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Objectives: This study aimed to assess the relationship between dietary inflammatory
index (DII) and sex steroids in children (6-11 years old) and adolescents (12-19 years old)
in the U.S. National Health and Nutrition Examination Survey, 2015–2016.

Methods: Participants between the ages of 6-19 have 24-hour dietary intake data, serum
sex hormones [total testosterone (TT), estradiol (E2)], and sex hormone-binding globulin
(SHBG) available data (n = 1382). The free androgen index (FAI) is calculated as TT divided
by SHBG and the ratio of TT to E2 (TT/E2). The constructed puberty state is defined as
high levels of steroid hormones (TT≥50 ng/dL in men, E2≥20 pg/ml in women) or onset of
menarche. Multiple linear regression analysis was stratified by gender-age and gender-
pubertal status groups to evaluate the association between DII and sex hormone levels.

Results: After adjusting for covariates, the association between consecutive DII and sex
hormone indicators by gender and age group. In male adolescents, DII was always
negatively associated with TT (P-trend = 0.09), FAI (P-trend = 0.03) and E2 (P-trend =
0.01), and monotonically positively associated with SHBG (P-trend = 0.02).In female
adolescents, with the increase of DII, a significant positive correlation with SHBG was
observed (b 0.017, 95%CI: 0.009,0.053) (Table 3). Among female adolescents, a
significant negative association between DII and TT and a significant positive
association between SHBG were observed in this group. Moreover, DII was positively
associated with SHBG of prepubertal males and negatively associated with FAI of
prepubertal females.
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Conclusions: DII was associated with decreased levels of certain sex steroid hormones
(TT, FAI, and E2) and increased levels of SHBG in adolescents or pubertal individuals, with
the associations presenting somewhat sex-dependent pattern. However, there is little
evidence that there is a significant association in children or prepubertal children. Further
research needs to be carried out to verify our results.
Keywords: Dietary Inflammatory Index, sex hormones, children, adolescents, inflammation
INTRODUCTION

More and more studies have shown that diet may be related to
inflammation markers (1). Dietary patterns allow assessment of
the complex interactions of food nutrients and health and may be
associated with inflammatory status (2). Eating patterns
characterized by higher intakes of red and processed meats,
peas, beans, and fried foods, and lower intakes of whole grains
are associated with higher inflammatory markers (3).
Meanwhile, a diet rich in fruits and vegetables has been
recommended to combat oxidative stress and inflammation,
and there have been studies showing that eating more fruits
and vegetables will lead to a decrease in pro-inflammatory
mediators and an enhancement of the immune cell spectrum
(4, 5).

It is known that dietary ingredients affect the chronic low-
grade inflammation state (6). The Dietary Inflammatory Index
(DII®) is applied to assess an individual’s potential for dietary
inflammation (7). It was created by assigning a score to each of
45 nutrients and food ingredients, which are reported to affect
the levels of inflammation markers, such as CRP, IL-1b, IL-4, IL-
6, IL -10, and TNF-a, using articles from more than 1,900 peer-
reviewed journals (8). In cross-sectional and longitudinal studies,
the index has been verified by the relationship between it with
multifarious inflammatory markers, including CRP, IL-6, and
TNF-a (9).

Previous studies have found that several common dietary
indexes are associated with the concentration of sex hormones
(10, 11). The diet quality measured by the Alternative Healthy
Eating Index (AHEI) is negatively correlated with premenopausal
estrogen concentration (12). Inflammatory diet intake may also
have an impact on sex hormones, and more pro-inflammatory
diets are associated with lower TT and E2 levels in male adolescents
(13). Moreover, the high intake of certain oxidants and pro-
inflammatory dietary components (such as polyunsaturated
fatty acids) is related to the level of sex hormones (14). The
dietary inflammatory index can measure an individual’s dietary
inflammation potential (15). A higher DII score can predict
Increased levels of inflammation markers (including interleukin 6
and c-reactive protein) (16–18).

