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ABSTRACT

STUDY QUESTION: Are dietary phytochemicals associated with the risk of teratozoospermia?

SUMMARY ANSWER: Dietary intake of carotene, including total carotene, a-carotene, b-carotene as well as retinol equivalent, and
lutein þ zeaxanthin, were inversely correlated with the risk of teratozoospermia.

WHAT IS KNOWN ALREADY: Phytochemicals are natural plant derived bioactive compounds, which have been reported to be po-
tentially associated with male reproductive health. To date, no study has investigated the association between phytochemical intake
and the risk of teratozoospermia.

STUDY DESIGN, SIZE, DURATION: This hospital-based case–control study, which included 146 newly diagnosed teratozoospermia
cases and 581 controls with normozoospermia from infertile couples, was conducted in a hospital-based infertility clinic in China,
from June 2020 to December 2020.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Dietary information was collected using a validated semi-quantitative 110-item
food frequency questionnaire. Unconditional logistic regression was applied to estimate odds ratios (ORs) and 95% confidence inter-
vals (CIs) for the associations between phytochemical (i.e. phytosterol, carotene, flavonoid, isoflavone, anthocyanidin, lutein þ zea-
xanthin, and resveratrol) intake and the risk of teratozoospermia.

MAIN RESULTS AND THE ROLE OF CHANCE: We observed a decreased risk of teratozoospermia for the highest compared with the
lowest tertile consumption of total carotene (OR¼ 0.40, 95% CI¼ 0.21–0.77), a-carotene (OR¼ 0.53, 95% CI¼ 0.30–0.93), b-carotene
(OR¼ 0.47, 95% CI¼ 0.25–0.88), retinol equivalent (OR¼ 0.47, 95% CI¼ 0.24–0.90), and lutein þ zeaxanthin (OR¼ 0.35, 95% CI¼ 0.19–
0.66), with all of the associations showing evident linear trends (all P trend <0.05). In addition, significant dose–response associations
were observed between campestanol and a-carotene consumption and the risk of teratozoospermia. Moreover, there was a signifi-
cant multiplicative interaction between BMI and lutein þ zeaxanthin intake (P interaction <0.05).

LIMITATIONS, REASONS FOR CAUTION: The cases and controls were not a random sample of the entire target population, which
could lead to admission rate bias. Nevertheless, the controls were enrolled from the same infertility clinic, which could reduce the
bias caused by selection and increase the comparability. Furthermore, our study only included a Chinese population, therefore cau-
tion is required regarding generalization of our findings to other populations.

WIDER IMPLICATIONS OF THE FINDINGS: Dietary phytochemicals, namely carotene, lutein, and zeaxanthin, might exert a positive
effect on teratozoospermia. These phytochemicals are common in the daily diet and dietary supplements, and thus may provide a
preventive intervention for teratozoospermia.
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Introduction
Teratozoospermia is a common cause of male infertility, and
around 50% of male infertility involves morphological sperm
defects at some level (Inhorn and Patrizio, 2015; Datta et al., 2016;
Tüttelmann et al., 2018). Teratozoospermia is defined as the per-
centage of normal sperm below the lower limit of the reference
value (<4% normal morphology) according to the World Health
Organization (WHO) (World Health Organization, 2010). Available
evidence has shown that the etiology of teratozoospermia is asso-
ciated with varicoceles, harmful environmental factors, infection
in the reproductive organs, and genetic heterogeneity (Coutton
et al., 2015; Beurois et al., 2020; Jiao et al., 2021; Fan et al., 2022).
However, these factors are difficult to modify. Moreover, to date,
there is no clear and effective treatment for teratozoospermia.
Therefore, it is essential to seek effective interventions for the
prevention of teratozoospermia. Previous studies have shown
that diet, as a potentially modifiable factor, was correlated with
sperm morphology (Afeiche et al., 2014a,b; Yörüsün et al., 2020;
Soubry et al., 2021).

Phytochemicals are a group of naturally occurring non-
nutritive bioactive compounds, which are abundant in vegeta-
bles, fruits, whole grains, and other plant foods (Manach et al.,
2004). Although hundreds of phytochemicals have been discov-
ered, phytosterol, carotene, flavonoid, isoflavone, anthocyanidin,
lutein, zeaxanthin, and resveratrol are the main phytochemicals
in the daily diet of Chinese populations (Yang et al., 2018).
Available evidence has suggested that several phytochemicals
are associated with better sperm quality (M�ınguez-Alarcón et al.,
2012; De Cosmi et al., 2021; Talebi et al., 2022). For example, a-car-
otene intake was associated with a higher sperm concentration
(SC) and total sperm count (TSC), and b-carotene intake was
positively related to TSC (De Cosmi et al., 2021). Similarly, a cross-
sectional study from Spain showed a positive association be-
tween dietary b-carotene intake and total motile sperm count
(M�ınguez-Alarcón et al., 2012). Moreover, b-carotene intake was
associated with lower sperm DNA fragmentation index, and lu-
tein intake was positively correlated to TSC (Rahimlou et al.,
2019). In addition, these phytochemicals might affect the etiology
of teratozoospermia through several biological mechanisms, in-
cluding reducing oxidative stress as well as anti-inflammatory

and anti-apoptotic activity (el-Demerdash et al., 2004; Alahmar,

2018; Zhang et al., 2022).
Compared with SC and motility, morphological defects may be

the single most important factor reflecting the actual fertilization

capacity of sperm (Guzick et al., 2001; Oborna et al., 2009;

Skowronek et al., 2012; Hosseinzadeh Colagar et al., 2013).

