
O R I G I N A L  R E S E A R C H

Association Between Body Mass Index and Male 
Sperm Apoptosis and Apoptosis-Related Factors

This article was published in the following Dove Press journal: 
Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy

Guangli Zhu 
Yuting Zhang 
Jianjun Dong 
Yilin Liu 
Fang Zhao 
Ting Li 
Zhanrong Shi 
Yanping Zhang 
Na Song 
Wenyue Song 
Yuzhen Lv

Reproductive Medicine Center, Jiaozuo 
Women and Children’s Hospital, Jiaozuo, 
Henan Province, People’s Republic of 
China 

Background: Although obesity may affect reproductive functions, the molecular mechan-
isms of apoptosis-related biomarkers remain uncertain.
Objective: To examine the effects of body mass index on sperm quality and apoptosis- 
related factors in seminal plasma of men.
Methods: Data for 54 subfertile men were collected at our reproductive medical center. The 
men were divided into normal weight, overweight, and obese groups based on their body 
mass index (BMI). Sperm DNA fragmentation (sperm chromatin structure analysis), sperm 
apoptosis (annexin V), and sperm apoptosis-related factors (antibody array assay) were 
assessed and their relationships with BMI were analyzed.
Results: BMI was not significantly related to age, duration of infertility, duration of sexual 
abstinence, semen volume, sperm concentration, or rate of normal sperm morphology (p > 
0.05). However, progressive sperm motility was significantly reduced and the rates of sperm 
DNA fragmentation index (DFI) and sperm apoptosis were significantly increased in over-
weight and obese men compared with men with normal BMI. Fas/Fasl, Bcl-2/Bax, caspase-3, 
caspase-8, p53, and p21 were all upregulated in the overweight and obese groups. Protein 
function annotation by Gene Ontology analysis and Kyoto Encyclopedia of Genes and 
Genomes pathway analysis revealed that apoptosis-related factors were enriched in 
a network associated with activation of apoptotic signaling pathways, such as apoptosis 
and p53 signaling.
Conclusion: These data suggest that increased BMI is associated with increased sperm 
apoptosis and sperm DNA damage, as well as accelerated expression of apoptosis-related 
factors via the activation of apoptotic signaling pathways.
Keywords: BMI, obesity, semen quality, sperm DNA, apoptosis-related factors, biomarker

Introduction
Overweight and obesity have become major public health concerns worldwide as 
a result of changes in current lifestyles, with alarming increases in the numbers of 
overweight and obese individuals in developed countries.1,2 Increased body weight 
has been associated with multiple inter-related disorders, including hypertension, 
cardiovascular disease, type 2 diabetes, and other metabolic syndromes.3,4 Obesity 
may also affect reproductive functions. For example, previous studies reported an 
association between body weight and various standard semen-analysis parameters, 
although these findings have been inconsistent.5,6 There is limited information to 
date on the effect of body weight on the integrity of sperm DNA and apoptosis.7

Levels of inflammatory cytokines in seminal plasma are known to be altered in 
overweight and obese men. Specifically, obesity has been associated with elevated 
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levels of inflammatory adipocytokines, such as interleukin 
6 (IL-6) and tumor necrosis factor alpha (TNF-α), which 
can cause sperm cell apoptosis. However, the exact role of 
altered apoptosis-related protein expression in male repro-
ductive potential remains unknown. In addition, sperma-
togenesis may be affected by upstream and/or downstream 
changes in seminal plasma in obese males. Based on these 
facts, we aimed to explore the relationships between sperm 
apoptosis and sperm DNA damage and apoptotic signaling 
pathways in obese men.

