at 4 °C
overnight. The membrane was washed in TBST 3 times for 10 min, incubated with a dilution of
secondary antibody, and rewashed in TBST 3 times for 10 min. Before detection with a
chemiluminescent imaging system, the membranes were soaked in ECL reagent for 1 min. The
following primary antibodies were used: anti-caspase 9 (#9508, 1:1000 dilution; Cell Signaling
Technology, MA, USA), anti-Bax (#2772, 1:1000 dilution; Cell Signaling Technology), anti-Bcl-xI
(ab32370, 1:1000 dilution; Abcam, MA, USA), anti-caspase 3 (#9662, 1:750 dilution; Cell Signaling
Technology), anti-NF-xB (E381, 1:1000 dilution; Abcam), anti-TNF-a (ab1793, 1:1000 dilution;
Abcam), anti-IL6 (sc-48402, 1:500 dilution; Santa Cruz Biotechnology, CA, USA), anti-Beclin 1 (sc-
48341, 1:1000 dilution; Santa Cruz Biotechnology), anti-LC3B (sc-271625, 1:1000 dilution; Santa Cruz
Biotechnology), anti-P62 (sc-48402, 1:1000 dilution; Santa Cruz Biotechnology), and anti-B-actin
(A5316, 1:10000 dilution; Sigma, MO, USA). The following secondary antibodies were used: anti-
mouse (sc-2005, 1:5000 dilution; Santa Cruz Biotechnology) and anti-rabbit (sc-2054, 1:4000 dilution;
Santa Cruz Biotechnology).

2.7. Statistical Analyses

All data are presented as the mean + SD. After assessing heterogeneity among the groups with
the Bartlett’s test, one-way ANOVA and Welch’'s ANOVA were used to examine data from multiple
groups, followed by Tukey’s honestly significant difference (HSD) test and Dunnett’s T3 test, and
results were considered significant at p <0.05.

3. Results

3.1. Body Weight, Weight Gain, Food Intake, Energy Intake, and Weight of Reproductive Organs

Compared to the control, the groups fed a high-fat diet (DIO, LME, HME) had significantly
higher body weight and weight gain (Figure 1a). These groups also had a lower food intake but a
greater daily energy intake because of consuming a diet with a high calorie density (Figure 1b,c).
Although there were no differences in the testis and epididymis weights among the four groups, the
vas deferens weight of the HME group was significantly higher than that of the LME group (Figure
1d). Furthermore, the DIO, LME, and HME groups had an increased fat mass compared with the
control group (Figure 1e).
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Figure 1. (a) Body weight, weight gain, (b) food intake, (c) energy intake, (d) reproductive organs, and (e)
epididymal fat mass in control, obese, LME-treated obese, and HME-treated obese mice. Values are presented
as the mean + SD (n = 8 per group). Bars in (a,c,d) with letters (a,b) presented statistical significance (p < 0.05)
based on one-way ANOVA with Tukey’s HSD test; in (b,e) with letters (a—c) based on Welch’'s ANOVA with
Dunnett’s T3 test. LME, low-dose ME; HME, high-dose ME.

3.2. Effects of ME Treatment on Serum Biochemical Parameters in Obese Mice

A 24-week high-fat diet resulted in elevated serum glucose, insulin, and total cholesterol with
reduced triglyceride levels. Mice consuming a high-fat diet and receiving low-dose ME treatment
had similar results, and high-dose ME treatment led to a slightly decreased glucose level and a
significant decrease in insulin between the LME and HME groups was found. Furthermore, high-
dose ME had a significantly lower HOMA-IR (Figure 2).
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Figure 2. Serum glucose, insulin, HOMA-IR, total cholesterol, and triglyceride levels in control, obese, LME-

treated obese, and HME-treated obese mice. Values are presented as the mean + SD (1 = 6 per group). Bars with
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letters (a—c) presented statistical significance (p < 0.05) based on one-way ANOVA with Tukey’s HSD test.
HOMA-IR, homeostasis model assessment of insulin resistance; LME, low-dose ME; HME, high-dose ME.