Although there may be a positive association between

phytochemical consumption and sperm quality, the evidence for

an association between phytochemical intake and risk of terato-

zoospermia is inconclusive. Therefore, to fill the gap in epidemio-

logical evidence, we carried out a hospital-based case–control

study to explore the topic and provide additional evidence as a

basis for future research.

Materials and methods
Study design and population
The participants in this case–control study were enrolled from

the infertility clinic at Shengjing Hospital of China Medical

University, Shenyang, China, between June 2020 and December

2020. Briefly, 1984 men admitted to the infertility clinic were en-

rolled for the present study. After the primary infertility exami-

nations, participants were separated into two groups, on the

basis of the WHO laboratory manual for the examination and

processing of human semen (World Health Organization, 2010):

cases (n¼ 156), who were men with teratozoospermia (<4% nor-

mal morphology), and controls (n¼ 662), who were men with nor-

mozoospermia from infertile couples (�15� 106 of sperm/ml,

�32% progressive motility, �40% total motility, and �4% normal

morphology). All participants were required to complete a struc-

tured and self-administered health status questionnaire through

face-to-face interviews by trained professional personnel. We fur-

ther excluded participants with incomplete information (n¼ 70),

an implausible total caloric intake (<800 or >4200 kcal/day)

(n¼ 18), and history of varicocele (n¼ 3) (Cui et al., 2022; Liu et al.,

2022). Finally, 146 cases and 581 controls were eligible for the fi-

nal analysis (Fig. 1). The study was approved by the Institutional

Review Board of the Ethics Committee of Shengjing Hospital of

China Medical University, Shenyang, China (2017PS190K). All

WHAT DOES THIS MEAN FOR PATIENTS?
Teratozoospermia, a condition which is characterized by the majority of sperm having an abnormal structure, is a common cause
of male infertility yet, at present, there is no effective treatment. Available evidence indicates that several physiological, environ-
mental, and genetic factors may cause teratozoospermia, but these factors are difficult to modify. Therefore, the identification of
factors that could be changed is important for the prevention of teratozoospermia. Previous studies also report that diet, as a po-
tentially modifiable factor, is correlated to sperm morphology.

Phytochemicals are a group of naturally bioactive compounds that exist in multiple plant foods, and they may have effects on
sperm quality. However, based on only a few studies, current evidence for an association between dietary phytochemical intake
and risk of teratozoospermia is inconclusive. Hence, we performed a large case–control study where we compared 146 men with
teratozoospermia to 581 healthy controls with normal sperm.

Our results showed that dietary intake of phytochemicals, specifically carotene and lutein þ zeaxanthin, was linked to a de-
creased risk of teratozoospermia. These findings shed some light on the effect of phytochemicals on the development of teratozoo-
spermia. If further studies, also in non-Chinese populations, are carried out and confirm our results, the possibility may then exist
to reduce sperm abnormalities in this condition through diet.
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participants provided written informed consent prior to partici-
pation.

Semen collection and analysis
After 3–7 days abstinence, all participants were required to col-
lect semen samples into a sterilized plastic tube through mastur-
bation in a dedicated semen collection room. Condoms and
lubricants were forbidden in the process. Semen samples were
liquefied in a 37�C-water bath for 45–60 min before analysis.
Ejaculate volume was directly measured, and the semen pH was
evaluated using the standard pH test strips. SC, TSC, total motil-
ity, and the percentage of each motile grade of sperm were mea-
sured using a computer-assisted sperm analysis (CASA) system
(WLJY 9000, Beijing Weili New Century Science & Tech. Dev. Co.
Ltd, Beijing, China).

Sperm smears were stained by the Papanicolaou method
(Chantziantoniou et al., 2017). Specifically, 5–10 ml semen was
dropped on one end of the slide according to the SC, and another
slide was used to spread the sample. Two smears were prepared
for each specimen, marked with a pencil on the frosted part of
the slide, and disinfected with pasteurization immediately after
air drying. Sperm morphology was observed by bright field mi-
croscopy at 1000� magnification under oil, where the acrosome
region of the sperm head is light blue, the posterior area of the ac-
rosome is dark blue, the middle segment is red, and the tail is
blue. Two hundred intact sperm, with head and tail, were
counted to determine the percentage of normal morphological
sperm, according to the WHO laboratory manual (World Health
Organization, 2021). Each semen sample was measured twice in
succession by two trained technicians.

External quality control was conducted by experienced techni-
cians through a national quality control program on semen
analysis, which was organized by the Society of Reproductive
Medicine, Chinese Medical Association (Li et al., 2022). The test
items included SC, TSC, total motility, and sperm morphology.
We tested the control samples from the Central Laboratory for

the above characteristics and sent the average value back for
evaluation and monitoring. Overall, the median coefficients of
variation for SC, TSC, total motility, and sperm morphology were
25.6%, 18.9%, 13.3%, and 36.8%, respectively.