Methods
Study Population
Males ranging in age from 22 to 40 years who presented for 
evaluation at the Reproductive Center of Jiaozuo Women 
and Children’s Hospital over the period between July and 
December of 2019 were matched as based on their subfertile 
status. Three groups of males (normal weight, overweight 
and obese) based upon BMI levels were compared in this 
study.8,9 All participants were asked to provide detailed 
information on occupation, medical and reproductive history 
and lifestyle. Inclusion criteria is the age from 22 to 40 
years, the BMI≥18.5 and they had normal sexual life without 
contraception and had not given birth for at least 1 year. 
Exclusion criteria included regular alcohol drinkers, heavy 
smokers, chronic diseases, azoospermia and any other dis-
eases which might lead to dysspermia. The study was 
approved by the Institutional Ethical Committee of Jiaozuo 
Women and Children’s Hospital. The study was in compli-
ance with the Declaration of Helsinki for clinical research. 
All participants provided written informed consent before 
participating in the study.

Sample Collection
Semen specimens were collected by masturbation after a -
2–7 day period of sexual abstinence and were maintained 
to liquefy at 37°C for 30 min. After liquefaction, semen 
volume was measured by weighing the sample, while 
sperm concentration, total motility and progressive sperm 
motility were analyzed using a computer-aided sperm 
analysis (CASA) system (WLJY-9000; Sperm color ana-
lysis system, Beijing, China).10

Determination of Morphology
A minimum of 200 motile spermatozoa per sample were 
obtained for evaluation and determination of percent of 
normal spermatozoa.

Determination of Sperm DNA 
Fragmentation
Sperm chromatin structure analysis (SCSA) and flow cyto-
metry were used to detect the sperm DNA fragmentation 
(SDF). After acid treatment of semen, the resultant struc-
tural damage would enable the double-stranded sperm 
DNA to unwind. BD flow cytometry was then used to 
detect the fluorescent signal, with the degree of red fluor-
escence providing an index of the degree of sperm 
damage. The DNA fragmentation index (DFI) value was 
then calculated with use of CASA-WLJW-9000 according 
to the following formula: DFI value of single sperm = red/ 
(red + green) *100%. This value represented the ratio of 
denatured sperm DNA/total DNA.11

Determination of Sperm Apoptosis
Sperm suspensions (1 × 106 cells/mL) were incubated at 
room temperature for 15 min in the dark within an appro-
priate binding buffer containing 1 μL annexin V (green), 1 
μL propidium iodide (PI) (red) and 1 μL of cell-permeable 
DNA stain Hoechst 33,342 (blue). The PI dye was 
impermeable to live cells. With this procedure, subpopula-
tions of spermatozoa could be identified such that, annexin 
V(−)/PI(−) indicated live intact sperm, annexin V(+)/PI(−) 
- early apoptotic cells and annexin V(+/−)/PI(+) - necrotic 
cells. The percent of early apoptotic cells were determined. 
At least 200 spermatozoa were evaluated within each 
slide, as achieved with use of an appropriate filter.

Antibody Array Assay
With this assay it was possible to simultaneously detect 43 
separate cytokines. According to the internal positive con-
trols provided by the RayBiotech analysis tool, signal 
values were read and normalized.

Statistical Analysis
All data analyses were performed using SPSS 21.0 software 
(SPSS Inc., Chicago, IL, USA). Data are presented as mean 
± standard deviation (SD). A one-way ANOVA followed by 
the Newman-Keuls post hoc test were used to analyze 
differences among the groups. A P-value <0.05 was 
required for results to be considered statistically significant.

Results
Table 1 contains a summary of the characteristics and 
semen quality parameters of the 54 men recruited for this 
study. The data from these participants were allocated into 
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one of the three groups as based upon their BMI levels as 
described above. Our results revealed that BMI did not 
show any significant relationship as related to age of the 
participants, infertility time, time of sexual abstinence, 
sperm volume, sperm concentration and rate of normal 
morphology (p > 0.05). However, sperm progressive moti-
lity, sperm DFI and sperm apoptosis were all found to be 
altered as a function of increased BMI values (p < 0.05).

Representative images of sperm DFI and sperm apop-
tosis are shown in Figures 1 and 2, respectively.