3.3. Effects of ME Treatment on Liver Weight, Liver Histology, and Percentages of Hepatic Lipid Droplet
Area in Obese Mice

The liver weights of the DIO and LME groups were markedly higher than that of the control
group. High-dose ME treatment decreased the liver weight when compared to the DIO group and
had no significant difference when compared to the control group. In terms of liver histology,
microvesicular and macrovesicular steatosis was observed in the groups consuming a high-fat diet.
The steatosis in the HME group was less severe than that in the DIO group, with significantly less
lipid droplet accumulation (Figure 3).
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Figure 3. Liver weight, percentages of hepatic lipid droplet area, and liver histology in control, obese, LME-
treated obese, and HME-treated obese mice. All scale bars are 100 pm. Values are presented as the mean + SD (n
=8 per group). Bars with letters (a—c) presented statistical significance (p <0.05) based on Welch’'s ANOVA with
Dunnett’s T3 test. LME, low-dose ME; HME, high-dose ME.

3.4. Effects of ME Treatment on Sperm Quality and Serum Hormones in Obese Mice

Obese mice exhibited significantly lower percentages of sperm motility and normal
morphology. Following low-dose and high-dose ME treatment, these mice showed significantly
increased sperm motility and normal sperm morphology in comparison to the obese mice. However,
the two parameters were still significantly different between the control and LME groups, and a
notably decreased sperm motility was observed between the control and HME groups. Additionally,
there was no significant difference in sperm count among the four groups (Figure 4a). The serum
testosterone level was significantly lower in the DIO group than in the control group. Meanwhile, the
serum level of the upstream hormone LH was significantly reduced, with a decreasing trend toward
the FSH level. Treatment with low-dose and high-dose ME normalized the blood testosterone level
and showed an increasing trend in the FSH level. The LH level was slightly reversed in the LME
group, with a more obvious change than in the HME group (Figure 4b).
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Figure 4. (a) Sperm quality and (b) FSH, LH, and testosterone levels in control, obese, LME-treated obese, and
HME-treated obese mice. Values are presented as the mean + SD with (a) n = 8; (b) 1 = 6 per group. Bars with
letters (a—c) presented statistical significance (p < 0.05) based on one-way ANOVA with Tukey’s HSD test. FSH,
follicle-stimulating hormone; LH, luteinizing hormone; LME, low-dose ME; HME, high-dose ME.

3.5. Effects of ME Treatment on Spermatogenesis in Obese Mice

Damaged spermatogenesis, characterized by a degenerated and vacuolized seminiferous
tubular lumen and decreased numbers of spermatids, was observed in obese mice. Meanwhile, the
mean testicular biopsy score (MTBS) was calculated following the Johnsen score on a scale of 1 to 10
with corresponding descriptions of testicular histological criteria, and the results showed that the
DIO group’s MTBS was significantly lower than that of the control group. In contrast, high-dose ME
treatment markedly improved the damaged structure of the testis and mean biopsy score, and low-
dose ME treatment slightly restored the mean biopsy score. However, the mean diameter of
seminiferous tubules (MSTD), calculated as the average of the two longest horizontal and vertical
diameters, was not significantly different among the four groups (Figure 5).
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Figure 5. Testicular histology and evaluations of MSTD and MTBS in control, obese, LME-treated obese, and
HME-treated obese mice. All scale bars are 50 pm. Values are presented as the mean + SD (n = 8). Bars with
letters (a—c) presented statistical significance (p <0.05) based on one-way ANOV A with Tukey’s HSD test. MSTD,
mean seminiferous tubule diameter; MTBS, mean testicular biopsy score; LME, low-dose ME; HME, high-dose
ME.