Data collection
General demographic characteristics, including age, education,
annual household income, smoking status, alcohol drinking, and
dietary change, were collected through the self-administered
questionnaires. Smoking was defined as smoking at least one cig-
arette per day for more than 6 months, and alcohol drinking was
defined as drinking alcohol at least once a week for more than
6 months. Dietary change described the participants who had de-
liberately changed their eating habits recently, with four possible
responses: 3 years ago, 1–2 years ago, this year, and no change.
Additionally, anthropometric parameters, including height and
weight, were measured using a standard protocol. BMI was calcu-
lated as weight in kilograms divided by height in squared meters
from these measurements. The metabolic equivalent task (MET)
of each activity was subsequently multiplied by the frequency
and duration of physical activity to calculate total physical activ-
ity in MET hours per week (MET/hours/week) (Ainsworth et al.,
2011; Du et al., 2013).

Dietary assessment
Dietary data were assessed through a validated 110-item semi-
quantitative food frequency questionnaire (FFQ) administered by
well trained and skilled personnel at baseline. The FFQ in the pre-
sent study was based on the FFQ of the northeast cohort study in
China (Cui et al., 2023), which was designed to evaluate the fre-
quency and portion size of dietary intake and supplement use
over the past 12 months. The validity and reliability of the FFQ
have been verified in our previous studies (Liu et al., 2021; Wang
et al., 2021). For most food items, the Spearman correlation coeffi-
cients and intraclass correlation coefficients for reproducibility
were above 0.5, and the correlation coefficients were 0.3–0.7

Figure 1. Flow diagram for selection of the case–control study populations in an analysis of phytochemical consumption and risk of
teratozoospermia in Chinese men.
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between the FFQ and weighed diet records (Liu et al., 2022; Cui et
al., 2023). All participants were asked to report their usual intake
frequency of each food item with seven response options: almost
never, two to three times per month, one time per week, two to
three times per week, four to six times per week, one to two times
per day, and more than two times per day. The consumption of
each food item was calculated by multiplying fitted portion sizes
(g/time) with the frequency of each food item consumed per day

(Zhang et al., 2021). Then, the nutrient intake was calculated by
multiplying the amount of each food item with its nutrient con-
tent and linking the information to the Chinese food composition
table (Yang et al., 2018), and subsequently summing nutrient con-
tributions across all food items (Hu et al., 2018). In the current
study, the following phytochemicals were analyzed: phytosterol
(including total phytosterol, campestanol, b-sitostanol, campes-
terol, stigmasterol, and b-sitosterol), carotene (including total

carotene, a-carotene, b-carotene, and retinol equivalent), flavo-
noid (including total flavonoid, quercetin, myricetin, luteolin,
kaempferol, and apigenin), isoflavone (including total isoflavone,
daidzein, glycitein, and genistein), anthocyanidin (including total
anthocyanidin, delphinidin, cyanidin, and peonidin), lutein þ ze-
axanthin, and resveratrol (including resveratrol and polydatin).

Statistical analysis
The Kolmogorov–Smirnov test was performed to evaluate
the normality of the distribution for continuous variables.
Descriptive statistics for sociodemographic, diet, and sperm char-
acteristics between the case and control groups were examined
using Student’s t test or Kruskal–Wallis test for continuous varia-
bles and Chi-square test for categorical variables. Continuous
variables were expressed as mean with standard deviation (SD)
or median with interquartile range (IQR), while categorical varia-

bles were expressed as a number with percentage. Phytochemical
intakes were categorized into tertiles based on the consumptions
of the control group, and the lowest tertile of intake served as the
reference category. We estimated odds ratios (ORs) and 95% con-
fidence intervals (CIs) for the associations of phytochemicals in-
take with risk of teratozoospermia through unconditional logistic
regression analyses. The linear trend cross increasing tertiles was
tested by using the median value of each tertile as a continuous
variable in respective logistic regression models. Moreover, we

tested the nonlinear associations between phytochemicals intake
and the risk of teratozoospermia. The nonlinear associations
were modeled by penalized cubic splines with three equally
spaced knots (5th, 50th, and 95th percentiles), which have better
estimation accuracy in nonlinear data and are not heavily af-
fected by the number and location of knots (Govindarajulu et al.,
2009).

Three incremental models were selected to assess the associa-
tions. In Model 1, we adjusted for age (<32 or �32, years) and to-

tal energy intake (continuous, kcal/day). To account for lifestyle
factors and clinical characteristics, Model 2 was further adjusted
for BMI (continuous, kg/m2), alcohol drinking (yes or no), smoking
status (yes or no), dietary change (yes or no), annual household
income (<50, 50 to <100, or � 100, thousand yuan), education (ju-
nior secondary or below, senior high school/technical secondary
school, and junior college/university or above), physical activity
(continuous, MET/hours/week), and abstinence time (continuous,
days). Considering that there may be interactions among differ-

ent types of phytochemicals, Model 3 was mutually adjusted for
different types of phytochemical intake included in the study.
Covariates for the final models were determined based on the

correlation with phytochemical, clinical significance, and previ-
ous studies (Wang et al., 2021; Cui et al., 2022; Zhao et al., 2022).