There has been little research on the association between DII
and sex steroids in children and adolescents, and the proportion
of pro-inflammatory diets in children and adolescents is
gradually increasing in contrast to adults, so they may be more
susceptible to the dysgenic influences of dietary inflammatory
potential on many vital developmental terminal points. Given
the different effects of sex hormones on sexual maturity in
n.org 2
children and adolescents, it is necessary to explore the
relationship between DII and sex hormones at two different
developmental stages (19). Hence, this study aims to evaluate the
association between DII and serum sex steroids in 6-19-year-old
children and adolescents based on data from the National Health
and Nutrition Examination Survey (NHANES, 2015-2016).
METHODS

Study Design and Population
Our research is a cross-sectional study based on the National
Health and Nutrition Examination Survey (NHANES) database.
The National Health and Nutrition Examination Survey
(NHANES) is a nationally representative survey conducted by
the National Center for Health Statistics (NCHS) attaching to the
Centers for Disease Control and Prevention (CDC). NHANES is
an ongoing national cross-sectional survey of the United States
that uses a complex multistage sampling strategy and is
conducted every two years by the National Center for Health
Statistics at the Centers for Diseases Control and Prevention. The
cross-sectional survey included measuring the health and
nutritional status of the American population, as well as the
chemical substances and metabolites in the blood and urine. In
this study, a total of 1382 participants aged 6-19 years were
selected from the 2015-2016 NHANES, who had a 24-hour
dietary recall of dietary intake, serum total testosterone (TT),
and estradiol (E2) and the available data of sex hormone-binding
globulin (SHBG) (Figure 1).

When analyzing data from complex surveys, sampling
weights are usually used to generate representative and
unbiased statistical data. However, if the variables used to
calculate sampling weights (such as race, age, and income) are
further adjusted in the regression analysis, it will reduce the
accuracy of the estimation and even introduce excessive
adjustment bias to a certain extent (20). Therefore, we show
our results without sampling weights, similar to some previous
studies using NHANES data (21, 22).

Exposure and Outcome Definitions
There are some studies on the development and verification of
DII in detail. Research from more than 1900 peer-reviewed
publications forms the basis of DII. The “Inflammatory Effect
Score” was created from these peer-reviewed publications for
each DII food parameter, based on their impact on inflammatory
cytokines. At the same time, standardize DII calculations into a
January 2022 | Volume 12 | Article 792114
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world database with regional representation. This world database
includes the dietary consumption of 11 people from all over the
world (7). The world database provides standard averages and
deviations of all DII food parameters. For each food parameter,
create a z-score by subtracting the individual’s estimated intake
from the standard average. It is then divided by the world
standard deviation and converted to a distribution centered at
0 and bounded between -1 and +1. This value is then multiplied
by the inflammatory effect score for each food parameter, and
then all food parameters are added together to create an overall
DII score. The more positive scores mean the more pro-
inflammatory diet, the more negative values, the stronger the
anti-inflammatory effect (7). In this study, 27 of the 45 food
parameters can be obtained through NHANES data, including
grams of alcohol, protein, fiber, total fat, carbohydrates,
cholesterol, omega3, and omega6, saturated fat/MUFA/PUFA,
magnesium, niacin, zinc, Fe, riboflavin, folic acid, b-carotene,
caffeine, selenium, thiamine and vitamins A, B6, B12, C, D and E.
DII scores range from negative tail to positive tail, more negative
values indicate anti-inflammatory properties and corrected
scores indicate pro-inflammatory properties. Energy adjusted
DII (E-DII) food intake per 1,000 calories is used to explain the
effect of total intake on energy intake (7, 23–25).

Serum samples are processed at −20°C and stored in vials
until they are shipped to the National Environmental Health
Center for testing. Serum TT and E2 levels are measured by using
isotope dilution high-performance liquid chromatography-
tandem mass spectrometry (ID-LC-MS/MS), and to quantify
the concentration of SHBG in line with the response of SHBG
with immune antibodies and chemiluminescence measurement
of the reaction product through photomultiplier tube. The
technical details of these methods are described elsewhere. The
Frontiers in Endocrinology | www.frontiersin.org 3
lower limit of detection (LLOD) of TT, E2, and SHBG are 0.75
ng/mL, 2.994 pg/m, and 0.800 nmol/l, respectively. We also
computed the free androgen index (FAI), which is the value of
TT (ng/dL) divided by SHBG (nmol/L) and the ratio of TT to E2
(TT/E2) to mediately evaluate the proximate amount of
circulating free testosterone and aromatase activity, respectively
(26, 27).

Dietary Inflammatory Index
The calculation of the dietary inflammatory index links the
personal dietary data obtained in each clinical study with the
global average intake. The specific formula is Z score = (daily
intake of this kind of dietary ingredient or nutrient-this kind of
dietary ingredient or the global average per capita daily intake of
nutrients)/The standard deviation of the global average per
capita daily intake of this dietary ingredient or nutrient. Then
convert the Z score to a percentile system (to reduce the
influence of outlier effects), double the obtained percentile
value, and subtract “1” to achieve a symmetrical distribution
centered on “0”. Finally, multiply by the total inflammatory score
of each dietary component, and combine the results to obtain the
personal dietary inflammatory index score (7). DII scores range
from negative tail to positive tail, more negative values indicate
anti-inflammatory properties and corrected scores indicate pro-
inflammatory properties (28).