3.6. Effects of ME on Testicular Antioxidants and MDA Content in Obese Mice

The testicular antioxidative activities of SOD, CAT, and GPx were markedly decreased in obese
mice compared to control mice. Meanwhile, a markedly increased MDA level in obese mice was
found. Notably, both low-dose and high-dose ME treatments significantly reversed the trend,
elevated activities of testicular antioxidants, and reduced the MDA level, suggesting that ME
treatment attenuated redox hemostasis in obese mice (Figure 6).
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Figure 6. Activities of SOD, CAT, and GPx and MDA content in the testes of control, obese, LME-treated obese,
and HME-treated obese mice. Values are presented as the mean + SD (n = 6). Bars with letters (a—b) presented
statistical significance (p < 0.05) based on one-way ANOVA with Tukey’s HSD test. SOD, superoxide dismutase;
CAT, catalase; GPx, glutathione peroxidase; MDA, malondialdehyde; LME, low-dose ME; HME, high-dose ME.

3.7. Effects of ME on the Expression of Apoptosis-Related Markers in Obese Mice

The ratio of Bax/Bcl-xl and the expression levels of caspase 9, cleaved caspase 9, and cleaved
caspase 3 were significantly higher in the testes of the DIO group. The LME and HME groups had
significantly decreased expression levels of cleaved caspase 9 compared to the DIO group, and these
changes were also significant compared to the control group. In addition, ME treatment had a
lowering trend in caspase 9 expression but no effect on cleaved caspase 3 expression (Figure 7).
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Figure 7. Protein expression of apoptosis-related markers in the testes of control, obese, LME-treated obese, and
HME-treated obese mice. Values are presented as the mean + SD (n = 6). Bars with letters (a—c) presented
statistical significance (p < 0.05) based on one-way ANOVA with Tukey’s HSD test. LME, low-dose ME; HME,

high-dose ME.

3.8. Effects of ME on the Expression of Inflammation-Related Markers in Obese Mice

NF-«kB p50 subunit expression was notably elevated in the DIO group, and different doses of
ME treatment attenuated its increase to a notable extent. The high-dose ME treatment lowered IL-6
expression when compared to the DIO and low-dose ME treatment groups. However, changes in the
protein expression of TNF-at were not significant (Figure 8).
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Figure 8. Protein expression of inflammation-related markers in the testes of control, obese, LME-treated obese,
and HME-treated obese mice. Values are presented as the mean + SD (n = 6). Bars with letters (a—b) presented
statistical significance (p < 0.05) based on one-way ANOVA with Tukey’s HSD test. LME, low-dose ME; HME,

high-dose ME.
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3.9. Effects of ME on the Expression of Autophagy-Related Markers in Obese Mice

Overexpression of Beclin 1, P62, and LC3B-II was observed in the testes of obese mice, while
different doses of ME treatment decreased Beclin 1 expression. The protein expression of P62 in the
low-dose ME-treated group was lower than in the DIO group. A slightly reduced LC3B-II expression
was also found in the high-dose ME-treated group but it showed no significant difference compared
to the DIO group or the control group. (Figure 9).
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Figure 9. Protein expression of autophagy-related markers in the testes of control, obese, LME-treated obese,
and HME-treated obese mice. Values are presented as the mean + SD (n = 6). Bars with letters (a—c) presented
statistical significance (p < 0.05) based on one-way ANOVA with Tukey’s HSD test. LME, low-dose ME; HME,
high-dose ME.

4. Discussion

This study established a mouse model of HFD-induced obesity, and obese mice presented higher
weight gain, epididymal fat mass, and metabolic markers, including serum glucose, insulin, and total
cholesterol levels, as expected. However, obese mice fed low-dose ME in this study showed no
significant changes in the previously mentioned parameters, whereas those fed high-dose ME
showed slightly reduced glucose and insulin levels, along with lower HOMA-IR, indicating an
improvement in insulin resistant. The mild regulation of glucose and insulin may be the result of a
long-term HFD that impairs structure and secretory functions of [3lcells, as suggested by Yi et al [26].
Furthermore, ME-derived polysaccharides (200, 400, and 600 mg/kg) could notably improve
hyperglycemia and insulin sensitivity in a diabetic mice model, possibly through binding glucose
and decrease absorbable glucose level in the intestine [27].