Several subgroup analyses were carried out to evaluate the ef-
fect modification according to age (<32 compared with
�32 years), BMI (<25 compared with �25 kg/m2), physical activity
(�127.57 compared with >127.57 MET/hours/week), alcohol
drinking (yes compared with no), and smoking status (yes com-
pared with no). The category of physical activity was determined
by the median of the control group. The likelihood-ratio tests
were performed to assess potential interactions between phyto-
chemical intake and these stratified variables. The residual
method and nutrient-density model are two commonly used
methods in energy adjustment, which are based on different
algorithms (Willett et al., 1997; Tomova et al., 2022). However,
there is little or no explanation regarding which approach is more
suitable (Hu et al., 1999; Ahmadi-Abhari et al., 2014). Therefore,
we implemented sensitivity analyses that adjusted energy intake
using both methods to test the robustness of primary findings.
All statistical analyses were performed using SAS software, ver-
sion 9.4 (SAS Institute, Cary, NC, USA), and two-sided P values
<0.05 were considered statistically significant.

Results
The general characteristics of cases and controls are presented
in Table 1. Cases with teratozoospermia had a significantly lower
abstinence time, SC, TSC, progressive motility, total motility,
and proportion of normal sperm morphology. Tables 2, 3, 4, and
5 and Supplementary Tables S1, S2, and S3 show the associa-
tions between phytochemical intake and risk of teratozoosper-
mia. We found the highest tertile of total carotene (OR¼ 0.40,
95% CI¼ 0.21–0.77), a-carotene (OR¼ 0.53, 95% CI¼ 0.30–0.93),
b-carotene (OR¼ 0.47, 95% CI¼ 0.25–0.88), retinol equivalent
(OR¼ 0.47, 95% CI¼ 0.24–0.90), and lutein þ zeaxanthin
(OR¼ 0.35, 95% CI¼ 0.19–0.66) intakes was significantly corre-
lated to the decreased risk of teratozoospermia, with an evident
linear trend (all P trend <0.05) (Tables 3 and 5). No significant as-
sociation was observed between other phytochemicals and the
risk of teratozoospermia. Moreover, our findings indicated that
curvilinear relationships exist between campestanol as well as
a-carotene intake and the risk of teratozoospermia (all P
non-linear <0.05), while other phytochemicals showed no signif-
icant curvilinear relationship (Supplementary Figs S1, S2, S3,
S4, S5, S6, and S7).

The associations between phytochemical intake and the risk
of teratozoospermia across different subgroups were consistent
with the primary findings except for total anthocyanidin and to-
tal isoflavone (Supplementary Figs S8 and S9). Total anthocyani-
din intake was significantly correlated to a decreased risk of
teratozoospermia in the subgroup of patients with BMI <25 kg/m2

(Supplementary Fig. S8). Moreover, total isoflavone intake was
significantly positively associated with the risk of teratozoosper-
mia in the subgroup of patients with BMI �25 kg/m2, low physical
activity, and no smoking (Supplementary Fig. S9). Of note, we
observed significant multiplicative interaction between BMI
and lutein þ zeaxanthin consumption on the risk of teratozoo-
spermia.

In the sensitivity analyses that adjusted for energy intake
with the residual method and nutrient-density method
(Supplementary Tables S4, S5, S6, S7, S8, S9, and S10), we found
that the correlation between total carotene, b-carotene, and
retinol equivalent intake and the risk of teratozoospermia
remained significant. However, no association was observed
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between a-carotene and lutein þ zeaxanthin intake and the risk

of teratozoospermia. Interestingly, after adjusting for energy in-

take with the residual method, we found total phytosterol and

b-sitosterol intakes were associated with a decreased risk of tera-

tozoospermia (Supplementary Table S4). Similarly, after adjust-

ing energy intake with the nutrient-density method, b-sitosterol,

and campestanol intakes were inversely correlated to the risk of

teratozoospermia (Supplementary Table S4).

Discussion
In this hospital-based case–control study, we first investigated

the associations between intake of a variety of phytochemicals

and the risk of teratozoospermia. We found that higher total car-

otene, a-carotene, b-carotene, retinol equivalent, as well as lutein

þ zeaxanthin consumptions were significantly associated with a

decreased risk of teratozoospermia. It was interesting to note

that we observed a significant interaction on the multiplicative

scale between BMI and lutein þ zeaxanthin intake on the risk of

teratozoospermia. Moreover, significant curvilinear associations

were observed between campestanol as well as a-carotene intake

and the risk of teratozoospermia.

