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Nutrition and Specific Diseases in Women during the
Life Course

Nataliya Makarova 1,2 and Birgit-Christiane Zyriax 1,2,*

1 German Center for Cardiovascular Research (DZHK), Partner Site Hamburg/Kiel/Lübeck,
20246 Hamburg, Germany

2 Preventive Medicine and Nutrition, Midwifery Science—Health Services Research and Prevention,
Institute for Health Services Research in Dermatology and Nursing (IVDP),
University Medical Center Hamburg-Eppendorf (UKE), 20246 Hamburg, Germany

* Correspondence: b.zyriax@uke.de

In Western countries, the prevalence rates of risk factors for premature mortality and
early non-communicable diseases are growing due to the increasing prevalence of poor
nutrition habits, increasing levels of stress, and sedentary lifestyles.

The life course approach, developed by Diana Kuh, Yoav Ben-Shlomo and colleagues,
offers an integrative approach which guides research on health, human development, and
ageing [1]. The translation of this life course approach to women’s health, the study of
reproductive health, is indispensable. It comprises the investigation of factors across one’s
life that influence the timing of menarche, fertility, pregnancy outcomes, gynaecological
disorders, and age at menopause. It also recognises the important influence of reproductive
health on non-communicable disease risks in later life [2]. This integrative approach
considers the continuity of reproductive health and the inter-relationship between different
biomarkers and risk factors [2]. Within women’s life courses, lifestyle plays an essential
role throughout different phases, ranging from young age to pregnancy, menopause, and
healthy aging. Factors such as pregnancy outcomes, long-term health, quality of life, and
disease risk are consequently influenced by women’s nutrition, levels of stress, physical
activity, and over-riding lifestyle choices.

Correlations between nutrition and many diseases have been observed for many years.
However, the underlying mechanisms and the effect sizes are only partly known due to the
often multifactorial disease processes. The link between lifestyle and the growing rates of
different diseases (e.g., cervical, ovarian carcinoma, breast cancer, cardiovascular diseases,
or diabetes mellitus type 2) needs to be investigated further. New scientific approaches
are being used to try to relate individual biomarkers to dietary patterns and changes in
the microbiome in order to make risk potentials visible earlier. However, what are the key
players in nutrition or physical activity that dominate lifestyle and need to be highlighted
in prevention programs? More population-based studies and especially RCTs investigating
the association between dietary factors and the occurrence of diseases are needed, leading
to the central question: How can we prevent multimorbidity and reduced life quality in
elderly women?

Within this Special Issue on nutrition and women’s health, we share twelve evidence-
based research papers with the scientific community.

Currently, the average number of views within this Special Issue is 1649.
The first contribution within this Special Issue performed an analysis of the literature

generated over the past 20 years regarding risks of uterine fibroids’ occurrence and dietary
factors [3].

One study investigated the role of a high-fat, high-fructose diet in mice [4], whereas
the remainder of the studies in this Special Issue investigated humans. The results from this
animal model study showed that high-fat and high-fructose feeding given around puberty
may directly affect reproductive and metabolic symptoms [4].

Nutrients 2023, 15, 3401. https://doi.org/10.3390/nu15153401 https://www.mdpi.com/journal/nutrients
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Four other research papers investigated cardiovascular disease risk factors within
the large, population-based, longitudinal Hamburg City Health Study (HCHS) [5,6], the
Australian Longitudinal Study of Women’s Health (ALSWH) [7], and a cross-sectional study
from Taiwan [8]. In addition to conventional modifiable risk factors such as overweight,
hypertension, hyperlipidaemia, and smoking or the consumption of alcohol, nutrition-
related risk factors were highlighted as being more important. These included the intake
of dietary supplements as well as psychologic risk factors such as depressive symptoms
and social behaviour, including personality traits, political preferences, and altruism. The
understanding of mechanisms of action between these risk factors allows clinicians to
provide appropriate and tailored interventions in and disease prevention and management
for women. A greater adherence to dietary quality scores, such as the Mediterranean dietary
score or the DASH (Dietary Approaches to Stop Hypertension) score, was associated
with a lower risk for and lower severity of risk factors. However, scores based on the
Mediterranean diet were developed specifically for the southern European population and
thus show weak adherence to diet, for example, in the German population.

A total of four studies highlighted the relationship between biomarkers such as
GDF-15 [9], let-7g-5p [10] and germline BRCA1/2 mutation carriers [11]; metalloestro-
gens, GSTP1, and SLC11A2 polymorphisms [12] and dietary patterns and outcomes.

Finally, in a secondary analysis of the HeLP-her randomised controlled trial, post-
partum weight retention (PPWR) was examined in non-Australian-born culturally and
linguistically diverse women compared with Australian-born women [7].

Specific diseases in women such as letrozole-induced polycystic ovarian syndrome [4],
uterine fibroids [3], vasomotor symptoms [13], and endometrial cancer [12] were examined
within this Special Issue.

From the life course perspective, the phases of prepuberty [4], pregnancy [14], and post-
partum [7] as well as breastfeeding [10], middle-aged [5,6], and postmenopausal [8] women
were investigated. In one study, older women were compared to younger women [9]. Two
studies compared men with women [5,6].

Despite the important role of lifestyle and the influence of nutrition on the develop-
ment and course of diseases, there is little research considering nutrition in the preconcep-
tional phase, in new-borns, and in young girls. Questions on how nutrition in these phases
influence the life courses of women remain unanswered.

Further research with additional nutrition-related short-screening tools needs to be
introduced to support clinical management and health services to identify patients with
unhealthy diets. Additionally, the development of such tools can offer a simple aid for
patients to improve their eating habits in a self-effective way.

Author Contributions: Conceptualization, N.M. and B.-C.Z.; methodology, N.M.; writing—original
draft preparation, N.M.; writing—review and editing, N.M. and B.-C.Z.; supervision, B.-C.Z.; project
administration, N.M. and B.-C.Z. All authors have read and agreed to the published version of
the manuscript.
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Sex-Specific Dietary Patterns and Social Behaviour in
Low-Risk Individuals

Daniel Engler 1,*, Renate B. Schnabel 1,2, Felix Alexander Neumann 3, Birgit-Christiane Zyriax 2,3

and Nataliya Makarova 2,3

1 Department of Cardiology, University Heart & Vascular Center Hamburg-Eppendorf (UHZ), University
Medical Center Hamburg-Eppendorf (UKE), 20246 Hamburg, Germany

2 German Center for Cardiovascular Research (DZHK), Partner Site Hamburg/Kiel/Lübeck,
20246 Hamburg, Germany

3 Preventive Medicine and Nutrition, Midwifery Science—Health Services Research and Prevention,
Institute for Health Services Research in Dermatology and Nursing (IVDP), University Medical Center
Hamburg-Eppendorf (UKE), 20246 Hamburg, Germany

* Correspondence: d.engler@uke.de

Abstract: Dietary and social behaviour are non-medical factors that influence health outcomes. Non-
communicable diseases are related to dietary patterns. To date, little is known about how social behaviour is
associated with health-related dietary patterns, and, in particular, we lack information about the role of sex
within this possible relation. Our cross-sectional study investigated associations between dietary patterns
and social behaviour including personality traits (self-control, risk taking), political preferences (conservative,
liberal, ecological, social) and altruism (willingness to donate, club membership, time discounting) in men
and women. We performed sex-specific correlation analyses to investigate relationships between dietary
patterns based on self-reported protocols from the Mediterranean Diet Adherence Screener (MEDAS)
and the validated Healthy Eating Index (HEI) from the EPIC Study and a self-reported social behaviour
questionnaire. In linear regression models, we analysed associations between dietary and social behaviour
patterns. Sex differences were measured by interaction analysis for each social behaviour item. The
study sample consisted of N = 102 low-risk individuals. The median age of the study participants was
62.4 (25th/75th percentile 53.6, 69.1) years, and 26.5% were women. Analyses showed that a lower HEI score
was correlated with a higher BMI in both women and men. MEDAS and HEI showed a positive correlation
with each other in men. In men, a higher MEDAS showed a positive correlation when they estimated their
ability as high, with the same for self-control and preference for ecological politics and MEDAS. A weak
negative correlation has been shown between men with a preference for conservative politics and MEDAS.
HEI showed a positive significant correlation with age in men. Male participants without club membership
scored significantly higher in the HEI compared to non-members. A negative correlation was shown for
time discounting in men. Linear regression models showed positive associations between preferences for
ecological-oriented politics and nutrition for both HEI and MEDAS. No sex interactions were observed. We
faced a few limitations, such as a small sample size, particularly for women, and a limited age spectrum in
a European cohort. However, assuming that individuals with a preference for ecological-oriented politics
act ecologically responsibly, our findings indicate that ecological behaviour in low-risk individuals might
determine, at least in part, a healthy diet. Furthermore, we observed dietary patterns such as higher alcohol
consumption in men or higher intake of butter, margarine and cream in women that indicate that women
and men may have different needs for nutritional improvement. Thus, further investigations are needed to
better understand how social behaviour affects nutrition, which could help to improve health. Our findings
have the potential to inform researchers and practitioners who investigate the nature of the relationship
between social behaviour and dietary patterns to implement strategies to create first-stage changes in health
behaviour for individuals with a low cardiovascular risk profile.

Keywords: social behaviour and preferences; dietary patterns; lifestyle; atrial fibrillation; cardiovascular
disease; sex-specific differences
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1. Introduction

1.1. Dietary Patterns and Cardiovascular Disease

Cardiovascular disease (CVD) continues to be the leading cause of mortality in devel-
oped countries and is one of the primary leading causes worldwide [1]. The burden of CVD
is attributable to multiple risk factors for disease development [1]. While understanding
the underlying medical causes of death, it is important to investigate lifestyle and social
drivers of the disease. Dietary patterns have been shown to have a fundamental role in
the prevention of CVD [2]. A meta-analysis showed a 22% CVD risk reduction for individ-
uals scoring high in diet quality assessments [3], 19–28% in women and 14–26% in men.
Current indices such as the Mediterranean Diet Adherence Screener (MEDAS) showed
associations with dietary patterns and several health benefits, including a reduction in total
mortality [4] and a decrease in metabolic syndrome risk [5]. Poor diet is a known risk factor
for overweight and obesity and is associated with the development of CVD. It has been
proposed that personality may be linked to dietary patterns [1,6]. Findings from different
studies show a positive association between openness to experience and the consumption
of fruits and vegetables and between healthy eating habits [7,8].

1.2. Relation between Social Behaviour, Dietary Pattern and Cardiovascular Health

It has been proposed that personality may be linked to dietary patterns [1,6]. Findings
from different studies show a positive association between openness to experience and the
consumption of fruits and vegetables and between healthy eating habits [7,8]. Individual
social circumstances can influence the type and variety of food consumed in multiple
pathways and thereby impact health. Eating behaviour is influenced by social context and,
for instance, it is more likely to follow an eating norm if it is perceived to be relevant based
on social comparison [9]. Thus, norms of healthy eating are set by the behaviour of other
individuals. These social norms have a powerful effect on both food choices and intake [10].
Furthermore, psychosocial mechanisms such as social support or isolation, social influence
or independency, social engagement or separation and the access to resources and infor-
mation are involved in food choices [11]. However, little is known about social behaviour
such as personality traits (self-control, risk taking), political preferences (conservative,
liberal, ecological, social) and altruism (willingness to donate, club membership, time
discounting) in relation to adherence to dietary recommendations. Previous studies have
shown that prosocial factors such as conscientiousness are associated with a number of
health-promoting behaviours that include a reduced BMI, avoiding alcohol-related harm,
binge drinking and smoking and adherence to medication regimens [12–14]. Moreover, an
individual participant meta-analysis showed that conscientiousness appears to be related
to mortality risk across populations [15].

Evidence suggests that risk factors such as conscientiousness, self-control and risk
taking influence health and illness by shaping barriers and facilitators to access to care and
health-related behaviours [16].

1.3. The Role of Sex-Specific Dietary Patterns for Social Behaviour and Health

Women and men differ in their different types of social relationships. Women, older
individuals and more educated individuals consider health aspects more important than
other factors, whilst men consider the taste of food and eating habits as the main determi-
nants of food choices [17]. In a survey of attitudes to food, nutrition and health, results
indicated that factors such as quality/freshness, price, taste, trying to eat healthily and the
eating habits of family members have an important influence on food choices [18].

However, social attitudes and beliefs vary in individuals; to date, little is known about
how social behaviour is associated with health-related dietary patterns. In particular, we
lack information about the role of sex within this possible interrelation. This evidence might
be applicable for social behaviour-based prevention strategies, e.g., concerning sex-specific
dietary habits, the evidence is largely lacking.

6
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1.4. Aim of the Study

Unhealthy dietary patterns are important drivers of an increased cardiovascular risk.
They may vary between men and women and social determinates. To date, research
examining the relationship of social behaviour with healthy dietary patterns has been
limited. Therefore, we investigated individuals with a low risk profile to identify possible
relationships between social behaviour factors and sex-specific dietary patterns.

2. Materials and Methods

2.1. Design, Setting and Participants
2.1.1. AHRI Study

The AFHRI cohort is a prospective, monocentric, clinical cohort study, to improve the
prediction of personal risk for AF. In the current study, a sub-sample of atrial fibrillation (AF)
patients with a low cardiovascular risk factor burden—in particular, no prevalent cardio-
vascular disease, thyroid dysfunction or cancer—was invited for participation (AFHRI-C).
The AFHRI-C was planned as a case–control study. Case participants of the study needed
to have AF without other cardiovascular diseases. The population-based controls from
the Hamburg City Health Study (HCHS) had to fulfil the following criteria: no cardiovas-
cular disease and limited or no risk factors that are related to AF and no known AF. All
participants personally signed informed consent forms.

2.1.2. HCHS Study

The Hamburg City Health Study (HCHS) is a single-centre, prospective, epidemiologic
cohort study with an emphasis on imaging to improve the identification of individuals
at risk for major chronic diseases, to improve early diagnosis and survival. The enrolled
participants were selected from a statistical sample provided by the local residents’ regis-
tration office. Participants between 45 and 74 years of age from the general population of
Hamburg, Germany are included in the study.

For our analysis, we combined the participants from the AFHRI cohort matched with
a sub-sample from the population-based Hamburg City Health Study (HCHS). Matching
of individuals was based on age, sex and risk factors [19]. Detailed information on both
cohorts, their design and the matching approach was published previously [20].