Expression Characteristics of apoptosis-related factors 
in seminal plasma of men, Figure 3A contains a map of the 
apoptosis-related antibody array G series I including the 
43 cytokines detected. Figure 3B, the array distribution of 
positive correlation between fluorescent intensities and 
expression levels, further revealing the variations of these 
proteins as observed in the three BMI groups.

Altered Apoptosis-Related Factor Levels 
in the Overweight versus Normal Weight 
Group
The parameter used for evaluating statistical signifi-
cance involved that of determining the fold change. 
For this analysis, results included (log2) fold changes 
for each protein and for each individual contrast. 
Differentially expressed proteins (DEPs) were defined 
as those demonstrating a fold change of <0.83 or >1.2 
(absolute logFC >0.263). Based on this analysis, we 
found that cytoC, IGFBP-4, Fas, IGFBP-3, DR6, bcl-2, 
IGFBP-2, TRAILR-2, HTRA, bad, caspase-8, CD40L, 
Caspase-3, SMAC, BID, FasL, BIM, bcl-w, CD40, 
TRAILR-1, XIAP, Survivin, HSP60, IGFBP-6, cIAP- 
2, IGFBP-1, IGFBP-5, IGF-I, IGF-II, sTNF-R1, bax, 
HSP27, p27, p53, TNF-β, HSP70, IGF-1sR, livin, 

Table 1 Characteristics of the Study Population by Body Mass Index (N=54)

Group (N) 18.5≤BMI<24 (16) 24≤BMI<28 (17) BMI≥28 (21) P value

Age (yr) 29.38±3.57 30.29±5.43 32.38±5.26 0.164
Infertility time (yr) 2.69±1.08 2.06±0.90 3.52±3.14 0.111

Abstinence time (days) 4.44±1.03 4.88±1.93 5.00±1.79 0.576

Semen vol (mL) 3.06±1.19 2.49±1.03 3.06±0.79 0.156
Sperm conc (× 106/mL) 36.50±19.62 42.17±35.65 52.08±36.32 0.332

Progressive motility (%) 48.92±15.71 42.36±16.00 32.75±14.80* 0.009

Normal morphology (%) 2.06±1.69 2.65±2.13 3.00±2.07 0.372
Sperm DFI (%) 12.49±7.28 12.89±9.48** 30.97±18.10* <0.001

Sperm apoptosis (%) 2.98±2.01 6.02±4.82** 9.35±5.72* 0.001

Notes: *Significant difference was found compared with 18.5≤BMI<24. **Significant difference was found compared with BMI≥28.

Figure 1 Sperm DFI as determined using flow cytometry and assessed with use of a sperm chromatin structure assay (SCSA). Three different levels of sperm DNA 
fragmentation rate are shown.
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sTNF-R2, TNF-α, TRAILR-4, TRAILR-3 and p21 
were all significantly upregulated in the overweight 
group as compared with that in normal weight group 

(Figure 4A and B, P < 0.05). In contrast, none of these 
proteins was significantly downregulated in the over-
weight group (P>0.05).

Figure 3 Antibody array profiles and expression levels of apoptosis-related factors. (A) A Map of mouse inflammation antibody array G series I including 43 cytokines. (B) 
The levels of cytokines are proportional to their fluorescent intensities.

Figure 2 Sperm apoptosis as determined using flow cytometry. (A and B) Lower levels of apoptosis (2.82% and 3.02%, respectively). (C) Higher levels of apoptosis 
(17.46%).
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In order to better understand the role of apoptosis- 
related factors in seminal plasma as related to body mass 
index, protein function annotation gene ontology (GO) and 
the KEGG pathway were analyzed with the use of the 
R package “clusterProfiler.” GO analysis included three 
subtypes: BP (biological process, Figure 4C), MF (mole-
cular function, Figure 4E) and CC (cellular component, 
Figure 4D). KEGG involved a systematic analysis of 

protein functions, linking genomic information with 
higher-order functional information (Figure 4F). When 
comparing apoptosis-related factors between the over-
weight and normal weight group, we found that those of 
the overweight group were enriched in a network asso-
ciated with activation of apoptosis-related pathways such 
as cytokine-cytokine receptor interaction and the p53 sig-
naling pathway.