Although there is a lack of literature on the association between
phytochemical intake and the risk of teratozoospermia, several
prior studies have provided data on phytochemical consumption
and sperm quality. For instance, M�ınguez-Alarcón et al. (2012) have
presented findings from 215 young university men, in which b-car-
otene was positively associated with total motile sperm count,
while null associations were observed between a-carotene as well
as lutein þ zeaxanthin and sperm quality. In addition, De Cosmi
et al. (2021) performed an investigation among 323 men in an
Italian fertility clinic, and found a high level of a-carotene intake
was positively associated with SC and TSC, and high b-carotene
consumption was inversely associated with the risk of low TSC;
however, no significant association between lutein intake
and sperm quality was observed. Furthermore, evidence from a
cross-sectional study with 175 infertile Iranian men indicated high
b-carotene intake was associated with a lower sperm DNA frag-
mentation index and high lutein intake was associated with better
TSC, whereas no significant association was found between
a-carotene and sperm quality (Rahimlou et al., 2019). Overall, these
studies indicated that high a-carotene, b-carotene, lutein, and zea-
xanthin intake might be correlated with better sperm quality, and
further investigation is warranted to further demonstrate their as-
sociation with risk of teratozoospermia.

Table 1. General characteristics of the participants in a study of phytochemical consumption and risk of teratozoospermia in Chinese
men.

Characteristics Case Control P value*

No. of participants 146 581
Age (years), median (IQR) 33.00 (29.00, 35.00) 32.00 (29.00, 34.00) 0.10
BMI (kg/m2), median (IQR) 25.95 (23.46, 29.40) 25.95 (23.36, 28.73) 0.44
Ever smoking (n, %) 78 (53.42) 307 (52.84) 0.90
Ever alcohol drinking (n, %) 58 (39.73) 250 (43.03) 0.47
Ever dietary change (n, %) 39 (26.71) 115 (19.79) 0.07
Education level (n, %) 0.35

Junior secondary or below 28 (19.18) 141 (24.27)
Senior high school/technical secondary school 25 (17.12) 82 (14.11)
Junior college/university or above 93 (63.70) 358 (61.62)

Annual family income (thousand yuan), (n, %) 0.68
<50 25 (17.12) 94 (16.18)
50 to <100 51 (34.93) 226 (38.90)
�100 70 (47.95) 261 (44.92)

Physical activity (MET/hours/week), median (IQR) 155.44 (99.40, 239.73) 127.57 (98.35, 226.67) 0.08
Abstinence time (days), median (IQR) 4.00 (3.00, 4.00) 4.00 (3.00, 5.00) <0.05
Semen parameters, median (IQR)

Ejaculate volume (ml) 3.20 (2.20, 4.00) 3.20 (2.50, 4.00) 0.21
Sperm concentration (106/ml) 54.40 (33.71, 79.84) 62.26 (42.63, 87.59) <0.05
Total sperm count (106/ml) 159.04 (93.20, 271.46) 211.18 (131.00, 297.53) <0.05
Progressive motility (%) 41.13 (36.13, 48.80) 43.06 (37.85, 50.40) <0.05
Total motility (%) 50.00 (44.54, 59.22) 53.65 (46.44, 62.23) <0.05
Normal sperm morphology (%) 2.00 (1.00, 3.00) 6.00 (4.00, 8.00) <0.05

Dietary intake, median (IQR)
Vegetables (g/day) 174.69 (121.61, 262.50) 158.63 (102.00, 243.66) 0.07
Fruits (g/day) 124.17 (56.50, 235.69) 110.90 (55.56, 207.06) 0.37
Legumes and legume products (g/day) 61.78 (40.18, 106.88) 58.57 (40.02, 130.04) 0.99
Total energy (kcal/day) 1657.24 (1374.24, 1997.89) 1683.75 (1400.51, 2048.60) 0.69
Total phytosterola (mg/day) 42.31 (30.11, 69.44) 40.98 (27.47,62.03) 0.20
Total caroteneb (mg/day) 1184.80 (778.75, 1727.56) 1036.83 (663.89, 1694.16) 0.06
Total flavonoidc (mg/day) 42.50 (24.94, 74.03) 38.93 (21.66, 65.26) 0.19
Total isoflavoned (mg/day) 11.04 (7.24, 23.67) 11.20 (7.25, 24.76) 0.80
Total anthocyanidine (mg/day) 4.40 (2.84, 7.54) 4.28 (2.51, 6.76) 0.20
Lutein þ zeaxanthin (mg/day) 801.35 (600.99, 1238.60) 677.34 (522.99, 1120.53) 0.82
Resveratrol (mg/day) 77.02 (40.67, 174.24) 76.61 (40.39, 164.73) 0.45

IQR, interquartile range; MET, metabolic equivalent task.
Continuous variables are shown as mean with SD, and categorical variables are expressed as number with percentages.

* P values were determined with Kruskal–Wallis test for continuous variables and Chi-square test for categorical variables. All statistical tests are two sided.
a Total phytosterol included campestanol, b-sitostanol, campesterol, stigmasterol, and b-sitosterol.
b Total carotene included a-carotene and b-carotene.
c Total flavonoid included quercetin, myricetin, luteolin, kaempferol, and apigenin.
d Total isoflavone included daidzein, glycitein, and genistein.
e Total anthocyanidin included delphinidin, cyanidin, and peonidin.
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Table 2. Adjusted odds ratios and 95% CIs for teratozoospermia by intake of phytosterol.