DII calculation formula:

Zscore = ½(daily mean intake  −  global daily mean intake)=standard deviation�
Zscore1 = Zscore ! (converted to a percentile score) � 2 − 1

DII  =oZscore1 � the inflammatory effect score of each dietary component

Study Covariates
Because the level of sex hormones varies in different genders and
developmental stages, we performed descriptive statistics and
stratified analysis of men and women by age group (children: 6-
11 years old, and adolescents: 12-19 years old). It is worth noting
that dividing 6-19-year-old participants into subgroups of
children and adolescents according to age alone may result in
a mixture of prepubertal and adolescent individuals. This will
result in abnormally high or low levels of sex hormones in each
subgroup, which may distort the association between DII and sex
hormones in the regression analysis. In addition, depending on
the state of puberty, the effect of DII on sex hormones may also
be different. To solve this problem, we further divided the
participants into puberty and prepubertal groups based on
serum sex hormone levels and menarche status. If the
participant’s TT ≥ 50 ng/dL (male) or E2 ≥ 20 pg/mL (female)
or menstruation has started (female), the participant is classified
as having entered puberty (i.e. adolescent group). Others are
classified as not reaching puberty (i.e. prepubertal group).
Information about menarche for girls is retrieved from two
questions: “Has menstruation started?” (in the health status
questionnaire) and “Age at the first menstrual period?” (in the
reproductive health questionnaire). Women who answered “yes”
or had data available for their first menstrual age were recorded
as “start of menarche”.
FIGURE 1 | Flowchart of the sample selection in NHANES 2015-2016.
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According to previous research, the multivariate model
contains latent variables that confuse the association between
DII and sex hormones, which include age (continuous), race/
ethnicity (category), body mass index (BMI) category, poverty
income ratio (PIR, continuous), and cotinine (category), and
sampling time set (category). NHANES calculated the BMI
categories of children and adolescents aged 2-19 years,
defined as four levels: underweight (BMI <5%), normal
weight (5 ≤ BMI <85%), overweight (85 ≤ BMI <95%) and
obesity (BMI ≥ 95%). Directed acyclic graphs (DAGs) were
used to describe the relationships between potential
confounders (Supplementary Figure 1). Due to the low
number of people in the underweight category (n = 23), we
combined underweight and normal weight into one category in
the regression analysis. PIR is calculated by dividing the family
income (based on the poverty criteria specific to the size of the
family) by the year and state and is used to embody the
socioeconomic status of the participant in the entire family.
Race/ethnicity is coded as non-Hispanic white, non-Hispanic
black, Hispanic (Mexican American and other Hispanics), etc.
The biological sample collection time is coded as morning,
afternoon, and evening.

Statistical Analysis
In this study, continuous variables are expressed as mean
standard deviations, while categorical variables are expressed
as proportions. Calculate the difference between different DII
groups (quartiles) by using the chi-square test (categorical
variables) or t-test (continuous variables).To examine the
association between DII and sex hormones, multivariate
linear regression explored sex hormones as continuous
variables. Since the relationship between age stage and
puberty status and sex hormones of different genders has
been well established, age stage and puberty status are
regarded as pre-designated potential influence modifiers. An
additional stratified analysis was performed by age stage and
adolescent status category. Missing values are entered by the
median (if continuous) or mode (if categorical) of the existing
cases of the variable. All statistical analyses were performed
using the software package R (http://www.R-project.org, The R
Foundation). A two-tailed p-value of <0.05 was considered
statistically significant.
RESULTS

Table 1 shows the demographic characteristics of 1,382
NHANES children and adolescents grouped by age and
gender collected from 2015 to 2016. The average age of the
participants was 12.2 years ( ± 3.9 years). The overall detection
frequencies of TT, E2, and SHBG are 100%, 63.6%, and 100%,
respectively. However, the detection frequency of E2 in
children and prepubertal participants is <50%. Therefore, E2
and TT/E2 analyses were not carried out in these groups.
Table 2 lists the sex hormone concentrations of the
participants and ranks them by DII quartile. The average DII
Frontiers in Endocrinology | www.frontiersin.org 4
is 0.92 ± 0.33, and the score ranges from -5.42 (most anti-
inflammatory) to +4.39 (most pro-inflammatory), the intake of
each nutrient in DII is shown in Supplementary Table 1. The
total testosterone concentration ranges from the highest
quartile (most pro-inflammatory) of DII at 23.45 to the
lowest quartile (most anti-inflammatory) at 16.20. The
distribution of other hormones is shown in Table 2.