Figure 4 Protein function annotation GO and KEGG pathway analysis in the overweight versus normal weight group. (A) DEPs. (B) Scatter plot of apoptosis-related factors 
with red indicating upregulation, blue downregulation and gray no difference. (C) Biological process (D) Cellular component and (E) Molecular function. (F) KEGG analysis 
of protein functions, linking genomic information with higher-order functional information.
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Altered Apoptosis-Related Factor Levels in 
the Obesity versus Normal Weight Group
As shown in Figure 5A, livin was significantly downregulated 
in the obesity as compared with the normal weight group 
(Figure 5B, P<0.05). In contrast, CD40, TRAILR-2, CD40L, 
SMAC, bad, sTNF-R2, IGFBP-3, IGFBP-4, Fas, Caspase-3, 
IGFBP-2, TNF-β, FasL, BID, DR6, HSP60, cytoC, BIM, bcl- 
w, HTRA, bcl-2, p53, TRAILR-1, XIAP, HSP70, HSP27, bax, 
p27, caspase-8, cIAP-2, TRAILR-3, TNF-α, IGF-1sR, IGF-II, 

IGF-I, IGFBP-6, TRAILR-4, Survivin, sTNF-R1, IGFBP-5, 
IGFBP-1 and p21 were all significantly upregulated in the 
obesity group (P < 0.05). Protein function annotation GO 
(Figure 5C–E) and KEGG pathway (Figure 5F) results 
showed that apoptosis-related factors within both the obesity 
and normal weight groups were enriched in a network asso-
ciated with activation of apoptosis-related pathways, for exam-
ple, cytokine-cytokine receptor interactions, the p53 signaling 
pathway, necroptosis and apoptosis.

Figure 5 Protein function annotation GO and KEGG pathway analysis in the obesity versus normal weight group. (A) DEPs. (B) Scatter plot of apoptosis-related factors 
with red indicating upregulation, blue downregulation and gray no difference. (C) Biological process. (D) Cellular component and (E) Molecular function. (F) KEGG analysis 
of protein functions, linking genomic information with higher-order functional information.
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Discussion
This study evaluated the associations between BMI and multi-
ple parameters of male semen quality in a fertility clinic in 
China. The results suggested that progressive sperm motility 
was decreased in obese men compared with men with a normal 
BMI, with no significant difference between overweight and 
obese men. This was in accord with the results of other studies 
that found a significant reduction in total and/or progressive 
sperm motility in parallel with increases in BMI.5,6,12 

Furthermore, the percent of sperm DNA fragmentation index 
and sperm apoptosis (early apoptotic spermatozoa) were both 
significantly increased in overweight and obese men, consis-
tent with previous studies reporting increased sperm DNA 
fragmentation in obese patients.5,13,14 In contrast, some pre-
vious studies found that obesity had little or no influence on 
either sperm apoptosis or sperm DNA integrity.15,16,19 On the 
other hand however, the current results found no significant 
relationship between BMI and sperm volume, sperm concen-
tration, or rate of normal sperm morphology. This was in 
agreement with some previous studies, which failed to demon-
strate any significant effect of BMI on semen volume,17,18 or 
on sperm concentration or morphology.13,19–21

Obesity has been closely related to male subfertility;22 

however, the molecular basis for this negative influence of 
obesity on semen quality remains unclear.23,24 In this study, we 
used a relatively novel approach involving antibody microar-
ray technology. This technique can be applied for the simulta-
neous detection of multiple proteins, and has the advantage of 
high-throughput applicability.25 We accordingly used this 
advanced antibody array detection chip technology to identify 
protein markers associated with sperm apoptosis and sperm 
damage, and showed that Fas/Fasl, Bcl-2/Bax, caspase-3, 
caspase-8, p53, p21, TNF-α, TNF-β, sTNF-R1, and sTNF- 
R2 were all significantly upregulated in line with increasing 
BMI in men. Interestingly, livin, which was upregulated in the 
overweight group, was significantly downregulated in the 
obese group. These results reveal some of the apoptosis- 
related factors that are activated in response to sperm apoptosis 
and sperm damage.