2.2. Variables, Measurements and Processes

Questionnaire data and peripheral venous blood were acquired on the day of enrol-
ment. The participants’ characteristics were collected through a questionnaire administered
by a healthcare professional, and from patient records.

A three-day dietary record was assessed before their first study participation appoint-
ment. A standardised procedure during data collection, with precise questions adminis-
tered by a study nurse, was applied. The food data were analysed in terms of energy and
nutrient intake and adherence to the dietary patterns of the Mediterranean Diet Adherence
Screener (MEDAS) [21] and the Healthy Eating Index (HEI) [21,22]. The 14-item MEDAS
includes the frequency of food consumption (olive oil, vegetables, fruits, red meat, animal
fats, carbonated drinks, red wine, fish/seafood, legumes, nuts, commercial foods and tradi-
tional Mediterranean dishes with tomato sauce) as well as the preferred cooking fat and
meat consumed. Each item was scored zero or one depending on whether the item-specific
criteria were met, resulting in a score between 0 and 14. For the HEI, we used the edition
validated in German. The HEI scores five food groups from 0 to 10 (cereal and potatoes;
dairy; meat, sausages, fish and eggs; fat or oil; sweets and foods high in fat) and three
food groups from 0 to 20 (vegetables; fruits; beverages), allowing total scores between 0
and 110 points. Detailed information of the clinical visits, ECG registration and collection
of the nutrition data have been published previously [20]. The following behaviour and
preference items were used for analysis: personality traits of risk taking by survey ques-
tions “Are you generally a risk-taker, or do you try to avoid risk?”; self-control “When I set
my mind to something, I follow through”; religiousness “How strongly religious do you
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consider yourself to be?”; political preferences (conservative, liberal, ecological, social) “I
identify myself with . . . -oriented politics”; club membership “Are you an active and/or
passive member in a club?”; and time discounting. Time discounting means the willingness
to give up something at present in order to benefit from something in the future. Each
participant received an expense allowance of EUR 50 for study participation. To assess
altruistic behaviour, we asked the participants if and how much they were willing to donate
to the United Nations Children’s Fund (UNICEF). For the analysis, we used the continu-
ous variable of the willingness to donate scaled from EUR 0 (no funding—less altruistic
behaviour) to EUR 50 (maximum funding—more altruistic behaviour). All variables of the
present analysis and detailed definitions of the five behaviour preferences are explained in
Supplementary Table S1.

2.3. Data Handling

Of N = 104, two participants were excluded from the analysis due to missing values of
more than 50% in the behaviour questionnaire. The variables were tested using Shapiro–
Wilk tests for normal distribution and visualisations such as scatter plots and box plots for
outliers. Behaviour preferences and the willingness to donate showed a normal distribution.
After checking whether missing values were distributed randomly, using Little’s MCAR
Test (chi2 (69) = 69.91, p = 0.245), we performed a multiple data imputation by single value
regression analysis with five iterations for the imputation [23] and aggregated these into a
pooled value using the Bar procedure [24]. Missing values were imputed for income (14),
resting heart rate (11), NT-proBNP (8) and weight (2). No impact of the imputation on
our results was detected. Details of the iteration steps for the imputation were published
perilously [20]. We used SPSS Statistics (version 27.0; IBM Corp., Armonk, NY, USA) for all
the analyses.

2.4. Statistical Analysis

Categorical variables of participant characteristics are presented by their absolute
and relative frequencies, and Pearson’s chi-square and Fisher’s exact tests were used to
determine subgroup comparisons. Shapiro–Wilk tests indicated that most of the continuous
variables significantly varied from a normal distribution. Therefore, continuous variables
are reported as the median and the first and third quartiles. The Mann–Whitney U test
was applied for group comparisons. Furthermore, bivariate correlations of variables were
assessed using Spearman’s rho test. To analyse sex-specific dietary patterns, we applied
the standardised test statistics of Pearson’s Chi.

To analyse the association between behaviour preferences and the indices (MEDAS
and HEI), we performed multiple linear regression analysis. We analysed outliers by cook
test and tested variables for autocorrelation by Durban–Watson. Multi-collinearity was
tested by VIF. Additionally, we performed interaction analysis to investigate a possible
difference or similaritiy with sex. All possible confounders were tested for significance
within the model. The variable of club membership was significantly correlated with
social politics; thus, we excluded membership from the regression analysis. Results of
the regressions are presented as beta and their 95% lower and upper confidence intervals
(CI). R2 was used to describe the regression model’s fit. Linear regression models with
beta coefficients and interaction analyses were performed to show the association between
social behaviour and both HEI and MEDAS. The significance level was set to a < 0.05. All
statistical tests were computed using SPSS Statistics (version 27.0; IBM Corp., Armonk,
NY, USA) and Microsoft Excel 2013 for the visualisation in Figure 1 (Microsoft, Redmond,
WA, USA).
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(a) MEDAS 

(b) HEI 

Figure 1. Sex differences in the food items of the Mediterranean Diet Adherence Screener (MEDAS)
and the Healthy Eating index (HEI). Dietary patterns of men (N = 75) and women (N = 27) were
determined according to average scores achieved for items in the Mediterranean Diet Adherence
Screener (MEDAS) and items in the Healthy Eating Index (HEI). For MEDAS, the category “olive
oil, rapeseed oil” was excluded as no participant scored it. Scores are presented in percentages for
MEDAS and as the average median for items in the Healthy Eating Index (HEI). The scores ranged
within 0–10 or 0–20 points depending on the item. † maximum points downscaled from 20 to 10 points.
* p < 0.05 for significance. Detailed numerical results are presented in Supplementary Table S2 for
MEDAS and Supplementary Table S3 for HEI.
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3. Results

3.1. Characteristics of Study Participants

Overall, N = 102 participants with a median age of 62.4 (26.5% women) were included
in the analysis. Significant sex differences were shown for income (z = 10.3, p = 0.008). Men
had a significantly higher income compared to women. Dyslipidaemia was more frequent
in women (z = 6.1, p = 0.014). Women reported significantly less alcohol intake (z = 4.3,
p = 0.069). The social behaviour assessment showed significant results for active club
membership in men (z = 10.7, p = 0.004) and a higher preference for conservative politics
(z = 17.8, p = 0.032) than in women. More detailed information on study participants is
provided in Table 1.

Table 1. Characteristics of study participants.

Variables Total (N = 102) Women (n = 27) Men (n = 75) Standardised Test Statistic p-Value

Sociodemographic and clinical data

Age, years 62.4 (53.6, 69.1) 62.4 (56.6, 70.3) 63.5 (53.3, 69.0) −0.0618 c 0.536

Income categories

Low
(<EUR 2500) 16 (15.5%) 7 (25.9%) 9 (12.0%)

10.268 b 0.008Middle
(EUR 2500 < EUR 5000) 56 (54.9%) 18 (66.7%) 38(50.7%)

High
(>EUR 5000) 30 (29.4%) 2 (7.4%) 28 (37.3%)

Body mass index,
kg/m2 25.5 (23.1, 27.8) 25.0 (23.1, 27.3) 25.4 (23.1, 27.8) 0.155 c 0.876

Body mass index categories

Underweight 1 (1.0%) - 1 (1.4%)

0.985 b 0.875
Normal weight 48 (47.1%) 14 (51.9%) 33 (44.6%)

Overweight 46 (45.1%) 11 (40.7%) 36 (47.3%)

Obesity 7 (7.9%) 2 (7.4%) 5 (6.8%)

Prevalent diseases

Type 2 diabetes mellitus 2 (2.0%) - 2 (2.7%) 1.421 a 0.153

Arterial hypertension 22 (21.6%) 8 (29.6%) 14 (18.7%) 1.410 a 0.235

atrial fibrillation 52 (51%) 14 (51.0%) 38 (50.7%) 0.011 a 0.916

Dyslipidaemia 21 (20.6%) 10 (37.0%) 11 (14.7%) 6.077 a 0.014

Lifestyle factors

MEDAS, points 3 (1, 4) 3 (1, 5) 2 (2, 4) −0.320 c 0.749

Healthy Eating Index,
points 54.9 (47.3, 60.3) 55.6 (48.6, 61,8) 54.8 (67.2, 59.3) −0.804 c 0.421

Healthy Eating Index, categories

Poor (≤40 pts.) 10 (9.8%) 1 (13.7%) 9 (12.0%)

1.355 0.556Improvable (>40–64 pts.) 77 (75.5%) 22 (80.4%) 55 (73.3%)

Good (>64 pts.) 15 (14.7) 4 (5.9%) 11 (14.7%)

Diet change past 12 months
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Table 1. Cont.

Variables Total (N = 102) Women (n = 27) Men (n = 75) Standardised Test Statistic p-Value

No 82 (80.4%) 22 (78.4%) 60 (80.0%)
0.028 a 0.868

Yes, partially 20 (19.6%) 5 (18.5%) 15 (20.0%)

Energy intake, kcal/day 2187 (1904, 2504) 2138 (1224, 2418) 2253 (1974, 2583) 3.243 0.001

Physical activity,
MET-h/day (in Log10) 3.3 (3.1, 3.6) 3.5 (3.1, 3.8) 3.3 (3.1, 3.5) 1.737 c 0.082

Alcohol consumption 82 (80.4) 18 (66.7%) 63 (84.0%) 4.249 a 0.039

Smoking

Current 62 (60.8%) 6 (22.2%) 10 (13.3%)
2.018 b 0.379

Former 9 (33.3%) 41 (54.7%)

Social behaviour

Personality traits

Risk taking 6 (5.7) 6 (5.6) 6 (5.8) 10.563 b 0.250

Self-control 9 (8.10) 8 (7.8) 9 (8.10) 12.425 b 0.139

Religiousness 4 (1.6) 4 (1.5) 4 (1.7) 10.468 b 0.276

Political preferences

Conservative 5 (2.7) 4 (1.5) 6 (4.8) 17.628 b 0.032

Liberal 6 (2.7) 5 (2.6) 6 (4.8) 14.993 b 0.088

Social 8 (6.9) 8 (7.9) 8 (6.9) 6.444 b 0.826

Ecological 8 (7.9) 8 (7.9) 8 (6.9) 6.670 b 0.783

Altruism

Willingness to donate in
EUR (EUR 0 to 50) EUR 20 ± 22 25 (20.50) 20 (20.50) −0.580 c 0.562

Low willingness to
donate (EUR 0–25) 61 (59.8%) 16 (59.3%) 45 (60.0%)

0.005 a 0.946
High willingness to
donation (EUR 25–50) 41 (41.2%) 11 (40.7%) 30 (40.0%)

Club membership

No 37 (36.3%) 17 (63.3%) 20 (26.7%)

10.655 b 0.004Yes, passive 12 (11.8%) 2 (7.4%) 10 (13.3%)

Yes, active 53 (52.0%) 8 (29.6) 45 (60.0%)

Time discounting 4 (2.6) 3 (2.4) 4 (3.5) 3.175 b 0.957

Note. Data presented as percentages for categorical variables and as median (1st quartile, 3rd quartile) for
continuous variables. a Pearson’s Chi-square test. b Fisher’s exact test. c Mann–Whitney U test. Multiple data
imputation with five imputations was performed to fill in missing values of income (n = 14), and based on N = 102.
Significant correlations (p < 0.05) marked in bold.

3.2. Sex-Specific Dietary Patterns

For MEDAS, women scored significantly lower for the food groups “fruit” (z = 4.0,
p = 0.046) and “wine” (z = 4.6, p = 0.035) compared to men. The intake of butter, margarine
and cream was higher in women compared to men (z = 10.3, p = 0.001). For the HEI, only the
food intake of vegetables was significantly higher when reported by women compared with
the male participants (z = 2.8, p = 0.005). The overall HEI score did not show differences
between the groups Figure 1.
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3.3. Correlation Analysis

For MEDAS, no significant correlations were shown in women. The HEI showed a
significant positive correlation for energy intake (r = 0.446, p = 0.020) in women. For both
women and men, the HEI was negatively corrected with BMI (women: r = −0.391, p = 0.044;
men: r = −0.406, p = 0.001). MEDAS and HEI showed a positive correlation with each
other (r = 0.352, p = 0.002) in men. A positive correlation was found in men for MEDAS
with self-control (r = 0.293, p = 0.011) and ecological (r = 0.479, p = 0.001) and a negative
correlation for conservative party preferences (r = −0.230, p = 0.047). Meanwhile, HEI
showed a positive correlation with age (r = 0.301, p = 0.009) and a negative correlation with
club membership (r = −0.228, p = 0.049) and time discounting (r = −0.250, p = 0.030) Table 2.

Table 2. Correlations of MEDAS and HEI with independent variables by sex.

Independent Variables

MEDAS HEI

Women Men Women Men

R p-Value R p-Value R p-Value R p-Value

Sociodemographic and clinical data

Age, years −0.042 0.836 0.104 0.375 0.037 0.854 0.301 0.009

Income 0.078 0.698 −0.009 0.942 0.014 0.889 −0.069 0.555

Body mass index,
kg/m2 −0.077 0.702 −0.432 0.001 −0.391 0.044 −0.406 0.001

Lifestyle factors

MEDAS, points - - - - 0.307 0.119 0.352 0.002

Healthy Eating Index,
points 0.307 0.119 −0.352 0.002 - - - -

Diet change past year 0.257 0.196 0.184 0.114 −0.037 0.856 0.050 0.670

Energy intake, kcal/day 0.003 0.986 −0.010 0.932 0.446 0.020 0.165 0.158

Physical activity,
MET-h/day 0.233 0.242 0.089 0.448 −0.255 0.199 −0.065 0.577

Social behaviour

Altruism

Willingness to donate 0.112 0.577 −0.032 0.783 0.252 0.206 −0.007 0.955

Club membership 0.359 0.066 0.038 0.745 0.192 0.337 −0.228 0.049

Time discounting −0.290 0.142 −0.218 0.060 0.191 0.341 −0.250 0.030

Personality traits

Risk taking −0.221 0.268 0.103 0.379 0.188 0.348 0.014 0.905

Self-control 0.026 0.898 0.293 0.011 0.093 0.646 0.153 0.326

Religiousness −0.025 0.900 0.029 0.804 0.140 0.487 0.075 0.521

Political preferences

Conservative 0.026 0.899 −0.230 0.047 0.146 0.486 0.45 0.700

Liberal 0.035 0.862 0.029 0.802 0.074 0.714 0.145 0.214

Social 0.110 0.584 0.165 0.158 0.173 0.387 0.097 0.407

Ecological 0.155 0.441 0.479 0.001 0.048 0.812 0.244 0.053

Spearman correlation coefficients of MEDAS and HEI with independent variables (n = 102). BMI, body mass
index; MET, metabolic equivalents. Significant correlations (p < 0.05) marked in bold.
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3.4. Association of Social Behaviour and Nutrition Patterns and the Effect of Moderation by Sex

For MEDAS, the social behaviour model was statistically significant; it explained 20% of
the variation in the score. The results of the linear regression in Figure 2a showed that the
preference for ecological behaviour (beta = 0.348, 95% CI 0.151–0.546, p = 0.001) was significantly
associated with higher scoring in the MEDAS. A preference for an ecological party explained
13.9% of the model variation. A statistically borderline negative association was shown for the
preference of social politics preferences (Beta = −0.196, 95% CI −0.399–0.007, p = 0.059).