Table 3 shows the association between consecutive DII and
sex hormone indicators by gender and age group. In male
adolescents, DII is always negatively associated with TT (P-
trend = 0.09), FAI (P-trend = 0.03) and E2 (P-trend = 0.01), and
monotonically positively associated with SHBG (P-trend = 0.02).
In female adolescents, with the increase of DII, significant
positive associations with SHBG were observed (b 0.017, 95%
CI: 0.009,0.053) (Table 3). In addition, DII was negatively
associated with TT (P-trend = 0.01) and FAI (P-trend = 0.02)
and showed a monotonous downward trend in the quartile
of exposure.

In children, as the quartile of DII increases, there is no
consistent trend for sex hormones, and there are few
significant associations. Only in male children, DII (4th and
1st quantile) was significantly negatively associated with TT, and
significantly positively associated with SHBG. At the same time,
among female children, DII was significantly negatively
associated with FAI (fourth quartile vs the first quartile) and
positively associated with SHBG (fourth quartile vs the first
quartile) (Table 3).

The associations and patterns of the DII quartiles of puberty
status in men and women with sex hormones are similar to the
associations and patterns of gender and age groups, but some
differences have been found. Specifically, in pubertal males, DII
was consistent and significantly negatively associated with FAI
and E2, and positively associated with SHBG and TT/E2.
Among pubertal females, significant negative associations
between DII and TT and a significant positive association
between SHBG were observed in this group (Table 4).
Similar to the results for children, there is very little
significant association between DII and sex hormones in
prepubertal individuals. DII is positively associated with
SHBG of prepubertal males and negatively associated with
FAI of female prepubertal.
DISCUSSION

Our study is the first to investigate the association between DII
and sex steroids in participants aged 6-19 years. We found that
DII was significantly negatively associated with sex steroids in
children or adolescent individuals, and positively associated
with SHBG and TT/E2. However, these associations are
gender-dependent to some extent, especially among
adolescents and adolescents. The associations between TT
and/or FAI observed in men are consistent and stronger. In
contrast, there is little evidence that there is a significant
association between DII and sex steroids in children or
prepubertal individuals (29).
January 2022 | Volume 12 | Article 792114
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To the best of our knowledge, this is the first study to evaluate
the association between the inflammatory potential of the overall
diet pattern and sex hormones. Emerging evidence suggests that
one possible mechanism for our results may be the influence of
diet on pro-inflammatory markers such as IL-1, IL-6, IL-17, and
tumor necrosis factor. These markers severely impair the
secretion of sex hormones by activating inflammation and the
production of reactive oxygen species in interstitial macrophages
adjacent to Leydig cells (30, 31). In addition, some experimental
studies have also shown that these pro-inflammatory cytokines,
including IL-6, IL-1b, and tumor necrosis factor-a, can regulate
Frontiers in Endocrinology | www.frontiersin.org 5
the hypothalamic-pituitary-gonadal axis to inhibit the secretion of
sex hormones (32, 33). For children and adolescents, excessive
visceral adipose tissue is a cause of chronic inflammation, because
adipose tissue is the main source of pro-inflammatory mediators.
Under inflammatory conditions, more adipose tissue produces
aromatase, which converts T into E2, thereby reducing T levels.
According to reports, excessive inflammation may cause negative
effects on Leydig cell function and reduce the production of sex
hormones (particularly sensitive to inflammation), so it is
reasonable to think that anti-inflammatory treatments can
prevent sex hormone abnormalities (34, 35). Our findings
TABLE 1 | Characteristics of 6-19-year old children and adolescents with serum sex hormones and urinary Dietary inflammatory index(DII) in NHANES 2015-2016.1

Characteristics All (n = 1382) Female Male

Children (n = 322) Adolescents (n = 389) Children (n = 320) Adolescents (n = 351)