Variables Cases (N¼146) Controls (N¼581) Model 1a Model 2b Model 3c

Total phytosterol (mg/day)
T1 (<32.13) 44 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (32.13 to <52.86) 45 193 0.92 (0.57–1.49) 0.99 (0.61–1.62) 1.02 (0.61–1.71)
T3 (�52.86) 57 195 0.68 (0.40–1.15) 0.72 (0.42–1.25) 0.75 (0.36–1.53)
P for trend* 0.13 0.20 0.38

Campestanol (mg/day)
T1 (<0.23) 33 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (0.23 to <0.46) 60 193 0.54 (0.33–0.87) 0.55 (0.33–0.89) 0.53 (0.32–0.87)
T3 (�0.46) 53 195 0.59 (0.35–1.00) 0.61 (0.35–1.05) 0.53 (0.26–1.09)
P for trend* 0.23 0.29 0.23

b-Sitostanol (mg/day)
T1 (<1.47) 40 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (1.47 to <2.52) 51 193 0.75 (0.47–1.21) 0.77 (0.47–1.25) 0.77 (0.47–1.27)
T3 (� 2.52) 55 195 0.65 (0.38–1.11) 0.69 (0.40–1.20) 0.70 (0.35–1.43)
P for trend* 0.14 0.24 0.37

Campesterol (mg/day)
T1 (<3.97) 45 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (3.97 to <6.95) 50 193 0.89 (0.56–1.41) 0.94 (0.59–1.51) 1.01 (0.61–1.66)
T3 (�6.95) 51 195 0.84 (0.49–1.45) 0.93 (0.53–1.64) 1.16 (0.55–2.48)
P for trend* 0.55 0.83 0.69

Stigmasterol (mg/day)
T1 (<4.11) 40 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (4.11 to <7.07) 58 193 0.68 (0.42–1.07) 0.69 (0.43–1.11) 0.76 (0.46–1.24)
T3 (�7.07) 48 195 0.80 (0.46–1.39) 0.88 (0.50–1.55) 1.12 (0.52–2.41)
P for trend* 0.57 0.81 0.73

b-Sitosterol (mg/day)
T1 (<22.01) 41 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (22.01 to <36.95) 51 193 0.76 (0.47–1.22) 0.80 (0.50–1.30) 0.85 (0.51–1.41)
T3 (�36.95) 54 195 0.67 (0.39–1.16) 0.72 (0.41–1.27) 0.81 (0.39–1.67)
P for trend* 0.18 0.29 0.60

Ref, reference; T, tertile.
Total phytosterol is the sum of campestanol, b-sitostanol, campesterol, stigmasterol, and b-sitosterol.

a Model 1: adjusted for age (<32 or �32, years) and total energy intake (continuous, kcal/day).
b Model 2: same as Model 1 and further adjusted for BMI (continuous, kg/m2), alcohol drinking (yes or no), smoking status (yes or no), dietary change (yes or no),

household income (<50, 50 to <100, or �100, thousand yuan), education (junior secondary or below, senior high school/technical secondary school, and junior
college/university or above), physical activity (continuous, MET/hours/week), and abstinence time (continuous, days). MET: metabolic equivalent task.

c Model 3: same as Model 2 and further adjusted for total carotene (continuous, mg/day), total flavonoid (continuous, mg/day), total isoflavone (continuous,
mg/day), total anthocyanidin (continuous, mg/day), lutein þ zeaxanthin (continuous, mg/day), and resveratrol (continuous, mg/day).

* P-value for linear trend calculated from category median values.

Table 3. Adjusted odds ratios and 95% CIs for teratozoospermia by intake of carotene.

Variables Cases (N¼146) Controls (N¼581) Model 1a Model 2b Model 3c

Total carotene (mg/day)
T1 (<746.40) 32 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (746.40 to <1373.44) 55 193 0.56 (0.34–0.90) 0.55 (0.33–0.90) 0.54 (0.32–0.89)
T3 (�1373.44) 59 195 0.48 (0.28–0.81) 0.50 (0.29–0.85) 0.40 (0.21–0.77)
P for trend* <0.05 <0.05 <0.05

a-Carotene (mg/day)
T1 (<76.17) 39 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (76.17 to <121.98) 44 193 0.87 (0.54–1.41) 0.89 (0.54–1.45) 0.85 (0.52–1.40)
T3 (�121.98) 63 195 0.57 (0.35–0.92) 0.56 (0.33–0.92) 0.53 (0.30–0.93)
P for trend* <0.05 <0.05 <0.05

b-Carotene (mg/day)
T1 (<685.70) 36 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (685.70 to <1218.33) 50 193 0.68 (0.42–1.10) 0.69 (0.42–1.12) 0.67 (0.41–1.11)
T3 (�1218.33) 60 195 0.54 (0.32–0.89) 0.57 (0.34–0.96) 0.47 (0.25–0.88)
P for trend* <0.05 0.05 <0.05

Retinol equivalent (mgRE/day)
T1 (<119.08) 33 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (119.08 to <217.07) 56 193 0.56 (0.34–0.90) 0.57 (0.34–0.92) 0.56 (0.34–0.92)
T3 (�217.07) 57 195 0.52 (0.31–0.87) 0.55 (0.32–0.94) 0.47 (0.24–0.90)
P for trend* <0.05 0.09 <0.05

Ref, reference; T, tertile.
Total carotene is the sum of a-carotene and b-carotene.