In addition, obese mice have lower serum TG concentrations, whether receiving ME treatment
or not, which may be explained by elevated hepatic TG accumulation because of HFD feeding that
enhances fatty acid uptake into the liver [28]. H&E-stained images of the liver have revealed higher
lipid accumulation in obese mice. Nevertheless, in this study, the hepatoprotective effect was scarcely
noticeable in the low-dose ME treatment but was more apparent in the high-dose ME-treated obese
mice, with a significantly lower liver weight and decreased lipid droplet accumulation compared to
the vehicle-treated obese mice. Meng et al. established an alcohol-induced liver injury mice model,
and both 400 and 800 mg/kg doses of ME fruit bodies demonstrated comparable efficacy in alleviating
serum markers of hepatocellular damage, while the 200 mg/kg dose had no significant effect, which
is consistent with the findings of the present study. The lack of dose-dependency in ME treatment
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may be attributed to the common characteristic of natural product, in which nutritional components
and bioactive ingredients possess beneficial effects by modulating various signaling pathways rather
than targeting a specific mechanism [29].

Although the mice in this study exhibited weight gain and visceral fat with aberrant metabolic
parameters, ME treatment significantly improved sperm motility and the percentage of normal
morphology. The process of spermatozoa production was also analyzed. Because the spermatogenic
cycle in mice is normally approximately 35 days [30], 8 weeks of supplementation should be enough
to correct obesity-derived abnormal spermatozoa production and indeed improve spermatogenesis,
with better arranged sperm cells and fewer vacuoles found in ME-treated mice. Besides, the serum
testosterone level was notably reduced in obese mice and restored following ME treatment. Igbal
reported that the use of ME extract helps restore testis and epididymal morphology, as well as
testosterone production in cadmium-induced male rats, and inferred a promoting effect of ME on
hypothalamic-pituitary—gonadal (HPG) axis [22]. The HPG axis, which comprises of GnRH, FSH,
and LH, regulates production of testosterone and sperm. FSH affects Sertoli cells, which in turn
control germ cell survival, and LH stimulates testosterone synthesis in Leydig cells [31]. FSH and
testosterone could inhibit proliferation—apoptosis blocks during spermatogenesis and help
spermatogonia differentiate into spermatozoa, as well as the maintenance of the blood-testis barrier
integrity [32]. In this study, both doses of ME had a slightly increasing trend in FSH level in the obese
mice that had no significance compared with lean and obese mice but exhibited an attenuated
obesity-induced reduced LH level.

Various lines of evidence suggest that oxidative stress is one of the most important factors
responsible for male infertility [33,34]. Wu et al. reviewed and reported the antioxidant properties of
ME, including scavenging free radicals, increasing the activities of antioxidant enzymes, and
decreasing the formation of lipid peroxidation [35]. Similarly, ME-treated obese mice in this study
had elevated activities of SOD, CAT, and GPx with reduced MDA content. Bioactive compounds of
ME, including phenolic compounds, polysaccharides, organic acids and tocopherols, have been
reported strong antioxidant properties based on in vivo and in vitro studies [18]. Besides, Tian et al.
suggested that the polysaccharides play a key role in the antioxidant ability of ME [36], and are
abundantly present in the ME powder (11.5%). Inflammation-, apoptosis-, and autophagy-mediated
factors were also analyzed to enhance discussions of male infertility [14,15,37]. The anti-inflammatory
effects of ME observed in other animal disease models [29,38] were linked to the NF-kB signaling,
and the protein expression of p50 subunit and IL-6 in this study as lowering t. Rehman et al.
demonstrated that ME-derived polysaccharide downregulated the TLR4 signaling pathway and
inactivated NF-kB and proinflammatory cytokines, and restore intestine integrity damaged by HFD-
induced obesity [39]. In addition, ME may exert anti-inflammatory effects by regulating the
arachidonic acid metabolic pathway (upstream of NF-kB), prostaglandin endoperoxide synthetase
activity and prostaglandin biosynthesis (downstream of NF-kB), as shown in a molecular docking
and network pharmacology study [20].