Age [yrs, mean (SD)] 15.5 (2.1) 8.5 (1.7) 15.3 (2.2) 8.6 (1.7) 15.3 (2.3)
Race/ethnicity [n (%)]
Mexican American 335 (24.2) 86 (26.71) 90 (23.14) 74 (23.13) 85 (24.22)
Other Hispanic 179 (13.0) 45 (13.98) 54 (13.88) 50 (15.63) 30 (8.55)
Non-Hispanic White 375 (27.1) 83 (25.78) 105 (26.99) 83 (25.94) 104 (29.63)
Non-Hispanic Black 287 (20.8) 64 (19.88) 71 (18.25) 73 (22.81) 79 (22.51)
Other/multi-racial 206 (14.9) 44 (13.66) 69 (17.74) 40 (12.50) 53 (15.10)

BMI Category [n (%)]2

Underweight/Normal weight 792 (57.3) 194 (60.24) 209 (53.73) 190 (59.37) 199 (57.35)
Overweight 266 (19.2) 59 (18.32) 94 (24.16) 51 (15.94) 62 (17.87)
Obese 320 (23.2) 69 (21.43) 86 (22.11) 79 (24.69) 86 (24.78)

Time of sample collection [n (%)]
Morning 595 (43.1) 128 (39.75) 183 (47.04) 113 (35.31) 171 (48.72)
Afternoon 512 (37.0) 120 (37.27) 135 (34.70) 126 (39.38) 131 (37.32)
Evening 275 (19.9) 74 (22.98) 71 (18.25) 81 (25.31) 49 (13.96)

Poverty income ratio [median (IQR)] 1.51 (0.92-2.89) 1.53 (0.74-2.81) 1.55 (0.92-2.89) 1.65 (0.86-3.14) 1.58 (0.83-2.79)
Serum cotinine [ng/mL, median (IQR)] 0.024 (0.011-0.099) 0.032 (0.011-0.104) 0.023 (0.011-0.0935) 0.024 (0.011-0.096) 0.040 (0.011-0.54)
Age at menarche [yrs, median (IQR)]3 12.0 (11.0-13.0) 12.0 (11.0-13.0) 12.0 (11.0-13.0) – –

“Menstrual period started yet?”4

Yes 363 (51.1) 20 (6.2) 343 (88.2) – –

No 235 (33.1) 215 (66.8) 20 (27.5) – –

Missing 113 (15.9) 87 (27.0) 26 (6.7) – –

Serum sex hormones indices [median (IQR)]5

TT (ng/dL) 18.70 (4.42-80.98) 4.64 (2.85-10.58) 24.5 (17.7-32.75) 3.67 (2.09-6.26) 388.0 (241.0-532.0)
E2 (pg/mL) 12.80 (2.11-33.88) 2.11 (2.11-16.80) 52.4 (28.6-13.5) 2.11 (2.11-2.11) 19.3 (11.9-25.8)
SHBG (nmol/L) 56.99 (34.89-97.05) 78.48 (48.10-114.10) 48.38 (33.04-75.37) 93.68 (61.00-136.10) 34.09 (22.37-48.70)
FAI 0.34 (0.056-2.05) 0.069 (0.028-0.190) 0.495 (0.310-0.789) 0.041 (0.0017-0.103) 12.43 (7.54-17.02)
TT/E2 1.39 (0.59-11.15) 1.02 (0.61-1.62) 0.51 (0.23-0.80) 1.71 (0.97-2.82) 19.95 (14.77-27.05)

TT ≥ 50 ng/dL in males (n, %)
Yes 318 (47.4) – – 24 (7.5) 329 (93.7)
No 353 (52.6) – – 296 (92.5) 22 (6.3)

E2 ≥ 20 pg/ml in females (n, %)
Yes 308 (43.3) 71 (22.0) 332 (85.3) – –

No 403 (56.7) 251 (78.0) 57 (14.7) – –

Puberty status (n, %)6

Pubertal 806 (58.3) 71 (22.05) 382 (98.20) 24 (7.50) 329 (93.73)
Prepubertal 576 (41.7) 251 (77.95) 7 (1.80) 296 (92.50) 22 (6.27)