(a) MEDAS 

(b) HEI 

Figure 2. (a) Association of social behaviour items with the MEDAS. Linear regression model:
R2 = 0.200; p = 0.011. Detailed numerical results are presented in Supplementary Tables S6 and S8.
(b) Association of social behaviour items with the HEI. Significant associations (p < 0.05) marked
in bold. Linear regression model: R2 = 0.082; p = 0.515. Detailed numerical results are presented in
Supplementary Tables S5 and S7. Significant associations (p < 0.05) marked in bold.

Similarly, ecological politics preferences were significantly associated with the HEI
(beta = 0.175, 95% CI 0.02–0.33, p = 0.031). However, the overall social behaviour model was
not significant and only explained 8.2% of the variation in HEI (F (9.92) = 0.917, p = 0.515)
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Figure 2b. We did not observe any sex interactions for social behaviour items. Detailed
results are shown in Supplementary Tables S5 and S6.

4. Discussion

In our cross-sectional study based on a contemporary cohort of individuals with a
low cardiovascular risk factor burden, we investigated the associations between dietary
patterns and social behaviour including personality traits (self-control, risk taking), political
preferences (conservative, liberal, ecological, social) and altruism (willingness to donate,
club membership, time discounting) in men and women.

4.1. Main Findings and Implications for Future Investigations

Overall, we could demonstrate some sex-specific differences in dietary patterns. Fur-
ther, we showed that social behaviour such as personality traits, political preferences and
altruism explain between 8.2 and 20% of the variability in dietary patterns. In the associa-
tion analyses, an ecological party preference was consistently related to MEDAS and HEI.
The findings provide behavioural insights into the field of (un)healthy food choices that
can support the development of behavioural primary prevention strategies.

4.2. Dietary Patterns and Sex

Our findings support the assumption that dietary patterns differ between women
and men, and we showed that different social behaviour patterns and personal traits are
associated with dietary patterns for both sexes. The results underpin the importance of
sex differences in dietary patterns as a modifiable risk factor for possible disease devel-
opment [25]. Recent studies reported more detailed results concerning sex differences
for adherence to dietary recommendations using a large sample size of 210,106 women
and men [26] and for food preferences and their implications for promoting sustainable
dietary patterns in a systematic review [27]. Our study provided detailed information of
sex-specific dietary patterns by using two well-established scores, MEDAS and HEI.

Both indices, MEDAS and HEI, are comprehensive assessments of diet quality for this
study population. In particular, we observed a lower HEI score for participants with a
higher BMI for both sexes, and for MEDAS, we showed that a higher BMI also decreased
the scoring in men, but not in women. Although HEI is primarily a measure of overall diet
quality, it may also be a predictor of obesity. Other studies have also demonstrated that
dietary consumption that follows the HEI is associated with a lower risk for obesity [28].
Sex differences exist in the regulation of energy homeostasis, with a greater intake of energy
in men [26,29]. We estimated that these factors were less revenant for the differences in
energy intake between women and men given that almost all female participants were
in menopause. However, a relationship with higher energy intake in men compared to
women has been identified in this study. Factors such as the higher energy needs of men
due to a larger body surface, more muscle mass and usually more sports compared to
women might have a influence on this result. Despite other study results that showed that
lower energy intake is associated with healthy eating behaviours [30], in our cohort, we
observed that women with a higher energy intake had higher HEI scores. It is possible that
this observation could be explained by the low sample size of women within our study.
Consistent with previous studies, men reported higher consumption of alcohol compared
to women [31]. In the latest global status report on alcohol and health of the WHO in
2018, 54% men (1.46 billion) and 32% of women (0.88 billion) aged 15 and older worldwide
consumed alcohol. Men experience an estimated 2.3 million deaths and 106.5 million
DALYs attributable to alcohol consumption, while women experience 0.7 million deaths
and 26.1 million DALYs attributable to alcohol consumption [32]. Thus, the assessment of
alcohol as an important indicator for dietary patterns shows potential to detect and prevent
unhealthy eating habits in consideration of sex-specific patterns of consumption in low-risk
individuals. According to average scores achieved for items in the MEDAS and items in
the HEI, women scored significantly lower for fruits and wine, but significantly higher for
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vegetables, compared to men. The low fruit consumption in women is in contrast to other
studies, where women compared to men had a higher intake of fruits [33,34]. However, the
tendency of healthy dietary patterns such as less or no alcohol consumption and higher
intake of vegetables in women within this cohort is mainly in line with the results of other
established population studies [26,33]. Thus, the low consumption of fruit could possibly
be explained by, again, the low sample size of women and the generally lower overall food
consumption in women rather than in men.

In our study, women had a higher burden of dyslipidaemia compared to men and
also scored significantly higher for butter, margarine and cream consumption, which is
known to increase total and LDL cholesterol [35]. As opposed to our findings, few studies
show that women tend to have more favourable levels of blood cholesterol compared to
men [36,37]. The onset of dyslipidaemia occurs later in women, and often is more poorly
controlled compared to men [38].

4.3. Social Behaviour, Personality Traits and Political Preferences

In general, we showed that men were frequently more active members in a club, self-
control correlated with an increase in the MEDAS scoring, and we identified significance in
the preference for conservative politics as compared to women.

We showed that, in men, active club membership correlated with a higher MEDAS
and HEI score. An active role in the community is a strong indicator of social support and
amplifies integration into society. In a few studies, social factors such as informal networks
have been identified to have an influence on food-related behaviours [39–41]. If we assume
that active participation in a club helps to avoid social isolation, our findings are in line
with previous studies.

Self-control, as a major personality characteristic, explains several health-related
behaviours [42]. We did not observe an association between self-control and dietary
patterns in the regression analysis. However, self-control was correlated with MEDAS
in men. Other studies support the importance of self-control for healthy eating attitudes
and its role in the maintenance of weight/shape concerns and disordered eating for both
women and men [43,44].

We identified a significant association between the preference for ecological-oriented
politics and the tendency towards healthy dietary patterns for both indices. Ecological
behaviour is a pro-environmental attitude and it refers to the human relationship with
the natural environment and is a complex, diverse and dynamic phenomenon, and it
seems that ecological behaviour is a significant factor in lifestyle management and food
choices. The literature suggests that environment and exposure can predict food-related
health risk behaviours and health outcomes [45]. Altruism, tested by the willingness
to donate, showed no sex-specific differences, despite a significant difference in income
between men and women. There have been a few investigations with the objective to
identify associations of altruistic behaviour for recruitment and enrolment optimisations in
RCTs [46,47]. Weissberger and colleagues identified, for example, that increased financial
altruism is associated with disease occurrence in older adults [48]. Conversely, Shim and
colleagues incorporated altruism into a game-theoretic epidemiological model to determine
how altruistic behaviour impacts the disease burden. They recommended promoting
altruism to improve public health outcomes [49]. In the association analysis, we could
not find an interaction effect of sex between dietary patterns and social behaviour items.
However, it should be considered that a number of gender-based stereotypes about food
exist in every human culture. Although the causes of this are far from being fully elucidated,
the consequences for food choices and dietary habits might be relevant because both men
and women tend to adhere to those expectations most likely to reinforce their own gender
identities [50,51].
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4.4. Recommendations for Primary Prevention

� The association of ecological preferences and healthy dietary patterns inform preven-
tive agendas to focus on different behavioural strategies to promote environmentally
sustainable food consumption in high-income countries.

� Health aspects are not the only determinants of food choices. People may have various
food-related goals, such as to save money or maintain a sustainable lifestyle, which
are often more salient and compete with the importance of health considerations.

� Social characteristics such as self-control and ecological preferences could support the
ability to reflect on the influence of environmental factors such as marketing and peers.
To educate individuals about this, behavioural insights that could support healthy
dietary patterns could be integrated into behavioural primary prevention strategies.

The importance of the determination of human health behaviours, investigation
of personality traits and preferences and consequently the development of appropriate
prevention programs has been underlined by prior research [52].

4.5. Strengths and Limitations

Our results are limited by the cohort approach, which does not permit statements on
causality. Bias may exist in the form of recall bias for food items and social desirability
bias. The relationship between dietary patterns and social behaviour is complex and we
identified weak associations. Therefore, we accounted for possible sex differences and
incomes, but may have missed other relevant factors, such as education levels. We had to
deal with a relatively small sample size (especially for women). Despite careful adjustment,
residual confounding may exist. Additionally, the present research was restricted to the
metropolitan region of Hamburg in Germany, and the results may not be generalisable to
other populations. The main strength of our study is a well-characterised and consciously
selected cohort with low-risk participants, where we were able to identify at least weak
differences for social behaviours in men and women. The other strength is the advantageous
comprehensive assessment of dietary patterns with different items based on protocols from
both the Mediterranean Diet Adherence Screener and the validated Healthy Eating Index
and the provision of a broader picture of food consumption.

5. Conclusions

In our cohort of low-risk individuals, we could demonstrate that social behaviour such
as personality traits (self-control, risk taking), political preferences (conservative, liberal,
ecological, social) and altruism (willingness to donate, club membership, time discounting)
may be related to dietary patterns. In particular, ecological preferences showed a significant
association with healthy dietary habits.

However, the observed associations were weak. There were no sex differences ob-
served between social behaviour and dietary patterns. Based on our analyses, primary
prevention might address behavioural aspects in order to improve dietary habits and thus
health in both women and men.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15081832/s1, Table S1: Assessment of social behaviour, Table S2:
Sex differences in food items of the Mediterranean Diet Adherence Screener, Table S3: Sex differences
in the food items of the Healthy Eating Index (HEI), Table S4: Differences individuals with low and
high willingness to donate in the food items of the Mediterranean Diet Adherence Screener, Table S5:
Linear regressions of social behaviour variables with HEI, Table S6: Linear regressions of social
behaviour variables with MEDAS, Table S7 Moderation effect of sex for social behaviour with HEI,
Table S8: Moderation effect of sex for social behaviour with MEDAS, Figure S1: Dietary patterns of
individuals with high (N = 61) and low (N = 41) willingness to donate according to average scores
achieved for items in the Mediterranean Diet Adherence Screener (MEDAS).
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Abstract: This population-based cross-sectional cohort study investigated the association of the
Mediterranean and DASH (Dietary Approach to Stop Hypertension) diet as well as supplement
intake with gray-scale median (GSM) and the presence of carotid plaques comparing women and
men. Low GSM is associated with plaque vulnerability. Ten thousand participants of the Hamburg
City Health Study aged 45–74 underwent carotid ultrasound examination. We analyzed plaque
presence in all participants plus GSM in those having plaques (n = 2163). Dietary patterns and
supplement intake were assessed via a food frequency questionnaire. Multiple linear and logistic
regression models were used to assess associations between dietary patterns, supplement intake
and GSM plus plaque presence. Linear regressions showed an association between higher GSM and
folate intake only in men (+9.12, 95% CI (1.37, 16.86), p = 0.021). High compared to intermediate
adherence to the DASH diet was associated with higher odds for carotid plaques (OR = 1.18, 95%
CI (1.02, 1.36), p = 0.027, adjusted). Odds for plaque presence were higher for men, older age, low
education, hypertension, hyperlipidemia and smoking. In this study, the intake of most supplements,
as well as DASH or Mediterranean diet, was not significantly associated with GSM for women or
men. Future research is needed to clarify the influence, especially of the folate intake and DASH diet,
on the presence and vulnerability of plaques.

Keywords: dietary patterns; supplements; carotid artery disease; cardiovascular disease; peripheral
artery disease; carotid plaques; GSM; prevention

1. Introduction

Atherosclerotic cardiovascular disease (CVD) is widespread and is a leading cause of
morbidity and mortality worldwide [1,2]. Atherosclerosis refers to a slowly progressive
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process of plaque formation in the vessel wall. Plaque rupture, platelet activation and,
consequently, secondary thrombosis may occur during the progression of the disease [3–6].
Thereby, the risk of cardio- and cerebrovascular events is increased. Ischemic strokes are
caused by the rupture of plaques in the carotids in about 15% of cases [7,8]. The stability
and vulnerability of plaques have a major impact on the risk of plaque rupture [9]. Stable
plaques consist of a high amount of fibrous tissue and calcification. Unstable plaques,
in contrast, are rupture-prone due to high lipid content, an oftentimes necrotic core and
intra-plaque hemorrhage [10,11].

Measurement of carotid intima-media thickness (cIMT) and its progression is an
established and widely used prognostic biomarker for future CVD events [12,13]. However,
it does not provide any information about plaque composition and, thus, the vulnerability
of plaques. Therefore, the measurement of plaque gray-scale median (GSM) may improve
the detection of vulnerable plaques. GSM provides additional information on plaque
morphology due to the measurement of densitometry of the plaque [14,15].

The previous literature has demonstrated that GSM is a suitable measurement to quan-
tify and assess the vulnerability of carotid plaques based on their echogenicity on B-mode
ultrasonography [14,16,17]. GSM correlates with histopathological findings in patients
after carotid endarterectomy and thus reflects the composition of plaques [10,18–22]. More
precisely, high GSM values correlate with predominantly echogenic, stable plaques with
a higher grade of calcification and fibrosis, whereas low GSM values are associated with
echolucent, vulnerable plaques [11,14]. Low GSM values in carotid plaques are associated
with an increased risk for CVD events, especially ischemic strokes [23–25].