Oxidative stress due to ROS accumulation triggers apoptosis and autophagy in germ cells [40],
as supported by an increased Bax/Bcl-xl ratio and elevated expression of caspases in obese mice.
However, unlike other studies [41,42], obese mice in this study had higher protein expression of
Beclin 1, P62, and LC3B-II. Beclin 1 and LC3 are general markers indicating activation of autophagy,
while P62 indicates the inhibition of autophagy, revealing inconsistent signs of autophagy. ME
treatment significantly lowered cleaved caspase 9 and Beclin 1 expression but had no significant
effects on other markers involved in apoptosis and autophagy, and high-dose ME exhibited minor
improvements compared to low-dose ME. Jeong et al. stated that, despite having inconspicuous
impacts on apoptosis and autophagy, caspase 9 is not only the upstream mediator of apoptosis but
also a mediator of autophagy [43].

Furthermore, the markers analyzed in this study are principal but not comprehensive, such as
the lack of detection of DNA fragmentation as the late stage of apoptosis, monitoring of
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inflammation, apoptosis, and autophagy in the testis via immunofluorescence or
immunohistochemistry.

5. Conclusions

In summary, ME could be a potential therapeutic option for obesity-induced reproductive
impairments since it restores sperm quality and hormone levels, and high-dose exerts better impacts.
The possible mechanism of ME action may involve the modulation of imbalance redox status and
inflammation. Future research could focus on the anti-oxidant and anti-inflammatory related
pathways of ME.

Author Contributions: C.-Y.L. conceived this study, wrote the original draft, and acquired the funding. C.-
W.T. participated in the study design and writing, reviewing and editing. C.-C.C.,, L.-H.C.,, and B.-H.Y.
participated in the coordination of the research material and helped draft the manuscript. T.-C.C. participated
in statistical analysis and interpretation. All authors have read and agreed to the published version of the

manuscript.
Funding: Grape King Bio Ltd., Taoyuan County, Taiwan, funded this research.

Institutional Review Board Statement: The animal experiment followed the regulations of the Laboratory
Animal Center, National Defense Medical Center (Taipei, Taiwan; IACUC number: IACUC-19-341).

Data Availability Statement: All data are reported in the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Collaborators, T.G.O. Health Effects of Overweight and Obesity in 195 Countries over 25 Years. New
England Journal of Medicine 2017, 377, 13-27. https://doi.org/10.1056/NEJMoal614362.

2. Koliaki, C.; Dalamaga, M.; Liatis, S. Update on the Obesity Epidemic: After the Sudden Rise, Is the Upward
Trajectory Beginning to Flatten? Curr Obes Rep 2023, 12, 514-527. https://doi.org/10.1007/s13679-023-00527-
y.

3. Bai, R; Wu, W,; Dong, W,; Liu, J.; Yang, L.; Lyu, ]J. Forecasting the Populations of Overweight and Obese
Chinese Adults. Diabetes Metab Syndr Obes 2020, 13, 4849-4857. https://doi.org/10.2147/dmso0.5274110.

4. Jung, Y.S; Kim, Y.E.; Go, D.S.; Yoon, S.]. Projecting the prevalence of obesity in South Korea through 2040:
a microsimulation modelling approach. BM] Open 2020, 10, e037629. https://doi.org/10.1136/bmjopen-2020-
037629.

5. Wong, T.J; Yu, T. Trends in the distribution of body mass index, waist circumference and prevalence of
obesity among Taiwanese adults, 1993-2016. PLoS One 2022, 17, e0274134.
https://doi.org/10.1371/journal.pone.0274134.

6. Fruh, SM. Obesity: Risk factors, complications, and strategies for sustainable long-term weight
management. ] Am Assoc Nurse Pract 2017, 29, S3-s14. https://doi.org/10.1002/2327-6924.12510.

7. Ma, J.; Wu, L.; Zhou, Y.; Zhang, H.; Xiong, C.; Peng, Z.; Bao, W.; Meng, T.; Liu, Y. Association between BMI
and semen quality: an observational study of 3966 sperm donors. Human Reproduction 2018, 34, 155-162.
https://doi.org/10.1093/humrep/dey328.