Dietary inflammatory index [mean (SD)] 0.92 (0.33) 0.89 (0.36) 0.95 (0.28) 0.93 (0.31) 0.86 (0.27)
January 2022 | Volu
1Statistics were unweighted; children (6–11 years) and adolescents (12–19 years).
2BMI category was defined as underweight (BMI < 5th percentile), normal weight (5th percentile ≤ BMI < 85th percentile), overweight (85th percentile ≤ BMI < 95th percentile), obese (BMI
≥ 95th percentile).
3Only 8 girls (6-11 years) and 132 female adolescents recorded information on “Age at first menstrual period”.
4Females who answered “Yes” to the question “menstrual periods started yet” or with available information on the age at first menstrual period were recognized as “menstrual periods started.”
5TT, total testosterone; E2, total estradiol; SHBG, sex hormone binding globulin; FAI, free androgen index, was calculated as total testosterone (ng/dL)/SHBG (nmol/L), TT/E2 was
calculated as TT (ng/dL)/E2 (pg/ml).
6Puberty status was defined as “pubertal” if TT ≥ 50 ng/dL in males, E2 ≥ 20 pg/ml or menstrual period started in females, otherwise puberty status was defined as “prepubertal”.
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indicate that an anti-inflammatory diet may be a viable way to
reduce the burden of accumulated inflammation.

Studies have reported that in animal experiments, inflammatory
cytokines significantly increased the plasma E2 concentration of
female animals, but did not change the level of testosterone, while in
male animals, the level of testosterone decreased and the level of E2
increased. Further exploration of research, the results revealed that
in male animals, inflammatory cytokines lead to a significant up-
regulation of gonadotropin-releasing hormone and down-
regulation of luteinizing hormone in the brain and receptors in
the testes (36, 37). At the same time, key genes that regulate the
pathway of steroid production have also been observed in male
animals, which may include 17b-hydroxysteroid dehydrogenase
(17b-HSD), steroid production acute regulatory protein (star),
and hydroxymethylglutaryl-CoA Significant down-regulation of
reductase (hmgra). These changes are related to the up-regulation
of cytochrome P450 corresponding enzymes. In contrast, in female
fish, down-regulation of gonadotropin-releasing hormone receptors
in the brain and up-regulation of follicle-stimulating hormone and
luteinizing hormone receptors were observed in female fish and the
Frontiers in Endocrinology | www.frontiersin.org 6
transcription up-regulation of luteinizing hormone receptors and
most steroid-producing genes in the ovaries. Because these enzymes
and receptors play a key role in steroid production, their down-
regulation and the up-regulation of aromatase encoding genes in
male animals may partly explain the significant reduction in male
androgen levels (TT or FAI) in adolescents and adolescents
compared to females in our study (38, 39).

In fact, in our study, the negative associations between DII
and E2 is related to the reduction of TT and/or FAI levels. Since
E2 is mainly converted from TT and other androgens through
aromatase, we speculate that the decrease in E2 may be the result
of the decrease in precursors. At the same time, the increase in
DII may inhibit aromatase activity, because we have observed
some suggestive positive associations between DII and TT/E2 in
adolescent boys and female adolescents, which may further lead
to negative associations with E2 (40, 41). However, the
assessment of aromatase activity based on the TT/E2 ratio may
be inaccurate, and the significant association with TT/E2 may
partly be due to changes in E2, making this assumption
uncertain. In addition, we are not aware of any studies that
TABLE 2 | Distribution of sex hormones in different DII quantiles1.

Characteristics2 Mean(range) P-valuea

Quartile 1 (n = 345) Quartile 2 (n = 345) Quartile 3 (n = 348) Quartile 4 (n = 344)

TT 16.20 (4.44-43.95) 20.00 (4.52-43.60) 16.50 (3.87-53.70) 23.45 (6.09-62.10) 0.005
FAI 0.32 (0.06-2.62) 0.32 (0.05-1.10) 0.25 (0.04-1.45) 0.50 (0.08-2.95) 0.031
E2 11.80 (2.11-30.90) 9.20 (2.11-29.90) 16.80 (2.11-38.75) 15.05 (2.11-38.75) 0.505
SHBG 54.61 (33.42-98.90) 60.34 (36.96-94.64) 59.20 (34.52-100.30) 53.05 (32.83-89.41) 0.011
TT/E2 1.10 (0.52-5.37) 1.31 (0.64-7.65) 1.58 (0.61-8.24) 1.69 (0.64-8.90) 0.010
January 2022 | Volume 12 | Artic
1Quartile 1: -5.42 to -0.03; Quartile 2: -0.02 to 1.18; Quartile 3: 1.19 to 2.18; Quartile 4: 2.19 to 4.39.
2TT, total testosterone; E2, total estradiol; SHBG, sex hormone binding globulin; FAI, free androgen index, was calculated as total testosterone (ng/dL)/SHBG (nmol/L), TT/E2 was
calculated as TT (ng/dL)/E2 (pg/ml).
aKruskal-Wallis test was used to compare the differences in sex hormone levels between different DII groups.
TABLE 3 | Association between categorical dietary inflammatory index (DII) and sex hormones by sex-age groups in 6-19-year old participants in NHANES 2015-2016.