GSM and cIMT are associated with different risk factors. While cIMT correlates with
traditional risk factors such as hypertension and smoking status, GSM correlates with
other traditional risk factors like dyslipidemia as well as with markers of inflammation
and oxidative stress [26,27]. This suggests that cIMT and GSM may depict different aspects
of atherosclerosis, with GSM relating more to metabolic aspects [28]. In addition to GSM,
the presence of carotid plaque is associated with the incidence of CVD events [29,30] and
is further an established ultrasound surrogate of CVD [31,32]. Nutritional aspects are
known to play a relevant role in the development of atherosclerosis and in the formation of
plaques [33]. Hence, it is of great interest how both can be influenced through diet.

CVD may be prevented in up to 90% of cases by a healthy lifestyle [34]. Numerous
studies investigating the association between dietary patterns and CVD have included
Dietary Approaches to Stop Hypertension (DASH) diet and the Mediterranean diet. Both
adherence to the DASH diet and the Mediterranean diet are usually higher in women than
in men [35–37]. Mediterranean diet has shown a primary prevention effect on CVD events
as well as a tendency to slow down carotid plaque progression [38–44]. However, data on
the association with GSM has been missing until now, and even the association between
the Mediterranean diet and cIMT remains to be confirmed [45]. DASH diet is associated
with fewer CVD events and lower cIMT values, while data regarding the association with
GSM or plaque presence is not available [35,46,47].

Furthermore, dietary supplement intake is widespread in the general population [48];
for example, more than half of US adults take at least one supplement daily [49,50]. For
Germany, the EPIC-Heidelberg cohort has shown an increasing prevalence of up to about
45% for vitamin/mineral supplement intake in a follow-up reassessment (2004–2006) [51].
The EPIC-Heidelberg cohort and many other studies have also revealed that women, in
particular, are more likely to take supplements compared to men [49,51–54]. The main
reasons for intake are general health and well-being and filling nutrient gaps [55].

According to previous studies, the associations between dietary supplements and
CVD or cIMT remain unclear. Some data on B vitamins exist, especially for folic acid
supplementation, which appears to be associated with benefits for CVD and, in particular,
stroke risk [56–59]. Studies investigating associations between dietary supplement intake
with GSM or plaque presence are lacking.
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This study, therefore, aimed to examine associations between the dietary patterns
Mediterranean diet and the DASH diet as well as dietary supplements (specifically multivi-
tamins, multiminerals, calcium, magnesium, vitamin B and folate) and (a) the presence or
(b) GSM of carotid plaques as predictors of CVD in women and men.

2. Materials and Methods

2.1. Study Population and Study Design

This study is part of the Hamburg City Health Study (HCHS). HCHS is a prospective,
single-center, population-based cohort study. It aims to identify risk and prognostic factors
of main chronic diseases. Participants must be inhabitants of Hamburg, Germany, at
the time of enrollment, aged 45–74 years and must provide sufficient language skills for
participating in the study. Participants are chosen randomly via the registration office.
They sign an informed consent and undergo an extensive baseline evaluation. Detailed
information on the HCHS has been published separately [60]. For this study, data from
the first sub-cohort (n = 10,000) was used. Data acquisition took place between 8 February
2016–30 November 2018.

2.2. Ultrasound Images

B-mode duplex sonography was performed by trained study assistants using a
Siemens SC2000® Ultrasound System and a 7.5 Mhz broadband linear transducer. Measure-
ment of the cIMT was performed three times. The carotid bulb, common carotid artery and
internal and external carotid artery were then scanned for plaques using the longitudinal
view of carotid artery. A plaque was defined as a local cIMT ≥ 1.5 mm.

2.3. Gray-Scale Median

Carotid ultrasound scans were saved in DICOM (digital imaging and communications
in medicine) format after performing the sonography. In the next step, echogenicity of
carotid plaques was analyzed using software that was specifically written for this project’s
purpose, based on the open-source project JS Paint [61,62]. Plaques were segmented
manually by outlining the plaques using the computer mouse. One additional marker was
drawn in the vessel lumen, and a second in the adventitia. Each plaque was segmented
twice by different operators to minimize interobserver reliability. Interobserver reliability
was determined based on a random sub-sample of 135 (5%) participants that were evaluated
by all observers. Remeasurements of outliers were performed. Images were saved as
portable network graphics (PNG) files after segmentation. Next, image brightness was
normalized using the vessel lumen as the reference structure for darkness (GSM = 0) and the
adventitia as the reference structure for brightness (GSM = 190). Both grayscale values were
chosen based on the existing literature [63]. In general, GSM values range from 0, indicating
total black, to 255, indicating total white. Noise reduction and cropping of the images were
performed automatically. Finally, minimum, maximum, mean and median grayscale values
were calculated and output in a comma-separated values (CSV) file. Primary outcome of
the present study was the mean value over all individual echogenicity measurements as
numerical variable.

2.4. Questionnaires and Dietary Scores

Dietary habits and intake of nutrition supplements were assessed in questionnaires.
For dietary intake, the food frequency questionnaire (version 2, FFQ2) developed for the
European Perspective Investigation into Cancer and Nutrition (EPIC) study was used [64].
It samples information on frequency and portion size of 102 food items consumed during
the previous year. Information was collected and analyzed in terms of energy intake, food
groups and nutrients.

The validated German translation of the Mediterranean Diet Adherence Score (MEDAS)
was used for evaluating adherence to a Mediterranean diet [65]. It contains twelve questions
on food items and two questions on food habits (Supplementary Material Table S1). For
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each item, a score of 0 indicates a non-adherence, whereas a score of 1 indicates adherence.
Finally, the score was grouped by quantiles into the categories 0–3, 4, 5 and 6+.

Adherence to the Dietary Approaches to Stop Hypertension (DASH) diet was assessed
using a scoring system adapted from Folsom et al. [66]. The score includes ten items on
consumption of grains, vegetables, fruits, dairy, meat/poultry/fish, nuts/seeds/legumes
and sweets (obtained from raw data) and average daily intake of nutrients (saturated fat,
fat, sodium) (Supplementary Material Table S2). Each item was scored from 0 to 1. Finally,
the score was grouped by quantiles into the categories 0–3.5, 3.6–4.5, 4.6–5.0 and 5.1+.

The FFQ2 continued to ask about the use of dietary supplements for at least one month
in the last twelve months, specifically multipreparations (multivitamin or multimineral
preparations or both) or 14 single and simple combination preparations, as well as nine
natural health products. For this study, data on multivitamin and multimineral preparations
as well as calcium, magnesium, vitamin B complex and folic acid, were included.

2.5. Statistical Analysis

In the descriptive analysis, continuous data are presented as the median and interquar-
tile range (IQR), and categorical data as absolute numbers and percentages.

Multiple linear regressions were used to assess the association between echogenicity
and dietary and supplement intake, i.e., nutritional supplements, DASH diet, MEDAS
within GSM-sub-cohort (n = 2163). All models were estimated separately for males and
females and adjusted for not performing any sports (examined as ‘never performing sports
except for cycling or walking’), age, socioeconomic status index (including education, pro-
fession, salary), body mass index (BMI), smoking status, energy intake (kcal), dyslipidemia,
hypertension, diabetes mellitus, myocardial infarction, heart failure, atrial fibrillation, his-
tory of stroke or transient ischemic attack (TIA), peripheral arterial disease, estimated
glomerular filtration rate (eGFR), lipid-lowering drugs, antihypertensive medication, an-
tidiabetic medication, use of antiplatelets. Central results were presented as betas with 95%
confidence intervals. We did not adjust for multiple comparisons. We imputed missing
values by multivariate imputation by chained equations separately for twenty copies of the
data with ten iterations. Subsequently, estimates were averaged, and standard errors were
adjusted using Rubin’s rules [67].

We performed additional analysis regarding the presence of at least one carotid plaque
using multiple logistic regressions within a full cohort of 10,000 participants. For the
full-adjusted model, age, sex, education, body-mass index, diabetes mellitus, arterial
hypertension, hyperlipidemia, smoking status, heart failure, atrial fibrillation, myocardial
infarction, stroke and sports were used for adjustment. Education was divided into three
categories (low, medium and high) based on the International Standard Classification of
Education (ISCED 1011).

Statistical significance was defined as an α = 0.05. We adhered to the Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) statement [68]. All
analyses were performed in R version 4.0.3.

3. Results

3.1. Baseline Characteristics of GSM-Sub-Cohort

From the HCHS cohort of 10,000 participants, GSM was assessed for 2163 participants
having at least one carotid plaque (Figure 1). The baseline characteristics of these partici-
pants, consisting of 921 (42.6%) women and 1242 (57.4%) men, are shown in Table 1. Here,
the median age of women and men at recruitment was 68 (IQR (62, 73)) years. Obesity
was found in 272 (21.9%) men and 187 (20.3%) women. Overall, 486 (22.5%) were current
smokers. Of men, 397 (32.0%) were not performing any sports, whereas 249 (27.0%) women
were not exercising.
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Figure 1. Flow Chart for assessment of echogenicity measurement in participants of HCHS.

Table 1. Baseline characteristics of the study population of GSM-sub-cohort.

Overall Men Women p-Value

n (%) 2163 (100) 1242 (57, 4) 921 (42, 6)
Age in years (median [IQR]) 68 (62, 73) 68 (62, 73) 68 (62, 72) 0.44

SES index (median [IQR]) 12.30 (9.97, 16.00) 13.30 (10.30, 16.70) 11.40 (9.40, 14.20) <0.001
NA 1307 (60.4) 653 (52.6) 654 (71)

BMI (kg/m2) (%) <0.001
NA 130 (6.0) 67 (5.4) 63 (6.8)

Normal weight (BMI 18.5–24.9 kg/m2) 677 (31.3) 322 (25.9) 355 (38.5)
Obesity (BMI ≥ 30 kg/m2) 459 (21.2) 272 (21.9) 187 (20.3)

Overweight (BMI 25–29.9 kg/m2) 883 (40.8) 576 (46.4) 307 (33.3)
Underweight (BMI < 18.5 kg/m2) 14 (0.6) 5 (0.4) 9 (1.0)

Smoking status (%) 486 (22.5) 282 (22.7) 204 (22.1) 0.697
NA 11 (0.5) 5 (0.4) 6 (0.7)

Not performing any sports (%) 646 (29.9) 397 (32.0) 249 (27.0) 0.047
NA 180 (8.3) 100 (8.1) 80 (8.7)

Total energy intake, kcal (median [IQR]) 2009.48 (1613.75,
2564.23)

2311.52 (1853.48,
2837.52)

1729.92 (1419.01,
2101.23) <0.001

NA 242 (11.2) 141 (11.4) 101 (11)
MEDAS score (%) <0.001

NA 244 (11.3) 142 (11.4) 102 (11.1)
0–3 points 576 (26.6) 453 (36.5) 123 (13.4)

4 points 439 (20.3) 272 (21.9) 167 (18.1)
5 points 356 (16.5) 175 (14.1) 181 (19.7)

6+ points 548 (25.3) 200 (16.1) 348 (37.8)
DASH score (%) <0.001

NA 244 (11.3) 142 (11.4) 102 (11.1)
0–3.5 points 489 (22.6) 395 (31.8) 94 (10.2)

3.6–4.5 points 643 (29.7) 377 (30.4) 266 (28.9)
4.6–5.0 points 325 (15.0) 152 (12.2) 173 (18.8)

5.1+ points 462 (21.4) 176 (14.2) 286 (31.1)
Any supplement intake (%) 755 (34.9) 352 (28.3) 403 (43.8) <0.001

NA 177 (8.2) 100 (8.1) 77 (8.4)
Multivitamins (%) 167 (7.7) 96 (7.7) 71 (7.7) 1
Multiminerals (%) 180 (8.3) 78 (6.3) 102 (11.1) <0.001

Calcium (%) 127 (5.9) 68 (5.5) 59 (6.4) 0.413
Magnesium (%) 382 (17.7) 179 (14.4) 203 (22.0) <0.001
Vitamin B (%) 110 (5.1) 45 (3.6) 65 (7.1) <0.001
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Table 1. Cont.

Overall Men Women p-Value

Folate (%) 76 (3.5) 30 (2.4) 46 (5.0) 0.002
Hyperlipidemia (%) 744 (34.4) 498 (40.1) 246 (26.7) <0.001

NA 100 (4.6) 53 (4.3) 47 (5.1)
Arterial hypertension (%) 1644 (76.0) 974 (78.4) 670 (72.7) <0.001

NA 62 (2.9) 44 (3.5) 18 (2.0)
Diabetes mellitus (%) 256 (11.8) 171 (13.8) 85 (9.2) 0.002

NA 118 (5.5) 59 (4.8) 59 (6.4)
Prior MI (%) 119 (5.5) 103 (8.3) 16 (1.7) <0.001

NA 17 (0.8) 10 (0.8) 7 (0.8)
Heart failure (%) 174 (8.0) 115 (9.3) 59 (6.4) 0.014

NA 20 (0.9) 15 (1.2) 5 (0.5)
Atrial fibrillation (%) 183 (8.5) 120 (9.7) 63 (6.8) 0.014

NA 199 (9.2) 101 (8.1) 98 (10.6)
Prior stroke (%) 100 (4.6) 65 (5.2) 35 (3.8) 0.121

NA 17 (0.8) 7 (0.6) 10 (1.1)
PAD (ABI < 0.9) (%) 255 (11.8) 140 (11.3) 115 (12.5) 0.308

NA 1140 (52.7) 645 (51.9) 495 (53.7)
GFR (median [IQR]) 87.20 (78.40, 93.20) 88.90 (81.20, 94.60) 84.80 (76.30, 90.30) <0.001

NA 211 (9.8) 105 (8.5) 106 (11.5)
Lipid-lowering drugs (%) 617 (28.5) 413 (33.3) 204 (22.1) <0.001

NA 60 (2.8) 39 (3.1) 21 (2.3)
Antihypertensives (%) 1000 (46.2) 598 (48.1) 402 (43.6) 0.035

NA 60 (2.8) 39 (3.1) 21 (2.3)
Antidiabetics (%) 171 (7.9) 119 (9.6) 52 (5.6) 0.001

NA 60 (2.8) 39 (3.1) 21 (2.3)
Antiplatelets (%) 600 (27.7) 409 (32.9) 191 (20.7) <0.001

NA 60 (2.8) 39 (3.1) 21 (2.3)

This table shows baseline characteristics related to participants with assessed GSM (n = 2163). Abbreviations: IQR,
interquartile range; SES, socioeconomic status; NA, not available (missings with respect to line above); BMI, body
mass index (calculated as weight in kilograms divided by height in meters squared); MEDAS, Mediterranean Diet
Adherence Score; DASH, Dietary Approach to Stop Hypertension; MI, myocardial infarction; PAD, peripheral
artery disease; ABI, ankle-brachial-pressure-Index; GFR, glomerular filtration rate.