8.  Ameratunga, D.; Gebeh, A.; Amoako, A. Obesity and male infertility. Best Practice & Research Clinical
Obstetrics & Gynaecology 2023, 90, 102393. https://doi.org/https://doi.org/10.1016/j.bpobgyn.2023.102393.

9.  Campbell, ].M.; Lane, M.; Owens, J.A.; Bakos, H.W. Paternal obesity negatively affects male fertility and
assisted reproduction outcomes: a systematic review and meta-analysis. Reprod Biomed Online 2015, 31, 593-

604. https://doi.org/10.1016/j.rbmo.2015.07.012.


https://doi.org/10.20944/preprints202504.0798.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 April 2025 d0i:10.20944/preprints202504.0798.v1

13 of 15

10. Venigalla, G.; Ila, V.; Dornbush, J.; Bernstein, A.; Loloi, J.; Pozzi, E.; Miller, D.; Ramasamy, R. Male obesity:
Associated effects on fertility and the outcomes of offspring. Andrology 2025, 13, 64-71.
https://doi.org/https://doi.org/10.1111/andr.13552.

11. Raad, G.; Hazzouri, M.; Bottini, S.; Trabucchi, M.; Azoury, J.; Grandjean, V. Paternal obesity: how bad is it
for sperm quality and progeny health? Basic Clin Androl 2017, 27, 20. https://doi.org/10.1186/s12610-017-
0064-9.

12. Leisegang, K.; Sengupta, P.; Agarwal, A.; Henkel, R. Obesity and male infertility: Mechanisms and
management. Andrologia 2021, 53, €13617. https://doi.org/10.1111/and.13617.

13. Barbagallo, F.; Condorelli, R.A.; Mongioi, L.M.; Cannarella, R.; Cimino, L.; Magagnini, M.C.; Crafa, A.; La
Vignera, S.; Calogero, A.E. Molecular Mechanisms Underlying the Relationship between Obesity and Male
Infertility. Metabolites 2021, 11. https://doi.org/10.3390/metabo11120840.

14. Zhu, Y; Yin, Q.; Wei, D.; Yang, Z.; Du, Y.; Ma, Y. Autophagy in male reproduction. Syst Biol Reprod Med
2019, 65, 265-272. https://doi.org/10.1080/19396368.2019.1606361.

15. Ojo, O.A,; Nwafor-Ezeh, P.I; Rotimi, D.E.; Iyobhebhe, M.; Ogunlakin, A.D.; Ojo, A.B. Apoptosis,
inflammation, and oxidative stress in infertility: A mini review. Toxicology Reports 2023, 10, 448-462.
https://doi.org/https://doi.org/10.1016/j.toxrep.2023.04.006.

16. Hong, Y.; Boiti, A.; Vallone, D.; Foulkes, N.S. Reactive Oxygen Species Signaling and Oxidative Stress:
Transcriptional Regulation and Evolution. Antioxidants 2024, 13, 312.
https://doi.org/10.3390/antiox13030312.

17. Du, X.H.; Zhao, Q.; Yang, Z.L. A review on research advances, issues, and perspectives of morels. Mycology
2015, 6, 78-85. https://doi.org/10.1080/21501203.2015.1016561.

18. Ajmal, M.; Akram, A.; Ara, A,; Akhund, S.; Nayyar, B.G. Morchella Esculenta: An edible and health
beneficial mushroom. 2015, 25, 71-78.

19. Sunil, C; Xu, B. Mycochemical profile and health-promoting effects of morel mushroom Morchella
esculenta (L.) - A review. Food Research International 2022, 159, 111571.
https://doi.org/https://doi.org/10.1016/j.foodres.2022.111571.

20. Xiaoying, M.; Zhiming, H.; Tao, Y.; Jun, X,; Ying, Z.; Na, G.; Xun, C.; Guoli, L.; Hong, W. Elucidating the
molecular mechanisms underlying anti-inflammatory effects of Morchella esculenta in the arachidonic acid
metabolic pathway by network pharmacology and molecular docking. Sci Rep 2023, 13, 15881.
https://doi.org/10.1038/s41598-023-42658-1.