a Model 1: adjusted for age (<32 or �32, years) and total energy intake (continuous, kcal/day).
b Model 2: same as Model 1 and further adjusted for BMI (continuous, kg/m2), alcohol drinking (yes or no), smoking status (yes or no), dietary change (yes or no),

household income (<50, 50 to <100, or �100, thousand yuan), education (junior secondary or below, senior high school/technical secondary school, and junior
college/university or above), physical activity (continuous, MET/hours/week), and abstinence time (continuous, days). MET: metabolic equivalent task.

c Model 3: same as Model 2 and further adjusted for total phytosterol (continuous, mg/day), total flavonoid (continuous, mg/day), total isoflavone (continuous,
mg/day), total anthocyanidin (continuous, mg/day), lutein þ zeaxanthin (continuous, mg/day), and resveratrol (continuous, mg/day).

* P-value for linear trend calculated from category median values.
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Interestingly, higher total isoflavone intake was positively
associated with the risk of teratozoospermia in some subgroup
analyses but not the main analyses. Nevertheless, owing to the
limited participants in some subgroups, we could not fully
eliminate the possibility of accidental findings. Although no
previous literature has investigated this topic, numerous stud-
ies have provided evidence on isoflavone intake and sperm
quality. For example, Xia et al. (2013) performed a case–control
study with 608 infertile men and 469 fertile men, and the
results suggested that daidzein was correlated to lower SC,
TSC, and sperm motility. A similar pattern was observed be-
tween genistein and SC, TSC, as well as sperm motility (Xia
et al., 2013). On the contrary, Povey et al. (2020) found that con-
sumption of daidzein and genistein was associated with favor-
able sperm motile count. Moreover, Chavarro et al. (2008)
assessed 99 male partners of subfertile couples, and found a
null association between dietary isoflavone consumption and
sperm quality. Given the limited evidence on isoflavone and
the risk of teratozoospermia, further studies are warranted to
validate our results.

There are several underlying biological mechanisms that
might help to explain the findings of our study. Evidence has sug-
gested that overproduction of seminal reactive oxygen species
may be directly related to the occurrence of abnormal spermato-
zoa and the incidence of teratozoospermia (Agarwal et al., 2014).
b-Carotene could inhibit the propagation of radical initiated lipid
peroxidation and reduce the production of reactive oxygen spe-
cies, which would reduce oxidative stress (el-Demerdash et al.,
2004; Schmid et al., 2012), thereby leading to an improvement of
sperm quality (Alahmar, 2018). In addition, lutein decreased
malondialdehyde and 8-hydroxydeoxyguanosine levels and in-
creased glutathione peroxidase concentration through activating
nuclear factor erythroid2-related factor 2 (Nrf2) signaling, which
improved the oxidative stress level and maintained the normal
testicular structure and sex hormone levels (Aladaileh et al.,
2019). Thus, carotene and lutein may play a protective role in
sperm morphology through reducing oxidative stress.

Another possibility is that these phytochemicals may reduce
the risk of teratozoospermia via anti-apoptosis. Previous studies
have reported that poor sperm morphology was associated with

Table 4. Adjusted odds ratios and 95% CIs for teratozoospermia by intake of anthocyanidin.

Variables Cases (N¼146) Controls (N¼581) Model 1a Model 2b Model 3c

Total anthocyanidin (mg/d)
T1 (<3.05) 39 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (3.05 to <5.68) 58 193 0.66 (0.41–1.04) 0.68 (0.42–1.09) 0.70 (0.43–1.14)
T3 (�5.68) 49 195 0.75 (0.43–1.28) 0.74 (0.42–1.31) 0.92 (0.48–1.76)
P for trend* 0.37 0.38 0.90

Delphinidin (mg/day)
T1 (<0.42) 41 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (0.42 to <1.30) 54 193 0.75 (0.47–1.18) 0.80 (0.50–1.28) 0.83 (0.51–1.34)
T3 (�1.30) 51 195 0.78 (0.47–1.28) 0.80 (0.48–1.32) 0.88 (0.51–1.52)
P for trend* 0.47 0.49 0.78

Cyanidin (mg/day)
T1 (<1.76) 39 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (1.76 to <3.24) 55 193 0.70 (0.44–1.11) 0.77 (0.48–1.23) 0.82 (0.51–1.34)
T3 (�3.24) 52 195 0.70 (0.41–1.17) 0.74 (0.43–1.28) 0.95 (0.50–1.80)
P for trend* 0.22 0.33 0.93

Peonidin (mg/day)
T1 (<0.40) 39 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (0.40 to <0.97) 58 192 0.65 (0.41–1.03) 0.60 (0.37–0.97) 0.60 (0.37–0.96)
T3 (�0.97) 49 196 0.77 (0.46–1.29) 0.74 (0.43–1.26) 0.86 (0.48–1.56)
P for trend* 0.28 0.23 0.43

Ref, reference; T, tertile.
Total anthocyanidin is the sum of delphinidin, cyanidin, and peonidin.

a Model 1: adjusted for age (<32 or �32, years) and total energy intake (continuous, kcal/day).
b Model 2: same as Model 1 and further adjusted for BMI (continuous, kg/m2), alcohol drinking (yes or no), smoking status (yes or no), dietary change (yes or no),

household income (<50, 50 to <100, or �100, thousand yuan), education (junior secondary or below, senior high school/technical secondary school, and junior
college/university or above), physical activity (continuous, MET/hours/week), and abstinence time (continuous, days). MET: metabolic equivalent task.

c Model 3: same as Model 2 and further adjusted for total phytosterol (continuous, mg/day), total carotene (continuous, mg/day), total flavonoid (continuous,
mg/day), total isoflavone (continuous, mg/day), lutein þ zeaxanthin (continuous, mg/day), and resveratrol (continuous, mg/day).