Women reached higher MEDAS scores more often than men; women reached a score
of 6+ points in 37.8% of the cases, whereas men reached a score of 6+ points in 16.1%. A
similar trend holds true for the DASH score: 31.1% of women and 14.2% of men achieved a
score of 5.1+ points. Men reached the largest distribution range at 0–3.5 points (31.8%) and
3.6–4.5 points (30.4%). In comparison, fewer women had low score values.

A total of 755 (34.9%) participants had an intake of any supplement. Intake was higher
among women (43.8%) than men (23.8%). As Table 1 shows, for each of the examined
supplements, intake was higher in women than in men, with the exception of multivitamins.
Here, an equal supplementation distribution of 7.7% each for women and men was assessed.

Figure 2 shows the distribution of GSM levels separately for men (shown in blue) and
women (shown in red). The median GSM was 56.50 with IQR between 46.00 and 68.50 for
men and 55.80 with IQR between 44.25 and 70.33 for women.

3.2. Linear Regression of Nutrition Parameters and Examined Supplements with GSM in Women
and Men

Table 2 shows the results of multivariate linear regression models of nutrition pa-
rameters, examined supplements and GSM in men and women of the GSM-sub-cohort
(n = 2163). A significant correlation could only be found for folic acid intake in men (GSM
9.12 (95% CI (1.37, 16.86), p = 0.021).
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Figure 2. Distribution of gray-scale median (GSM) in women (red) and men (blue). n = 2163.
Abbreviations: GSM, gray-scale median.

Table 2. Linear regression models for Outcome GSM (0 to 255) in men and women.

Model Parameters
Men Women

GSM [95% CI] 1 p-Value GSM [95% CI] 1 p-Value

MEDAS 4 points 2 −0.14 (−3.06, 2.79) 0.927 −2.82 (−7.78, 2.15) 0.267
MEDAS 5 points 2 −1.10 (−4.45, 2.25) 0.521 −2.02 (−6.78, 2.74) 0.406

MEDAS 6+ points 2 −1.53 (−4.71, 1.66) 0.347 −1.88 (−6.19, 2.43) 0.393

DASH 3.6–4.5 points 3 −1.27 (−4.09, 1.55) 0.378 −1.69 (−6.57, 3.19) 0.497
DASH 4.6–5.0 points 3 −0.95 (−4.66, 2.75) 0.614 −3.76 (−9.06, 1.53) 0.164

DASH 5.1+ points 3 −1.45 (−4.86, 1.96) 0.406 −0.33 (−5.22, 4.57) 0.896

Any supplement intake 4 −0.69 (−4.12, 2.74) 0.693 −1.06 (−4.78, 2.67) 0.578
Multivitamins 4 −2.67 (−7.94, 2.61) 0.322 −2.03 (−8.53, 4.47) 0.540
Multiminerals 4 1.52 (−4.11, 7.15) 0.597 −0.87 (−6.53, 4.79) 0.763

Calcium 4 −0.14 (−5.57, 5.29) 0.960 2.57 (−3.61, 8.76) 0.415
Magnesium 4 −0.01 (−4.20, 4.18) 0.995 −0.19 (−4.43, 4.05) 0.930
Vitamin B 4 −2.19 (−8.59, 4.21) 0.502 3.93 (−1.93, 9.79) 0.189

Folate 4 9.12 (1.37, 16.86) 0.021 −2.50 (−9.31, 4.31) 0.472

This table shows results of linear regression models regarding GSM related to participants with assessed GSM
presented as betas (n = 2163). 1 Model adjusted for: age, socioeconomic status, not doing sport, BMI, smoking
status, energy intake (kcal), dyslipidemia, hypertension, diabetes mellitus, myocardial infarction, heart failure,
atrial fibrillation, history of stroke or TIA, peripheral arterial disease, eGFR, lipid-lowering drugs, antihyperten-
sive medication, antidiabetic medication, antiplatelets. 2 Reference category: <4 points. 3 Reference category:
<3.6 points. 4 Reference category: No supplement intake. Abbreviations: GSM, gray-scale median; CI, confidence
interval; MEDAS, Mediterranean Diet Adherence Score; DASH, Dietary Approach to Stop Hypertension; BMI,
body-mass-index; TIA, transient ischemic attack; eGFR, estimated glomerular filtration rate.
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A non-significant opposing trend was found in women with GSM of −2.50 (95% CI
−9.31, 4.31), p = 0.472. No significant associations could be found between dietary patterns
or intake of the other examined supplements and GSM.

3.3. Results of Logistic Regression Regarding the Presence of Carotid Plaques

The results of logistic regressions with multivariable adjustments as OR related to the
reference category for the presence of at least one carotid plaque in full HCHS-sub-cohort,
including 10,000 participants, are shown in Table 3. In all three adjusted logistic regression
models, the odds for the presence of at least one carotid plaque were significantly higher
among the categories men, older age, low education, arterial hypertension, hyperlipidemia
and smoking status (Supplementary Material Table S3).

Table 3. Logistic regression models regarding the presence of carotid plaques.

Characteristics OR (95% CI) p-Value

High MEDAS vs. medium MEDAS 1.07 (0.92, 1.24) 0.367
Low MEDAS vs. medium MEDAS 0.86 (0.75, 1.00) 0.052

High DASH vs. medium DASH 1.18 (1.02, 1.36) 0.027
Low DASH vs. medium DASH 0.95 (0.82, 1.10) 0.469

Supplement intake yes vs. no 0.96 (0.85, 1.08) 0.490
This table shows results of additional analyses of logistic regression models regarding the presence of carotid
plaques in full HCHS-sub-cohort, including 10,000 participants. All models are adjusted for age, sex, education,
body-mass index, diabetes mellitus, arterial hypertension, hyperlipidemia, smoking status, heart failure, atrial
fibrillation, myocardial infarction, stroke and sports. Abbreviations: OR, odds ratio; CI, confidence interval;
MEDAS, Mediterranean Diet Adherence Score; DASH, Dietary Approach to Stop Hypertension.

A high DASH score showed significantly increased odds for the presence of at least
one plaque compared to intermediate score values in adjusted models (OR = 1.18, 95% CI
(1.02, 1.36), p = 0.027).

In adjusted models, no significant association between MEDAS or any supplement
intake and the presence of carotid plaque was found.

4. Discussion

GSM was not associated with Mediterranean or DASH nutritional patterns and most
supplements in an elderly German population. Folic acid intake was significantly associated
with higher GSM only in men. A high DASH score was significantly associated with
increased odds for the presence of carotid plaques compared to intermediate score values.
However, in all other fully adjusted analyses, no significant associations were found
between DASH/Mediterranean diet and plaque presence.

This study is the first to investigate associations between GSM and the Mediterranean
Diet or DASH diet as well as the supplements examined in this study, plus the relation
between the presence of carotid plaques with the DASH diet or supplement intake. There
are only a few studies that have investigated plaque prevalence and MEDAS.

The study’s baseline data fit with the demographics of previous studies, which have
also shown that both following healthy dietary patterns—measured by high adherence
scores—and taking supplements are more prevalent among women [35–37,49,53,69,70].

The significantly increased GSM in men taking folic acid should be considered with
caution because only 30 men (2.4%) supplemented folic acid. Future studies should in-
vestigate the effect of folic acid on plaque vulnerability. In addition to that, the clinical
implication should be mentioned. If the observed evidence of a 9.12 increased GSM by folic
acid intake (95% CI (1.37, 16.86), p = 0.021) is not coincidental, this positive effect, however,
is not necessarily clinically relevant. However, three reviews revealed a reduced stroke risk
for folic acid supplementation and, thus, beneficial effects for stroke prevention [57–59].
Again, further studies are necessary to determine which GSM changes are clinically relevant
to outcomes related to CVD, e.g., ischemic stroke. Thus, the findings probably exist due to
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confounders like traditional cardiovascular risk factors considering that supplement users
tend to have more healthy habits than non-users [55].

Several studies have shown that the presence of carotid plaques is particularly asso-
ciated with older age, male sex [71] and smoking [72], but also linked to diseases such as
hypercholesterolemia [31], hypertension, diabetes mellitus [73,74] and cardiac disease [75].
Our findings are in line with previous studies that revealed the following associations: In
adjusted regression models, the odds of having at least one plaque significantly increased in
men, older age, low education, arterial hypertension, hyperlipidemia and smoking status.
Evidence for correlations between supplement intake or DASH diet with plaque presence
is missing in the existing literature. For any supplement intake, the odds of carotid plaque
presence were lower, although no significant trend was observed after adjustment.

Contrary to our expectations, we have found a significant association between high
DASH scores and a more frequent occurrence of carotid plaques in adjusted models. In
contrast, Fung et al. showed that adherence to the DASH diet is associated with a reduced
risk of CVD events such as stroke [46]. The reason for our findings could be that people
having cardiovascular diseases are more willing to follow healthy nutrition recommenda-
tions. Likewise, individuals who have received nutritional counseling cause of their CVD
are more likely to report healthy nutrition in questionnaires (recall/reporting bias).

We found an absence of proof regarding the association between MEDAS or supple-
ment intake and the presence of carotid plaque. Previous studies confirm that there may be
no association between MEDAS and the presence of carotid plaques. For example, neither
Gardener et al. in the Northern Manhattan Study (NOMAS) [38] nor Mateo-Gallego et al.
in the Aragon Workers’ Health Study (AWHS) [41] observed an association between the
Mediterranean diet and plaque presence. Jimenez-Torres et al. also did not find any effect
of the Mediterranean diet on the number of carotid plaques [39]. In contrast, a Croatian
study in a population of HIV-infected patients found that lower adherence to the Mediter-
ranean diet was associated with increased odds of subclinical atherosclerosis defined as
cIMT ≥ 0.9 mm or ≥1 carotid plaque [76].

Although no clinically relevant association between the Mediterranean/DASH diet
or supplement intake and GSM has been found, some studies have shown associations
between these lifestyle adjustments and the CVD predictor cIMT. For example, Maddock
et al. describe significantly lower cIMT for greater adherence to the DASH diet [35].

Because GSM and cIMT may be associated with different risk factors [26,27] and
represent different aspects of atherosclerosis [28], it is worth doubting whether GSM is
an appropriate parameter for detecting associations with dietary adjustments. Perhaps
other methods are more useful for investigating associations and, finally, causal influences
on clinical outcomes related to diet or supplements. For example, using a juxtaluminal
black area (JBA) instead of GSM could provide even more information [22]. While the GSM
value is based on the echolucency measurement of the whole plaque, JBA focuses on a low
GSM plaque area near the vessel lumen. Salem et al. found a stronger association between
histological findings and JBA than with GSM [21].

In summary, further research regarding the relationship between GSM and the pres-
ence of carotid artery plaques with nutrition patterns or supplement intake is needed.

Strengths and Limitations

The present study consists of an exceptionally large sample size of 2163 participants
within the GSM-sub-cohort and 10,000 participants in an additional analysis with the
presence of at least one plaque. Almost no exclusion criteria (only insufficient German
language skills and incapability to travel to the study center and to cooperate in the
investigations) and random invitations via the registration office are used for the selection
of study participants for HCHS. Still, selection bias cannot be excluded for certain. HCHS
participants tend to be more health-conscious and educated, showing fewer cardiovascular
risk factors than the general German population [77]. Furthermore, the HCHS study
population consists of middle-aged individuals living in Hamburg, so generalizations to
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other age groups and individuals living in rural areas should not be made without careful
consideration.

Being a cross-sectional analysis, no causal conclusions can be made. Data on dietary
parameters were collected by self-reporting in questionnaires, so there is a risk of reporting
and recall bias. In addition, no data were collected on the dose of the supplements nor on
the continuity or duration of intake.

Furthermore, adjustments for multiple comparisons were not performed. This could
lead to dismissing the null hypothesis hastily, especially in consideration of the wide variety
of supplements.

Another limitation could be our grouping of the dietary scores in the GSM regression
models (MEDAS 4/5/6+ points, DASH 3.6–4.5, 4.6–5, 5.1+) since differences in adherence
between the groups are small. Comparison of, for instance, the highest tertial of adher-
ence vs. the lowest tertial of adherence might have been more informative. In addition,
adherence to the Mediterranean diet was low in our northern German participants. An-
other dietary pattern, e.g., an anti-inflammatory or Nordic diet, could have shown higher
prevalence rates and thus more information.

Additionally, in the present study, GSM measurement was performed based on 2D
ultrasound scans and thus cannot present information on the whole plaque as 3D files may
have done.

Lastly, multiple trained operators drew in the plaques for the GSM determination.
This leaves room for intra-observer and inter-observer variability. Plus, the reference values
for normalization of the image brightness also had to be drawn in. This can lead to a bias
in true GSM values if, for instance, an expert draws in an area that is too dark for the
adventitia, the normalization thus becoming incorrect [78].

5. Conclusions

The current study found no clinically relevant significant associations between ad-
herence to the DASH/Mediterranean diet or supplement intake and the GSM of carotid
plaques. There may be an association between higher GSM and folate intake in men, but
further studies are needed to confirm this association and clinical relevance.

High compared to intermediate adherence to the DASH diet was associated with
higher odds for carotid plaque presence.

Further research is needed to examine whether nutrition patterns or supplement
intake—particularly DASH diet and folate intake—are associated with plaque presence
or GSM.
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Abstract: Background: The Mediterranean diet (MD) is an anti-inflammatory diet linked to improved
health-related quality of life (HRQoL). Germline (g)BRCA1/2 mutation carriers have an increased risk
of developing breast cancer and are often exposed to severe cancer treatments, thus the improvement
of HRQoL is important. Little is known about the associations between dietary intake and HRQoL in
this population. Methods: We included 312 gBRCA1/2 mutation carriers from an ongoing prospective
randomized controlled lifestyle intervention trial. Baseline data from the EPIC food frequency
questionnaire was used to calculate the dietary inflammatory index (DII), and adherence to MD was
captured by the 14-item PREDIMED questionnaire. HRQoL was measured by the EORTC QLQ-C30
and LOT-R questionnaires. The presence of metabolic syndrome (MetS) was determined using
anthropometric measurements, blood samples and vital parameters. Linear and logistic regression
models were performed to assess the possible impact of diet and metabolic syndrome on HRQoL.
Results: Women with a prior history of cancer (59.6%) reported lower DIIs than women without it
(p = 0.011). A greater adherence to MD was associated with lower DII scores (p < 0.001) and reduced
odds for metabolic syndrome (MetS) (p = 0.024). Women with a more optimistic outlook on life
reported greater adherence to MD (p < 0.001), whereas a more pessimistic outlook on life increased
the odds for MetS (OR = 1.15; p = 0.023). Conclusions: This is the first study in gBRCA1/2 mutation
carriers that has linked MD, DII, and MetS to HRQoL. The long-term clinical implications of these
findings are yet to be determined.