21. Li Y,; Chen, H.; Zhang, X. Cultivation, nutritional value, bioactive compounds of morels, and their health
benefits: A systematic review. Frontiers in Nutrition 2023, 10. https://doi.org/10.3389/fnut.2023.1159029.

22. Igbal, T; Jahan, S.; Ain, Q.U.; Ullah, H.; Li, C.; Chen, L.; Zhou, X. Ameliorative effects of morel mushroom
(Morchella esculenta) against Cadmium-induced reproductive toxicity in adult male rats. Braz | Biol 2021,
82, €250865. https://doi.org/10.1590/1519-6984.250865.

23. Li, I.C; Chiang, L.H.; Wu, S.Y.; Shih, Y.C,; Chen, C.C. Nutrition Profile and Animal-Tested Safety of
Morchella esculenta Mycelia Produced by Fermentation in Bioreactors. Foods 2022, 11.
https://doi.org/10.3390/foods11101385.

24. DuBois, M.; Gilles, K.A.; Hamilton, ].K.; Rebers, P.A.; Smith, F. Colorimetric Method for Determination of
Sugars and Related Substances. Analytical Chemistry 1956, 28, 350-356. https://doi.org/10.1021/ac60111a017.

25. Matthews, D.R.; Hosker, ].P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis model
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin

concentrations in man. Diabetologia 1985, 28, 412-419. https://doi.org/10.1007/bf00280883.


https://doi.org/10.20944/preprints202504.0798.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 April 2025 d0i:10.20944/preprints202504.0798.v1

14 of 15

26. Yi, X,; Cai, X.; Wang, S.; Xiao, Y. Mechanisms of impaired pancreatic ﬁlcell function in highlfat dietlinduced
obese mice: The role of endoplasmic reticulum stress. Mol Med Rep 2020, 21, 2041-2050.
https://doi.org/10.3892/mmr.2020.11013.

27. Rehman, A.U,; Siddiqui, N.Z.; Farooqui, N.A.; Alam, G.; Gul, A.; Ahmad, B.; Asim, M.; Khan, A.L; Xin, Y,;
Zexu, W.; et al. Morchella esculenta mushroom polysaccharide attenuates diabetes and modulates
intestinal permeability and gut microbiota in a type 2 diabetic mice model. Frontiers in Nutrition 2022, 9.
https://doi.org/10.3389/fnut.2022.984695.

28. Kim, S; Sohn, I; Ahn, J.-I; Lee, K.-H.; Lee, Y.S.; Lee, Y.S. Hepatic gene expression profiles in a long-term
high-fat diet-induced obesity mouse model. Gene 2004, 340, 99-109.
https://doi.org/https://doi.org/10.1016/j.gene.2004.06.015.

29. Meng, B,; Zhang, Y.; Wang, Z.; Ding, Q.; Song, J.; Wang, D. Hepatoprotective Effects of Morchella esculenta
against Alcohol-Induced Acute Liver Injury in the C57BL/6 Mouse Related to Nrf-2 and NF-kB Signaling.
Oxid Med Cell Longev 2019, 2019, 6029876. https://doi.org/10.1155/2019/6029876.

30. Oakberg, E.F. Duration of spermatogenesis in the mouse and timing of stages of the cycle of the
seminiferous epithelium. American Journal of  Anatomy 1956, 99, 507-516.
https://doi.org/https://doi.org/10.1002/aja.1000990307.

31. Li L;Lin, W.; Wang, Z.; Huang, R.; Xia, H.; Li, Z.; Deng, ].; Ye, T.; Huang, Y.; Yang, Y. Hormone Regulation
in Testicular Development and Function. Inf ] Mol Sci 2024, 25. https://doi.org/10.3390/ijms25115805.

32. Cannarella, R.; Curto, R.; Condorelli, R.A.; Lundy, S.D.; La Vignera, S.; Calogero, A.E. Molecular insights
into Sertoli cell function: how do metabolic disorders in childhood and adolescence affect spermatogonial
fate? Nature Communications 2024, 15, 5582. https://doi.org/10.1038/s41467-024-49765-1.