Sex Subgroup DII TT b (95%CI) FAI b (95%CI) E2 b (95%CI) SHBG b (95%CI) TT/E2 b (95%CI)

Female Children Q1 Reference Reference NA Reference NA
Q2 0.063 (-0.126,0.082) -0.013 (-0.069,0.103) NA -0.019 (-0.006,0.125) NA
Q3 -0.092 (-0.162,0.012) 0.031 (-0.136,0.163) NA 0.029 (-0.012,0.103) NA
Q4 -0.186 (-0.102,0.129) -0.098 (-0.169,0.052) NA -0.272 (-0.598,0.029) NA

Adolescents Q1 Reference Reference Reference Reference Reference
Q2 -0.009 (-0.109,0.016) -0.026 (-0.083,0.162) -0.076 (-0.106,0.096) -0.016 (-0.103,0.083) -0.012 (-0.083,0.036)
Q3 -0.012 (-0.038,0.017) -0.010 (-0.083,0.032) -0.039 (-0.065,0.326) 0.031 (0.012,0.282)* -0.041 (-0.076,0.012)
Q4 -0.031 (-0.053,-0.006)* -0.032 (-0.063,-0.003) -0.062 (-0.083,-0.003)* 0.052 (0.021,0.096)* -0.056 (-0.381,0.016)

Male Children Q1 Reference Reference NA Reference NA
Q2 -0.013 (-0.352,0.012) 0.013 (-0.082,0.063) NA -0.035 (-0.082,0.106) NA
Q3 -0.029 (-0.042,0.009) -0.063 (-0.131,0.023) NA -0.083 (-0.103,0.063) NA
Q4 -0.057 (-0.063,0.015) -0.032 (-0.092,0.103) NA 0.013 (-0.016,0.062) NA

Adolescents Q1 Reference Reference Reference Reference Reference
Q2 -0.016 (-0.032,0.009) 0.012 (-0.016,0.009) -0.029 (-0.072,0.013) -0.063 (-0.106,0.082) -0.023 (-0.069,0.025)
Q3 -0.023 (-0.037,0.013) -0.035 (-0.062,0.012) -0.042 (-0.068,0.026) 0.013 (0.003,0.037)* -0.067 (-0.126,0.012)
Q4 -0.083 (-0.035,-0.016)* -0.083 (-0.038,0.026)* -0.086 (-0.136,-0.025)* 0.017 (0.009,0.053)* -0.093 (-0.135,0.026)
Children (6-11 years) and adolescents (12-19 years). Covariate-adjusted multiple linear regression was used to assess the association between categorical dietary inflammatory index(DII)
and sex hormones by sex-age groups in 6-19-year old participants. Estimates were presented as coefficients and 95% confidence intervals (CIs) and were adjusted for urinary creatinine,
age, race/ethnicity, BMI category, ratio of family income to poverty, time of sample collection. “NA” indicates the estimates were not available in children as the detection frequency of E2
was < 50% in that group.
*P < 0.05.
le 792114

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Ma et al. DII and Sex Hormones
provide direct evidence to explain the negative associations with
E2 observed in adolescent and adolescent individuals. Further
research is needed to confirm our findings and explore possible
mechanisms (41–44).

Additionally, we discovered that DII is positively associated
with SHBG in adolescents and adolescents. As we all know,
SHBG possesses a high affinity for binding to testosterone and
E2. It is the main plasma protein from the liver and provides a
circulating steroid hormone pool. Therefore, the general
standard of SHBG mainly affects the circulating levels of
testosterone and E2 in free form, However, SHBG production
is quoque partially inhibited by testosterone due to E2
stimulation. All these internal relationships support that the
negative associations between TT and FAI is accompanied by
the positive associations with SHBG. In contrast to adolescents
and adolescent individuals, the association between DII and sex
hormones in children and prepubertal individuals is generally
not significant. This may be on account of pre-adolescent child
sex steroid hormone levels are very low (45, 46).