Keywords: BRCA1; BRCA2; DII; Mediterranean diet; HRQoL; metabolic syndrome

1. Introduction

With continual improvements in cancer outcomes, both patients and clinicians are
shifting their focus from survival alone towards improving health-related quality of life
(HRQoL) and patient-centred functional outcomes [1]. HRQoL is defined as the impact a
disease and its treatment have on a patient’s physical, functional, psychological, social, and
financial well-being [2–4]. In cancer care, there is a growing recognition of the significance
of HRQoL, as reduced HRQoL may result in lower treatment adherence [5] and an increased
risk of mortality [6]. A more comprehensive definition of HRQoL could encompass dispo-
sitional optimism, which is a psychological attribute associated with health advantages [7].
Different aspects of HRQoL have been associated with chronic inflammation, i.e., decreased
physical [8] and cognitive functioning [9], increased fatigue [10] and higher pain levels [11].
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Pre-treatment inflammatory status may predict the development of common cancer treat-
ment side effects [12], e.g., aromatase inhibitor-induced musculoskeletal syndrome in
women with pre-existing musculoskeletal pain. Most importantly, elevated inflammatory
markers have been associated with adverse cancer outcomes [13,14], potentially by pro-
moting a microenvironment for tumour growth and metastasis [15]. The quantity, quality,
and composition of foods have been shown to regulate inflammation [16–18]. This has
prompted research into developing a literature-derived index to reflect the inflammatory
potential of diets; the Dietary Inflammatory Index (DII) [19] scores an individual’s diet on
a continuum from anti- to pro-inflammatory. A pro-inflammatory diet has been linked
to an increased cardiovascular risk and mortality [20], and it increases the likelihood of
both metabolic syndrome (MetS) [21] and various types of cancer [22–25]. Recent studies
indicate a negative association between a pro-inflammatory diet and HRQoL [26–28]. A
diet associated with low DII scores is the Mediterranean diet (MD) [29]. MD is characterized
by high consumption of fruits, vegetables, legumes, grains, and polyunsaturated fats from
olive oil and nuts, moderate consumption of fish and dairy products, and low intake of
red meat and processed foods [30]. MD has been shown to be associated with reduced
cardiovascular risk [31], prevent MetS and lower cancer risk [32]. Furthermore, adherence
to MD has been linked to improved HRQoL in healthy individuals [33,34], as well as cancer
survivors [35].

Breast cancer (BC) is the most common type of cancer in women [36]. Particularly
vulnerable are women with a germline (g)BRCA1/2 mutation have a risk of 69–72% of
developing breast cancer and a risk of 17–44% of developing ovarian cancer by the age of
80 years [37]. These women are exposed to cancer treatments and/or prophylactic surgeries
with detrimental short- and long-term effects on their health [38–42] and HRQoL [6,43–45].
Recent studies suggest that beneficial dietary changes after completing primary cancer treat-
ment, as opposed to during treatment, might be most effective in improving HRQoL [46].
Dietary factors to reduce chronic inflammation and improve metabolic profile may be an
approach to improving HRQoL, functional capacity, and cancer outcomes in women with a
gBRCA1/2 mutation. A first step in addressing this issue is to determine the relationship of
DII, MD, MetS, and different aspects of HRQoL in gBRCA1/2 mutation carriers with and
without a previous history of cancer.

2. Methods

2.1. Study Design and Participants

The present study is a cross-sectional secondary analysis of the baseline data from
the randomized controlled LIBRE-2 trial (a lifestyle intervention study in women with
hereditary breast and ovarian cancer) and the associated feasibility study LIBRE-1 [47,48].
The trials are registered at ClinicalTrial.gov (NCT numbers: NCT02087592–registered
on 14 March 2014, NCT02516540–registered on 6 August 2015). The LIBRE-2 trial is an
ongoing, two-armed randomized (1:1) controlled multicentre trial conducted in Germany
aimed at determining the impact of a structured one-year lifestyle intervention program on
adherence to MD, cardiorespiratory fitness, and body mass index (BMI) among gBRCA1/2
mutation carriers. The study cohort includes both women with a previous diagnosis
of early stage cancer in remission (diseased) and without a prior cancer diagnosis (non-
diseased). Details on the study design have been published elsewhere [47,48]. A total of
312 participants were available for the current analysis.

2.2. Instruments

Blood samples, anthropometric measurements, and medical history. At baseline, participants
completed a standardized questionnaire to collect information on their medical history,
socio-demographic factors, as well as lifestyle factors. Furthermore, all participants un-
derwent a physical examination to determine systolic and diastolic blood pressure, heart
rate, and anthropometric measurements such as height (in m), body weight (in kg), and
waist and hip circumferences (in cm). These were used to calculate BMI (kg/m2) and the
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waist-to-hip ratio (waist circumference in cm/hip circumference in cm). Blood samples
were taken after a 12-h fasting period, and analysed by the affiliated laboratories of the local
institutions. MetS was defined according to the International Diabetes Federation criteria
by the presence of a waist circumference ≥ 80 cm and at least two metabolic abnormalities,
i.e., fasting glucose ≥ 100 mg/dL, systolic blood pressure ≥ 130 mmHg and/or diastolic
blood pressure ≥ 85 mmHg, triglycerides ≥ 150 mg/dL, HDL-cholesterol < 50 mg/dL
and/or treatment with lipid-lowering, glucose-lowering or antihypertensive drugs. Car-
diopulmonary exercise testing was conducted to assess cardiorespiratory fitness via peak
oxygen uptake (VO2peak).

FFQ, MEDAS and Dietary Inflammatory Index. Dietary intake was determined by
two validated questionnaires. The participants completed the German version of the
PREDIMED questionnaire, the Mediterranean diet adherence screener (MEDAS), a 14-item
questionnaire that captures adherence to MD [49–51]. We calculated the MEDAS score as
the percentage of positively answered questions [52]. Additionally, the German version
of the EPIC food frequency questionnaire (FFQ) was applied to collect information on the
quantity and frequency of 148 food items consumed over the previous year [53,54]. Data
from the FFQ were then used to calculate DII using the method reported by Shivappa
et al. [19]. Briefly, the DII is based on 1943 scientific papers scoring 45 food parameters
according to whether they increased (+1), decreased (−1), or had no effect (0) on six inflam-
matory biomarkers (IL-1β, IL-4, IL-6, IL-10, TNF-α, and CRPs). As reported in previous
studies [22,55–57], not all required food items were assessed by the German FFQ. Hence,
the DII was calculated using the corresponding 30 food parameters available from the
FFQ used in our study. Those were carbohydrates, protein, saturated fat, polyunsaturated
fatty acids (PUFA), monounsaturated fatty acids (MUFA), n-3-fatty-acids, n-6-fatty-acids,
cholesterol, total fat, energy, fibre, alcohol, iron, magnesium, zinc, vitamin A, thiamin,
vitamin B12, riboflavin, niacin, vitamin B6, folic acid, vitamin C, vitamin D, vitamin E,
flavonones, anthocyanidins, flavan-3-ol, flavonols, and flavones.

Psychological questionnaires. All LIBRE trial participants completed several psychologi-
cal questionnaires. To assess optimism and pessimism as a personality trait, the revised
10-item life orientation test (LOT-R) was applied [58]. The “optimism score” (LOTR-O)
ranging from 0 (minimally optimistic) to 12 (maximally optimistic) was calculated as the
sum of the three positively formulated items. The “pessimism score” (LOTR-P) was cal-
culated accordingly. The EORTC QLQ-C30 (questionnaire for quality of life assessment
in patients with cancer, Version 3.0) [3] was used to evaluate HRQoL. This questionnaire
consists of 30 items and is designed for patients receiving cancer treatment regardless of
cancer type and location. It measures five functional dimensions (physical, role, emotional,
cognitive, and social), three symptom items (fatigue, nausea or vomiting, and pain), six
single items (dyspnea, insomnia, appetite loss, constipation, diarrhea, and financial impact),
and a global health status, which is the mean of two questions regarding overall health
and overall quality of life. The BKAE (“Bewertung körperlicher Aktivität und Ernährung”,
in English “evaluation of physical activity and nutrition”) is a questionnaire designed
specifically for the LIBRE trials [47,48] to analyse attitudes and views on physical activity
and dietary intake. It is based on the concept of “planned behaviour” by Fishbein & Ajzen
(1975) [59] promoting that attitude, subjective norms and perceived behaviour control
contribute to behavioural intention, which leads to actual behaviour. We only used the
dietary information of the questionnaire for our analysis. The scores BKAE-AT (attitude
towards healthy eating), BKAE-SN (subjective norms about healthy eating), BKAE-PBC
(perceived behaviour control over healthy eating), BKAE-IT (intention to eat healthy in
the future) and BKAE-PB (past behaviour with regard to healthy eating) range from 0
(minimum) to 100 (maximum). The physical activity part of the questionnaire has been
evaluated previously; the strongest predictor for cardiopulmonary fitness was attitudes
towards physical activity [60].
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2.3. Statistical Analysis

SPSS Version 29.0.0 (IBM Corp., Armonk, NY, USA) was used to analyse data. Descrip-
tive statistics are presented as mean ± standard deviation (SD) for continuous variables or
as proportions for categorical variables. The distributions of continuous variables between
diseased and non-diseased women were compared using Student’s t-test. The distributions
of categorical variables were compared using the Chi-square test. Linear regression models
were created to detect associations between dietary intake and HRQoL. EORTC-QC30
scores were evaluated in diseased women only since the questionnaire was validated for
cancer patients. Logistic regression models were performed to estimate odds ratios (ORs)
and their associated 95% confidence intervals (95% CI) between MetS, dietary intake and
different aspects of HRQoL. Multivariate analyses were carried out to control for potential
confounding variables. These analyses were adjusted for body composition (BMI), physical
fitness (VO2peak), adherence to MD, and/or dietary inflammatory potential (DII). All p
values were based on two-sided tests and were considered significant if p ≤ 0.05.

2.4. Ethics

The study was approved by the ethics committees of both the host institutions Tech-
nical University of Munich (Reference No. 5685/13), the University Hospital Cologne
(Reference No. 13-053), the University Hospital Schleswig-Holstein in Kiel (Reference No.
B-235/13), and the participating study centres. Written consent from all study participants
was obtained. All methods were carried out in accordance with relevant guidelines and
regulations.

3. Results

A total of 312 women with a gBRCA1 and/or gBRCA2 mutation were included in
the study. Table 1 summarizes the selected participants’ characteristics by health status
(diseased vs. non-diseased). The mean age of the entire study cohort was 43.5 years
(SD ± 10.3 years). Of all the women, 59.6% had a previous diagnosis of cancer. Among
these, breast cancer accounted for 88.7% and ovarian cancer for 7.0% of all cancer cases.
Women with a history of breast cancer were older (46.5 years vs. 39.1 years, p < 0.001),
more likely married (67% vs. 55%, p = 0.026), and less educated (high school diploma:
58% vs. 75%, p = 0.002). Diseased women had significantly lower hsCRP levels (1.7 vs.
3.3 mg/L, p = 0.045) and lower DII scores (−1.1 vs. −0.5, p = 0.011) compared to non-
diseased women. Non-diseased mutation carriers had better physical fitness (17.3 vs.
16 mL/min/kg, p = 0.029), reported significantly higher quality of life (QL2 72.2 vs. 57.7,
p = 0.041), role (RF 90.3 vs. 79.8, p < 0.001), cognitive (CF 82.5 vs. 72.9, p < 0.001) and
social functioning (SF 85.2 vs. 72.0, p < 0.001), and experienced less pain (PA 15.7 vs. 25.6,
p = 0.001), dyspnea (DY 9.6 vs. 16.1, p = 0.015), insomnia (SL 28.0 vs. 39.4, p = 0.003),
and fewer financial difficulties (FI 4.3 vs. 18.5, p < 0.001). On the other hand, diseased
mutation carriers reported stronger social norms about healthy eating (BKAE-SN 79.6
vs. 73.7, p = 0.008) and greater behavioural control over healthy eating (BKAE-PBC 86.9
vs. 84.2, p = 0.010). They also reported a more frequent consumption of healthy foods
compared to women without a prior history of cancer (BKAE-PB 58.5 vs. 51.6; p = 0.008).

We then analysed associations between DII and various metabolic and lifestyle factors
using linear regressions. The results are presented in Table 2. A lower DII score was
significantly associated with higher adherence to MD (p < 0.001). Among diseased women,
higher DII scores were associated with better role functioning (RF) (p = 0.032), cognitive
functioning (CF) (p = 0.003), and social functioning (SF) (p = 0.012) as well as decreased
fatigue (FA) (p = 0.046), dyspnea (DY) (p = 0.029) and appetite loss (AP) (p = 0.007).
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Table 1. Baseline characteristics for participants with and without history of cancer.