Previous clinical and animal studies have shown that obe-
sity is correlated with male subfertility.26,27 Adipokines such 
as TNF-α and IL-1, IL-6, and IL-18, which are produced by 
adipose tissue, have been reported to induce severe 
inflammation.28 The current results showed that sTNF-R2, 
TNF-β, and TNF-α were all significantly upregulated with 
increasing BMI. These findings were similar to those of pre-
vious studies that showed increased TNF-α and IL-6 levels in 

serum, testicular tissue, and seminal plasma in obese men.29,30 

Obesity is associated with a chronic inflammatory state and is 
accompanied by increased formation of reactive oxygen spe-
cies (ROS) in testicular tissue, the reproductive tract, and 
semen. ROS represent normal products involved in cellular 
metabolism; however, excessive levels can induce oxidative 
stress resulting in DNA damage in sperm and increasing stress 
within the testicular environment.31

To clarify the role of these apoptosis-related factors in 
sperm apoptosis and sperm damage, we carried out GO 
protein function annotation and KEGG pathway analyses 
using the R package. The results revealed that apoptosis- 
related factors within the overweight and obese groups 
were enriched in a network associated with the activation 
of apoptosis-related signaling pathways, such as apoptosis 
and the p53 signaling pathway.

Apoptosis is an autonomous programmed cell death pro-
cess that is stimulated under specific conditions and which is 
regulated by various genes. Apoptosis of testicular sperma-
togenic cells represents one of the main causes of male 
subfertility.32 The obese group in the current study showed 
increased rates of sperm DNA fragmentation and sperm 
apoptosis, while apoptosis-related proteins, notably Fas/ 
Fasl, Bcl-2/Bax, caspase-3, and caspase-8, were also signifi-
cantly upregulated in obese and overweight men. Another 
recent study found that a high-fat diet, which can result in 
apoptosis, was associated with increases in Bax and caspase- 
3 expression and reductions in Bcl-2 expression within the 
testis, resulting in apoptosis.33 The apoptotic pathway can 
also be initiated by caspase-8, culminating in the activation 
of caspases-3, −6, and −7.34,35 Interestingly, livin, as an 
apoptosis inhibitor, was significantly upregulated in the over-
weight group but significantly downregulated in the obese 
group. This downregulation of livin in obese men may con-
tribute to activation of the apoptotic pathway.

The p53 signaling pathway is inactivated in most 
human tumors, demonstrating its critical function as 
a tumor suppressor gene. This pathway is normally acti-
vated by cellular stress and mediates a growth-suppressive 
response involving cell cycle arrest and apoptosis. In the 
current study, apoptosis-related proteins, such as p27, p53, 
and p21, were all significantly upregulated in overweight 
and obese men. These findings indicated that DNA 
damage in adipocytes in obese individuals could trigger 
p53-dependent signals involved in the alteration of adipo-
cyte metabolism and secretory function, potentially con-
tributing to adipose tissue inflammation and eventual 
induction of apoptosis.36
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In conclusion, the results of this study indicate that 
progressive sperm motility is decreased in obese men, 
while sperm DFI and sperm apoptosis (early apoptotic 
spermatozoa) were increased in overweight and obese 
men relative to that in normal-weight men. Moreover, 
Fas/Fasl, Bcl-2/Bax, livin and p53 may all serve as sig-
nificant biomarkers in response to sperm apoptosis and 
sperm damage. Finally, activation of the signaling path-
ways of apoptosis and p53 likely play key roles in sperm 
apoptosis and sperm damage within obese men.
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