Our research has many advantages. It is worth noting that we
conducted a subgroup analysis of different age stages and
adolescent states and found that the association between DII
and sex hormone levels is significant in puberty and adolescents.
In addition, isotope dilution liquid chromatography and tandem
mass spectrometry are used to measure TT and E2 levels,
providing more sensitive results than immunoassays. However,
the main limitation of the current design is that NHANES is a
cross-sectional database, which severely hinders our ability to
make causal inferences. Secondly, dietary intake is self-reported,
with recall bias, estimated based on 24-hour history, and cannot
reflect daily changes in dietary intake. Another potential
limitation is that out of the possible 45 food parameters, only 27
food parameters can be used for DII calculations, and previous
studies have successfully verified the modified DII (27 items) in
Frontiers in Endocrinology | www.frontiersin.org 7
NHANES. Nonetheless, these unbalanced 27 items (because they
are not divided equally into pro-inflammatory and anti-
inflammatory) may also erroneously distort the inflammatory
potential of the diet (7, 47). Finally, serum sex hormones are only
measured at a single time point, while the AUA guidelines
recommend 2 levels because of the intra-individual and diurnal
variation of serum sex hormones.
CONCLUSIONS

In summary, DII was significantly and inversely associated with TT
and (or) FAI and E2 and positively associated with SHBG in both
female and male adolescents or pubertal individuals. The
associations were also sometimes sex-dependent, with consistent
and stronger associations of TT and FAI being observed in male
adolescents and pubertal boys. In contrast, the associations in
children or prepubertal individuals were almost non-significant.
Given the cross-sectional nature of the research design and the small
sample size, more research is needed to confirm our findings.
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Sex Subgroup DII TT b (95%CI) FAI b (95%CI) E2 b (95%CI) SHBG b (95%CI) TT/E2 b (95%CI)

Female Prepubertal Q1 Reference Reference NA Reference NA
Q2 0.026 (-0.203,0.102) 0.035 (-0.023,0.063) NA -0.031 (-0.062,0.103) NA
Q3 -0.016 (-0.063,0.032) -0.023 (-0.062,0.031) NA -0.065 (-0.093,0.042) NA
Q4 -0.063 (-0.083,0.026) -0.043 (-0.081,-0.012)* NA -0.083 (-0.102,0.015) NA

Pubertal Q1 Reference Reference Reference Reference Reference
Q2 -0.015 (-0.109,0.016) -0.019 (-0.062,0.072) -0.053 (-0.136,0.092) -0.009 (-0.026,0.013) -0.016 (-0.083,0.006)
Q3 -0.102 (-0.238,0.137) -0.023 (-0.102,0.093) -0.082 (-0.239,0.041) 0.022 (0.013,0.046)* -0.027 (-0.053,0.013)
Q4 -0.089 (-0.132,-0.031)* -0.052 (-0.162,0.013) -0.203 (-1.327,0.092) 0.016 (0.009,-0.032)* -0.063 (-0.092,0.026)

Male Prepubertal Q1 Reference Reference NA Reference NA
Q2 -0.019 (-0.042,0.011) -0.013 (-0.082,0.016) NA -0.036 (-0.072,0.025) NA
Q3 -0.035 (-0.053,0.008) -0.019 (-0.031,0.023) NA -0.023 (-0.051,0.013) NA
Q4 -0.039 (-0.062,0.016) -0.028 (-0.039,0.019) NA 0.009 (0.003,0.026)* NA

Pubertal Q1 Reference Reference Reference Reference Reference
Q2 -0.013 (-0.035,0.012) -0.012 (-0.026,0.002) -0.019 (-0.026,0.006) -0.027 (-0.048,0.013) -0.019 (-0.037,0.008)
Q3 -0.019 (-0.042,0.021) -0.022 (-0.053,-0.009)* -0.023 (-0.051,0.013) 0.012 (-0.009,0.027)* -0.023 (-0.036,0.016)
Q4 -0.032 (-0.051,0.002) -0.039 (-0.063,-0.015)* -0.037 (-0.062,-0.012)* 0.035 (0.016,0.056)* -0.036 (-0.052,-0.012)*
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Puberty status was defined as “pubertal” if TT ≥ 50 ng/dL in males, E2 ≥ 20 pg/ml or menstrual period started in females, otherwise puberty status was defined as “prepubertal”. Covariate-
adjusted multiple linear regression was used to assess the association between categorical dietary inflammatory index(DII) and sex hormones by sex-puberty status groups in 6-19-year
old participants. Estimates were presented as coefficients and 95% confidence intervals (CIs) and were adjusted for urinary creatinine, age, race/ethnicity, BMI category, ratio of family
income to poverty, time of sample collection. “NA” indicates the estimates were not available in prepubertal participants as the detection frequency of E2 was < 50% in that group.
*P < 0.05.
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