33. Du, C; Yu, Y,; Fan, X. Analysis of research trends (2014-2023) on oxidative stress and male fertility based
on  bibliometrics and  knowledge graphs.  Frontiers in  Endocrinology — 2024,  15.
https://doi.org/10.3389/fend0.2024.1326402.

34. Pavuluri, H.; Bakhtiary, Z.; Panner Selvam, M.K.; Hellstrom, W.J.G. Oxidative Stress-Associated Male
Infertility: Current Diagnostic and Therapeutic Approaches. Medicina (Kaunas) 2024, 60.
https://doi.org/10.3390/medicina60061008.

35. Wu, H.; Chen, J,; Lj, J.; Liu, Y.; Park, H.J.; Yang, L. Recent Advances on Bioactive Ingredients of Morchella
esculenta. Appl Biochem Biotechnol 2021, 193, 4197-4213. https://doi.org/10.1007/s12010-021-03670-1.

36. Tian,].; Zhang, Z.; Shang, Y.; Zheng, Y. Extraction, structure and antioxidant activity of the polysaccharides
from morels (Morchella spp.): A review. International Journal of Biological Macromolecules 2024, 264, 130656.
https://doi.org/https://doi.org/10.1016/j.ijpiomac.2024.130656.

37. Badshah, S.L.;Riaz, A.; Muhammad, A.; Tel Cayan, G.; Cayan, F.; Emin Duru, M.; Ahmad, N.; Emwas, A.H,;
Jaremko, M. Isolation, Characterization, and Medicinal Potential of Polysaccharides of Morchella esculenta.
Molecules 2021, 26. https://doi.org/10.3390/molecules26051459.

38. Chen, S; Wang, M.; Veeraperumal, S; Teng, B.; Li, R; Qian, Z.; Chen, J.; Zhong, S.; Cheong, K.L.
Antioxidative and Protective Effect of Morchella esculenta against Dextran Sulfate Sodium-Induced
Alterations in Liver. Foods 2023, 12. https://doi.org/10.3390/foods12051115.

39. Rehman, A.U.; Khan, AL; Xin, Y.; Liang, W. Morchella esculenta polysaccharide attenuate obesity,
inflammation and modulate gut microbiota. AMB Express 2022, 12, 114. https://doi.org/10.1186/s13568-022-
01451-5.

40. Sharma, P.; Kaushal, N.; Saleth, L.R.; Ghavami, S.; Dhingra, S.; Kaur, P. Oxidative stress-induced apoptosis
and autophagy: Balancing the contrary forces in spermatogenesis. Biochimica et Biophysica Acta (BBA) -

Molecular Basis of Disease 2023, 1869, 166742. https://doi.org/https://doi.org/10.1016/j.bbadis.2023.166742.


https://doi.org/10.20944/preprints202504.0798.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 April 2025 d0i:10.20944/preprints202504.0798.v1

15 of 15

41. Mu, Y,; Yan, W.,; Yin, T.-1; Zhang, Y.; Li, J.; Yang, J. Diet-induced obesity impairs spermatogenesis: a
potential role for autophagy. Scientific Reports 2017, 7, 43475. https://doi.org/10.1038/srep43475.

42. Huo, L.;Su, Y.; Xu, G.; Zhai, L.; Zhao, J. Sulforaphane Protects the Male Reproductive System of Mice from
Obesity-Induced Damage: Involvement of Oxidative Stress and Autophagy. Int ] Environ Res Public Health
2019, 16. https://doi.org/10.3390/ijerph16193759.

43. Jeong, H.S; Choi, HY,; Lee, E.R,; Kim, J.H,; Jeon, K; Lee, H.J.; Cho, S.G. Involvement of caspase-9 in
autophagy-mediated cell survival pathway. Biochim Biophys Acta 2011, 1813, 80-90.
https://doi.org/10.1016/j.bbamcr.2010.09.016.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.


https://doi.org/10.20944/preprints202504.0798.v1