Characteristic Diseased Non-Diseased p-Value

n (%) 186 (59.6%) 126 (40.4%)
Socio-demographic Data

Age, years, mean ± SD 46.5 ± 9.2 39.1 ± 10.4 <0.001 *
Married, n (%) (125) 67 % 70 (55%) 0.026 *

Number of children, mean ± SD 1.3 ± 0.9 1.1 ± 1.1 0.110
Education, n (%)

• General university entrance qualification 104 (58%) 95 (75%) 0.002 *
• University degree 82 (44%) 68 (54%) 0.074

Net income, EUR, mean ± SD, n 4043.8 ± 1982.3; n = 126 3851.4 ± 2258.8; n = 84 0.515
Anthropometric Data

BMI, kg/m2, mean ± SD 25.6 ± 4.9 25 ± 5.5 0.301
Waist-to-hip ratio, mean ± SD 0.8 ± 0.1 0.8 ± 0.1 0.256

Metabolic Data
Metabolic syndrome, n (%) 45 (24%) 26 (21%) 0.426

VO2peak, mL/min/kg, mean ± SD 16.0 ± 5.0 17.3 ± 4.7 0.029 *

Nutritional Data
DII, mean ± SD −1.1 ± 1.8 −0.5 ± 1.2 0.011 *

MEDAS, mean ± SD 47.9 ± 16.6 46.5 ± 15.3 0.478
Psychological Data

LOTR-O, mean ± SD 4.2 ± 2.9 4.1 ± 3.0 0.792
LOTR-P, mean ± SD 4.3 ± 2.1 4.0 ± 2.4 0.267

Quality of life (QL2), mean ± SD 67.7 ± 19.1 72.2 ± 8.6 0.041 *
Physical Functioning (PF2), mean ± SD 88.8 ± 12.6 91.4 ± 11.0 0.054

Role Functioning (RF2), mean ± SD 79.8 ± 24.0 90.3 ± 18.5 <0.001 *
Emotional Functioning (EF), mean ± SD 61.7 ± 27.3 62.6 ± 24.2 0.770
Cognitive Functioning (CF), mean ± SD 72.9 ± 25.9 82.5 ± 19.2 <0.001 *

Social Functioning (SF), mean ± SD 72.0 ± 30.0 85.2 ± 23.0 <0.001 *
Fatigue (FA), mean ± SD 33.6 ± 26.1 28.9 ± 19.9 0.085

Nausea and vomiting (NV), mean ± SD 3.9 ± 9.6 6.3 ± 14.9 0.096
Pain (PA), mean ± SD 25.6 + 28.3 15.7 ± 21.6 0.001 *

Dyspnea (DY), mean ± SD 16.1 ± 24.6 9.6 ± 20.7 0.015 *
Insomnia (SL), mean ± SD 39.4 ± 35.7 28.0 ± 29.8 0.003 *

Appetite loss (AP), mean ± SD 6.1 ± 16.9 4.0 ± 10.9 0.223
Constipation (CO), mean ± SD 10.0 ± 22.9 8.5 ± 20.3 0.543

Diarrhea (DI), mean ± SD 6.6 ± 15.8 11.5 ± 21.6 0.033 *
Financial difficulties (FI), mean ± SD 18.5 ± 29.0 4.3 ± 15.3 <0.001 *

BKAE-AT, mean ± SD 79.8 ± 6.8 78.9 ± 7.2 0.308
BKAE-SN, mean ± SD 79.6 ± 15.8 73.7 ± 18.7 0.008 *

BKAE-PBC, mean ± SD 86.9 ± 7.8 84.2 ± 10.7 0.010 *
BKAE-IT, mean ± SD 78.2 ± 9.8 76.2 ± 11.3 0.108
BKAE-PB, mean ± SD 58.5 ± 20.0 51.6 ± 23.0 0.008 *

* Results are statistically significant at a p-value of ≤0.05 (in bold).

Table 2. Associations between DII and metabolic, lifestyle and HRQoL factors using linear regres-
sion models.

Characteristic Mean ± SD
Unadjusted Estimate a

(95% CI)
Unadjusted

p-Value a
Adjusted Estimate b (95%

CI)
Adjusted
p-Value b

MEDAS 47.3 ± 16.8 −2.340 (−3.579; −1.101) <0.001 * −2.266 (−3.520; −1.011) <0.001 *
Role functioning (RF2) 1 79.8 ± 24.0 0.012 (0.001; 0.023) 0.032 * 0.014 (0.003; 0.025) 0.010 *

Cognitive functioning (CF) 1 72.9 ± 25.9 0.015 (0.005; 0.025) 0.003 * 0.016 (0.006; 0.026) 0.002 *

Social functioning (SF) 1 72.0 ± 30.0 0.011 (0.002; 0.020) 0.012 * 0.013 (0.004; 0.021) 0.005 *

Fatigue (FA) 1 33.6 ± 26.1 −0.010 (−0.020; 0.000) 0.046 * −0.012 (−0.022; −0.002) 0.017 *

Pain (PA) 1 25.6 ± 28.3 −0.009 (−0.018; 0.000) 0.057 −0.011 (−0.021; −0.002) 0.017 *

Dyspnea (DY) 1 16.1 ± 24.6 −0.012 (−0.022; −0.001) 0.029 * −0.016 (−0.027; −0.005) 0.004 *

Appetite loss (AP) 1 6.1 ± 16.9 −0.021 (−0.036; −0.006) 0.007 * −0.021 (−0.036; −0.006) 0.008 *

* Results are statistically significant at a p-value of ≤0.05 (in bold); 1 only for ‘Diseased’; a univariate linear
regression unadjusted for BMI, VO2peak and MEDAS; b multivariate linear regression adjusted for BMI, VO2peak
and MEDAS.
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Associations between adherence to MD (MEDAS) and various factors were carried
out using linear regressions (see Table 3). Adherence to MD was associated with higher
VO2peak (p = 0.024), as well as lower DII scores (p = <0.001). Furthermore, adherence to MD
was associated with dispositional optimism (p = 0.001).

Table 3. Associations between MEDAS and metabolic, lifestyle, and HRQoL factors using linear
regression models.

Characteristic
Mean ±

SD
Unadjusted Estimate a

(95% CI)
Unadjusted

p-Value a
Adjusted Estimate b

(95% CI)

Adjusted
p-Value b

VO2peak, mL/min/kg 16.7 ± 4.9 0.005 (0.001; 0.009) 0.014 * 0.004 (0.000; 0.008) 0.053
DII −0.9 ± 1.9 −0.018 (−0.028; −0.009) <0.001 * −0.017 (−0.027; −0.008) <0.001 *
LOTR-O 4.2 ± 2.9 0.011 (0.004; 0.017) <0.001 * 0.010 (0.004; 0.016) 0.002 *

* Results are statistically significant at a p-value of ≤0.05 (in bold); a univariate linear regression unadjusted for
BMI, VO2peak and DII; b multivariate linear regression adjusted for BMI, VO2peak and DII.

We then carried out logistic regression models to estimate odds ratios (OR) and their
associated 95% confidence intervals (95% CI) of having metabolic syndrome (MetS) by
different dietary variables and different aspects of HRQoL (see Table 4). Higher adherence
to MD (MEDAS ≥ 0.50) reduced odds for MetS (OR = 0.538, p = 0.024). Women with
dispositional pessimism had increased odds for MetS (OR = 1.147, p = 0.023). Among
diseased women, those who had poorer physical functioning (OR = 0.955, p < 0.001) or
experienced more dyspnea (OR = 1.017, p = 0.012) had increased odds for MetS.

Table 4. Associations between MetS, lifestyle and HRQoL factors using logistic regression models.

Predictor
Unadjusted OR a

(95% CI)
Unadjusted

p-Value a
Adjusted OR b

(95% CI)

Adjusted
p-Value b

High adherence to MD (MEDAS ≥ 0.50)
vs. low adherence to MD (<0.50) 0.538 (0.314; 0.922) 0.024 * 0.602 (0.343; 1.058) 0.078

LOTR-P 1.147 (1.019; 1.292) 0.023 * 1.150 (1.012; 1.307) 0.032 *

Physical functioning (PF2) 1 0.955 (0.930; 0.980) <0.001 * 0.963 (0.937; 0.990) 0.007 *

Dyspnea (DY) 1 1.017 (1.004; 1.030) 0.012 * 1.013 (0.999; 1.026) 0.061

* Results are statistically significant at a p-value of ≤0.05 (in bold); 1 only for ‘Diseased’; a univariate logistic regres-
sion unadjusted for VO2peak and MEDAS; b multivariate logistic regression adjusted for VO2peak and MEDAS.

4. Discussion

The aim of this analysis was to evaluate the relationship between anti-inflammatory
diet, metabolic syndrome (MetS), and different aspects of health-related quality of life
(HRQoL) in gBRCA1/2 mutation carriers.

gBRCA1/2 mutation carriers have a very high lifetime risk of developing breast
and/or ovarian cancers. The average age of cancer diagnosis is substantially younger
than in the general population (37). BRCA-associated cancers exhibit pathological fea-
tures suggestive of an aggressive phenotype [61–63], and therefore, most patients undergo
chemotherapy with detrimental side effects. When diagnosed with ER-positive breast
cancer, patients might benefit from an extended adjuvant endocrine therapy [64,65], espe-
cially premenopausal women [66]. However, adjuvant endocrine therapy impacts HRQoL
negatively [67]. Thus, identifying modifiable lifestyle factors to improve HRQoL is of
particular relevance to gBRCA1/2 mutation carriers, possibly resulting in better treatment
adherence and (cancer-free) survival.

We observed that diseased women consumed a more anti-inflammatory diet compared
to non-diseased women (DII −1.1 vs. −0.5, p = 0.011). Moreover, diseased participants
perceived greater behavioural control over selecting healthier food options and were more
likely to make healthier food choices than women without a history of cancer. This con-
forms to previous research that a breast cancer diagnosis can lead to beneficial dietary
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changes [68]. The German breast cancer guideline issued by the German Association of
the Scientific Medical Societies (AWMF) and the German Agency for Quality in Medicine
(AeZQ) acknowledges the importance of lifestyle factors, such as diet and physical activity,
in the aftercare of breast cancer patients. However, it was not until 2017 that the guideline
included this recommendation [69]. The guideline suggests adhering to the dietary guide-
lines set by the German Society for Nutrition (DGE), which emphasize the consumption
of plant-based foods such as cereal, grains, fruits, and vegetables as the foundation of a
healthy diet, with small portions of animal products such as dairy, eggs, meat, and fish [70].
Compared to the MD, the consumption of olive oil, fish, seafood, and red wine is less
emphasized in the DGE guidelines. As four items of the MEDAS focus on these food
groups, it is possible that the lack of emphasis on them in the DGE guidelines may explain
why diseased women in our study did not report a higher adherence to the MD compared
to non-diseased women.

Of interest is the significant inverse association between adherence to MD and DII,
indicating that MD is an anti-inflammatory diet (p = <0.001). In a prospective study, Hodge
et al. (2016) identified MD as an anti-inflammatory diet that significantly reduced the risk of
lung cancer [29]. The PREDIMED trial was the first randomized controlled trial to support
these findings in a group of postmenopausal females; adherence to MD reduced the risk of
breast cancer by 68% (95% CI 0.13–0.79) [69].

Porciello et al. [35] reported that adherence to MD in breast cancer survivors was
associated with better HRQoL, i.e., improved physical functioning, better sleep quality and
lower pain. We were not able to show an association between adherence to MD and HRQoL
among diseased gBRCA1/2 mutation carriers in our univariate and multivariate analyses.
In our analysis, the median time from cancer diagnosis to study enrolment was four years
(range: 1–48 years). To be eligible for participation in the LIBRE study, women had to be
physically fit and functional, and several criteria that could hinder participation in the
intervention program had to be excluded at study entry. These criteria included ongoing
chemotherapy and/or radiation therapy, metastatic tumor disease, Karnofsky index below
60%, and exercise capacity below 50 watts. Consequently, our study participants were
likely much fitter and more functional than those in Porciello et al.’s study, where women
had to be diagnosed with breast cancer within the previous twelve months and had a mean
age that was ten years older than our study participants.

In our study, adherence to MD was positively associated with dispositional optimism
(p ≤ 0.001). This finding is consistent with the results of a study by Ait-Hadad et al. [70],
which investigated the relationship between dietary intake and dispositional optimism in a
sample of over 32,000 participants. The authors reported a positive association between
optimism and overall diet quality; high intake of fruits, vegetables, legumes, whole grains,
seafood, and fats was positively associated with optimism, while high intake of meat
and dairy products was negatively associated with optimism. Dispositional optimism is
characterized as a general expectation or belief in positive outcomes in the future [71]. It
has been associated with improved cardiovascular health and reduced all-cause as well
as cause-specific mortality in large epidemiological studies [72,73]. Among breast cancer
patients, optimism has been linked to psychological well-being and improved quality of
life [74,75]. Boehm et al. found that dispositional optimism was associated with higher
serum levels of antioxidants [76]. This association was partially influenced by dietary
intake. Scheier and Carver [77] suggest that there are two underlying mechanisms linking
optimism to health. Firstly, dispositional optimism facilitates the engagement in health
promoting behaviours, i.e., diet and physical activity. Secondly, optimistic individuals
better cope with adverse life events better than pessimistic individuals, which results
in reduced stress levels and increased physiological wellbeing. Although dispositional
optimism is considered to be relatively stable across one’s lifespan, some studies found
that cognitive therapy can increase optimism levels [78,79]. Since dispositional optimism
and MD are linked in gBRCA1/2 mutation carriers, identifying further strategies to increase
dispositional optimism might help to implement a healthy diet.
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Moreover, adherence to MD was associated with reduced odds for MetS (OR = 0.54,
p = 0.024). An Italian randomized controlled trial found that an MD-based dietary interven-
tion in gBRCA1/2 mutation carriers improved adherence to MD and reduced components
of MetS [80]. Recent studies suggest that MetS is associated with impaired HRQoL [81–83].
Cohen et al. [84] reported a positive association between pessimism and the prevalence
of MetS in patients with coronary heart disease. In our analysis, we found a positive
association between MetS and dispositional pessimism (OR = 1.15, p = 0.023). In univariate
analyses, MetS was associated with poorer physical functioning (OR = 0.96, p = <0.001) and
higher levels of dyspnea (OR = 1.02; p = 0.012) among diseased women. However, these
associations diminished following adjustment for physical fitness (VO2max).

In women with a history of cancer, higher DII scores were associated with better
role functioning (RF), cognitive functioning (CF), and social functioning (SF), as well as
reduced fatigue (FA), reduced dyspnea (DY), and reduced appetite loss (AP). These findings
were robust after adjustment for body composition (BMI), physical fitness (VO2peak), and
adherence to MD. To rule out that different types of cancer treatment or time since diagnosis
influenced these associations, we calculated further multivariate regression models (see
Appendix A). Our results were similar (see Tables A1–A3). This is surprising since it is
contradictory to prior findings indicating that a more pro-inflammatory diet is associated
with reduced HRQoL [28]. A possible explanation could be that diseased women with
better HRQoL were not concerned about healthy eating. According to the theory of
planned behaviour by Fishbein and Ajzen, behaviours are influenced by intentions, which
are determined by three factors: attitudes, subjective norms, and perceived behavioural
control [59]. To test our hypothesis, we adjusted our multivariate regression models for
associations between DII and different dimensions of EORTC QLQ-C30 for the three core
components of the Fishbein and Ajzen model, i.e., attitudes, subjective norms and perceived
behavioural control. None of the three factors were associated with a pro-inflammatory
diet nor did they influence the link between greater DII scores and reduced role, cognitive
and social functioning (see Appendix A—Table A4). After inserting the variables attitudes,
social norms and perceived behavioural control into the linear regression models for DII
and fatigue, dyspnea and appetite loss, the models no longer reached significant levels
(p = 0.059–0.143). Thus, in our analysis, the positive associations between pro-inflammatory
diet patterns and HRQoL were likely not influenced by attitudes and beliefs towards
healthy eating.