* P-value for linear trend calculated from category median values.

Table 5. Adjusted odds ratios and 95% CIs for teratozoospermia by intake of lutein þ zeaxanthin.

Variables Cases (N¼146) Controls (N¼581) Model 1a Model 2b Model 3c

Lutein 1 zeaxanthin (mg/day)
T1 (<579.98) 31 193 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
T2 (579.98 to <953.77) 49 193 0.61 (0.37–0.99) 0.62 (0.37–1.04) 0.59 (0.35–0.99)
T3 (�953.77) 66 195 0.42 (0.25–0.69) 0.44 (0.26–0.75) 0.35 (0.19–0.66)
P for trend* <0.05 <0.05 <0.05

Ref, reference; T, tertile.
a Model 1: adjusted for age (<32 or �32, years) and total energy intake (continuous, kcal/day).
b Model 2: same as Model 1 and further adjusted for BMI (continuous, kg/m2), alcohol drinking (yes or no), smoking status (yes or no), dietary change (yes or no),

household income (<50, 50 to <100, or �100, thousand yuan), education (junior secondary or below, senior high school/technical secondary school, and junior
college/university or above), physical activity (continuous, MET/hours/week), and abstinence time (continuous, days). MET: metabolic equivalent task.

c Model 3: same as Model 2 and further adjusted for total phytosterol (continuous, mg/day), total carotene (continuous, mg/day), total flavonoid (continuous,
mg/day), total isoflavone (continuous, mg/day), total anthocyanidin (continuous, mg/day), and resveratrol (continuous, mg/day).

* P-value for linear trend calculated from category median values.
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higher rates of apoptosis-related enzyme (caspase) expression

(Ammar et al., 2020). b-Carotene might exert anti-apoptotic

effects and inhibit germ cell apoptosis, thereby reducing repro-

ductive damage and improving sperm quality (Vardi et al., 2009;

Orazizadeh et al., 2014). Moreover, lutein could downregulate nu-

clear factor kappa-B (NF-jB) and the pro-apoptosis biomarkers

(Bax, Cyt c, and caspase-3) and upregulate the expression of Nrf2,

heme oxygenase-1, and the anti-apoptotic molecule Bcl-2, which

protected against reproductive injury through exerting anti-

apoptotic properties (Li et al., 2016). However, research on the

mechanisms associated with these phytochemicals and the risk

of teratozoospermia is still limited. Current studies suggest that

carotenes and the sum of lutein and zeaxanthin have a protective

effect against teratozoospermia, but they need to be further veri-

fied in animal studies before they could be used in humans. Once

the outcomes of these further studies are known, randomized

controlled trials could then be designed, with further studies to

help identify the biological mechanisms involved in men.
Several strengths of our study are worth mentioning. First,

this was the first study to focus on the associations between di-

verse phytochemicals intake and the risk of teratozoospermia.

Second, a relatively large study population with a high partici-

pant rate was achieved, which could provide more reliable results

and reduce selection bias. Third, we rigorously adjusted for po-

tential confounding factors, which strengthened the credibility of

our findings. Fourth, we performed multifaceted subgroup analy-

ses and considered the interactions of phytochemicals with sev-

eral key influential factors to further strength the reliability of

our primary results.
There are several limitations in our study that should be

noted. First, owing to the design of the case–control study, recall

bias is inevitable. However, dietary information was collected by

well trained and skilled personnel through face-to-face inter-

views, which might alleviate this concern. Second, dietary intake

was collected through a semi-quantitative FFQ, which might lead

to incorrect estimates of various nutrient intakes. However, the

FFQ used in our study was verified by previous studies, with high

validity and reliability (Liu et al., 2022; Cui et al., 2023). Third, the

cases and controls of the present study were not a random sam-

ple of the entire target population, which could lead to admission

rate bias. Nonetheless, the controls recruited in the current study

were from the same infertility clinic in Shengjing hospital, which

could reduce the bias caused by selection as much as possible

and increase the comparability of cases and controls. Fourth, al-

though many confounders were considered, the impact of un-

known or unmeasured factors might not be fully eliminated in

any of observational studies. Finally, in the present study, we re-

stricted our analysis to the Chinese population. Therefore, we

must be cautious if generalizing our findings to other popula-

tions.

Conclusion
Taken together, our study demonstrated that higher consump-

tions of total carotene, a-carotene, b-carotene, retinol equivalent,

and lutein þ zeaxanthin were inversely associated with the risk

of teratozoospermia. Well-designed prospective cohort studies

and randomized controlled clinical trials are needed to confirm

our findings.
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