Strengths and Limitations

The strengths of the current study include the comprehensive evaluation of predictors
that could be linked to HRQoL in gBRCA1/2 mutation carriers. After adjusting for body
composition, physical fitness and eating patterns, the adjusted and unadjusted results
did not differ significantly. Therefore, any additional confounding was likely to be small.
This supports our hypothesis that dietary intake is linked to different aspects of HRQoL.
Although our results provide an interesting direction for HRQoL research, this study
had several limitations. Firstly, the nature of a cross-sectional secondary analysis cannot
establish a cause-and-effect relationship. The prospective nature of the LIBRE trials will
allow for evaluating the impact of dietary changes on HRQoL. Secondly, as the number
and type of food components to compute DII vary between studies, our results can hardly
be compared to other populations of gBRCA1/2 mutation carriers. Our study cohort was
not representative for the average German population regarding education, net income,
marital status, and parity [85–88]. Considering that our study cohort consisted of health-
conscious females [89], the results obtained in this analysis likely underestimate the true
associations between a pro-inflammatory diet and HRQoL outcomes. Finally, our cohort
was not sufficiently powered to conduct analyses stratified by the gBRCA mutation type.
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5. Conclusions

We were able to show that adherence to MD is linked to a more anti-inflammatory
diet, dispositional optimism, and lower MetS prevalence among gBRCA1/2 mutations
carriers. Further research is needed to determine the long-term clinical implications of
these findings.
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Appendix A

Table A1. Characteristics of participants with a prior history of cancer (59.6%).

Characteristic Mean ± SD/n (%)

Type of cancer
• breast cancer (BC)
• ovarian cancer (OC)
• other

• 165 (88.7%)
• 13 (7.0%)
• 8 (4.3%)

Age at diagnosis, years 40.3 ± 9.0
Time since diagnosis, years 6.1 ± 6.9
Tumour biology of breast cancer
• hormone receptor-positive
• Her2-positive
• triple-negative

• 60 (36.3%)
• 6 (3.6%)
• 85 (51.5%)

Breast cancer treatment
• chemotherapy
• chest radiation therapy
• antihormonal treatment
• HER2-targeted therapy

• 138 (83.6%)
• 112 (67.9%)
• 65 (39.4%)
• 6 (3.6%)
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Table A2. Associations between DII and EORTC-QC30 scores adjusted for different types of can-
cer treatment.

Characteristic Estimates (95% CI) a p-Value

Quality of life (QL2) 1 unadjusted 0.006 (−0.008; 0.021) 0.395
adjusted for ‘chemotherapy’ 0.006 (−0.008; 0.021) 0.392

adjusted for ‘chest radiation therapy’ 0.006 (−0.008; 0.021) 0.391
adjusted for ‘antihormonal treatment’ 0.006 (−0.008; 0.021) 0.380
adjusted for ‘HER2-targeted therapy’ 0.006 (−0.008; 0.020) 0.409

Physical Functioning (PF2) 1 unadjusted −0.004 (−0.027; 0.019) 0.752
adjusted for ‘chemotherapy’ −0.004 (−0.027; 0.020) 0.761

adjusted for ‘chest radiation therapy’ −0.004 (−0.027; 0.020) 0.753
adjusted for ‘antihormonal treatment’ −0.004 (−0.027; 0.019) 0.749
adjusted for ‘HER2-targeted therapy’ −0.004 (−0.027; 0.019) 0.869

Role Functioning (RF2) 1 unadjusted 0.012 (0.001; 0.024) 0.037 *

adjusted for ‘chemotherapy’ 0.013 (0.001; 0.024) 0.037 *
adjusted for ‘chest radiation therapy’ 0.013 (0.001; 0.026) 0.031 *

adjusted for ‘antihormonal treatment’ 0.013 (0.001; 0.024) 0.037 *
adjusted for ‘HER2-targeted therapy’ 0.013 (0.001; 0.024) 0.034 *

Emotional Functioning (EF) 1 unadjusted 0.005 (−0.006; 0.015) 0.379
adjusted for ‘chemotherapy’ 0.005 (−0.006; 0.015) 0.380

adjusted for ‘chest radiation therapy’ 0.005 (−0.006; 0.015) 0.379
adjusted for ‘antihormonal treatment’ 0.005 (−0.006; 0.015) 0.377
adjusted for ‘HER2-targeted therapy’ 0.004 (−0.006; 0.015) 0.425

Cognitive Functioning (CF) 1 unadjusted 0.015 (0.005; 0.026) 0.005 *

adjusted for ‘chemotherapy’ 0.016 (0.005; 0.026) 0.005 *
adjusted for ‘chest radiation therapy’ 0.016 (0.005; 0.026) 0.005 *

adjusted for ‘antihormonal treatment’ 0.016 (0.005; 0.026) 0.004 *
adjusted for ‘HER2-targeted therapy’ 0.015 (0.005; 0.026) 0.004 *

Social Functioning (SF) 1 unadjusted 0.011 (0.001; 0.020) 0.024 *

adjusted for ‘chemotherapy’ 0.011 (0.001; 0.020) 0.024 *
adjusted for ‘chest radiation therapy’ 0.011 (0.002; 0.021) 0.021 *

adjusted for ‘antihormonal treatment’ 0.011 (0.002; 0.021) 0.023 *
adjusted for ‘HER2-targeted therapy’ 0.011 (0.002; 0.021) 0.020 *

Fatigue (FA) 1 unadjusted −0.010 (−0.021; 0.000) 0.057
adjusted for ‘chemotherapy’ −0.010 (−0.021; 0.000) 0.057

adjusted for ‘chest radiation therapy’ −0.010 (−0.021; 0.000) 0.058
adjusted for ‘antihormonal treatment’ −0.010 (−0.021; 0.000) 0.058
adjusted for ‘HER2-targeted therapy’ −0.010 (−0.020; 0.001) 0.070

Nausea and Vomiting (NV) 1 unadjusted −0.009 (−0.037; 0.020) 0.544
adjusted for ‘chemotherapy’ −0.009 (−0.038; 0.020) 0.539

adjusted for ‘chest radiation therapy’ −0.009 (−0.038; 0.020) 0.543
adjusted for ‘antihormonal treatment’ −0.009 (−0.038; 0.020) 0.540
adjusted for ‘HER2-targeted therapy’ −0.011 (−0.039; 0.018) 0.468

Pain (PA) 1 unadjusted −0.010 (−0.019; 0.000) 0.053
adjusted for ‘chemotherapy’ −0.010 (−0.019; 0.000) 0.054

adjusted for ‘chest radiation therapy’ −0.010 (−0.019; 0.000) 0.052
adjusted for ‘antihormonal treatment’ −0.009 (−0.019; 0.000) 0.055
adjusted for ‘HER2-targeted therapy’ −0.009 (−0.019; 0.000) 0.060

Dyspnea (DY) 1 unadjusted −0.010 (−0.021; −0.002) 0.089
adjusted for ‘chemotherapy’ −0.010 (−0.021; −0.002) 0.086

adjusted for ‘chest radiation therapy’ −0.010 (−0.021; −0.002) 0.089
adjusted for ‘antihormonal treatment’ −0.010 (−0.021; −0.002) 0.091
adjusted for ‘HER2-targeted therapy’ −0.010 (−0.021; −0.002) 0.087

Insomnia (SL) 1 unadjusted −0.007 (−0.015; 0.001) 0.088
adjusted for ‘chemotherapy’ −0.007 (−0.015; 0.001) 0.089

adjusted for ‘chest radiation therapy’ −0.007 (−0.015; 0.001) 0.088
adjusted for ‘antihormonal treatment’ −0.007 (−0.015; 0.001) 0.091
adjusted for ‘HER2-targeted therapy’ −0.007 (−0.014; 0.001) 0.094
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Table A2. Cont.

Characteristic Estimates (95% CI) a p-Value

Appetite Loss (AP) 1 unadjusted −0.021 (−0.037; −0.006) 0.010 *

adjusted for ‘chemotherapy’ −0.021 (−0.037; −0.005) 0.010 *
adjusted for ‘chest radiation therapy’ −0.021 (−0.037; −0.005) 0.010 *

adjusted for ‘antihormonal treatment’ −0.021 (−0.037; −0.005) 0.010 *
adjusted for ‘HER2-targeted therapy’ −0.022 (−0.038; −0.006) 0.08 *

Constipation (CO) 1 unadjusted 0.001 (−0.012; 0.013) 0.884
adjusted for ‘chemotherapy’ 0.001 (−0.012; 0.013) 0.884

adjusted for ‘chest radiation therapy’ 0.001 (−0.012; 0.013) 0.886
adjusted for ‘antihormonal treatment’ 0.001 (−0.012; 0.013) 0.890
adjusted for ‘HER2-targeted therapy’ 0.002 (−0.012; 0.013) 0.795

Diarrhea (DI) 1 unadjusted −0.007 (−0.025; 0.010) 0.451
adjusted for ‘chemotherapy’ −0.007 (−0.025; 0.010) 0.413

adjusted for ‘chest radiation therapy’ −0.007 (−0.025; 0.010) 0.416
adjusted for ‘antihormonal treatment’ −0.007 (−0.026; 0.010) 0.429
adjusted for ‘HER2-targeted therapy’ −0.007 (−0.025; 0.011) 0.423

Financial Difficulties (FI) 1 unadjusted −0.002 (−0.012; 0.007) 0.637
adjusted for ‘chemotherapy’ −0.002 (−0.012; 0.007) 0.637

adjusted for ‘chest radiation therapy’ −0.002 (−0.012; 0.007) 0.636
adjusted for ‘antihormonal treatment’ −0.002 (−0.012; 0.007) 0.619
adjusted for ‘HER2-targeted therapy’ −0.002 (−0.012; 0.008) 0.682

* Results are statistically significant at a p-value of ≤0.05 (in bold); 1 only for women with a prior history of breast
cancer, a linear regressions models.

Table A3. Associations between DII and EORTC-QC30 scores adjusted for ‘time since cancer diagnosis’.

Characteristic
Unadjusted Estimate a

[95% CI]
Unadjusted

p-Value a
Adjusted Estimate b

(96% CI)

Adjusted
p-Value b

Quality of Life (QL2) 1 0.008 [−0.005; 0.022] 0.234 0.008 (−0.048; 0.034) 0.730
Physical Functioning (PF2) 1 0.000 [−0.021; 0.020] 0.966 −0.002 (−0.025; 0.022) 0.896
Role Functioning (RF2) 1 0.012 [0.001; 0.023] 0.032 * 0.014 (0.002; 0.026) 0.026 *

Emotional Functioning (EF) 1 0.006 [−0.003; 0.016] 0.203 0.006 (−0.004; 0.016) 0.224
Cognitive Functioning (CF) 1 0.015 [0.005; 0.025] 0.003 * 0.017 (0.006; 0.028) 0.002 *

Social Functioning (SF) 1 0.011 [0.002; 0.020] 0.012 * 0.013 (0.004; 0.022) 0.005 *

Fatigue (FA) 1 −0.010 [−0.020; 0.000] 0.046 * −0.012 (−0.022; −0.001) 0.031 *

Nausea and Vomiting (NV) 1 −0.003 [−0.031; 0.024] 0.802 −0.009 (−0.038; 0.020) 0.542
Pain (PA) 1 −0.009 [−0.018; 0.000] 0.057 −0.010 (−0.020; −0.001) 0.034 *

Dyspnea (DY) 1 −0.012 [−0.022; −0.001] 0.029 * −0.014 (−0.025; −0.002) 0.018 *

Insomnia (SL) 1 −0.006 [−0.014; 0.001] 0.095 −0.007 (−0.015; 0.001) 0.079
Appetite Loss (AP) 1 −0.021 [−0.036; −0.006] 0.007 * −0.026 (−0.042; −0.010) 0.002 *

Constipation (CO) 1 0.000 [−0.011; 0.012] 0.999 −0.001 (−0.014; 0.012) 0.876
Diarrhea (DI) 1 −0.008 [−0.025; 0.008] 0.331 −0.009 (−0.027; 0.009) 0.323
Financial Difficulties (FI) 1 −0.006 [−0.015; 0.003] 0.217 −0.006 (−0.016; 0.004) 0.205

* Results are statistically significant at a p-value of ≤0.05 (in bold); 1 only for ‘Diseased’; a univariate linear
regression unadjusted for ‘time since cancer diagnosis’; b multivariate linear regression adjusted for ‘time since
cancer diagnosis’.
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Table A4. Associations between DII and EORTC-QC30 scores adjusted for attitudes towards, social
norms about, and perceived behavioural control over healthy eating.

Characteristic Mean ± SD
Unadjusted Estimate a

(95% CI)
Unadjusted

p-Value a
Adjusted Estimate b

(96% CI)
Adjusted
p-Value b

BKAE-AT 79.4 ± 7.0 −0.027 (−0.060; 0.005) 0.102 - -
BKAE-SN 77.2 ± 17.3 −0.008 (−0.021; 0.006) 0.265 - -
BKAE-PBC 85.8 ± 9.2 −0.010 (−0.034; 0.014) 0.394 - -
Quality of life (QL2) 1 67.7 ± 19.1 0.008 (−0.005; 0.022) 0.234 0.009 (−0.007; 0.025) 0.265
Physical Functioning (PF2) 1 88.8 ± 12.6 0.000 (−0.021; 0.020) 0.966 −0.005 (−0.029; 0.019) 0.671
Role Functioning (RF2) 1 79.8 ± 24.0 0.012 (0.001; 0.023) 0.032 * 0.014 (0.001; 0.027) 0.040 *

Emotional Functioning (EF) 1 61.7 ± 27.3 0.006 (−0.003; 0.016) 0.203 0.008 (−0.003; 0.019) 0.148
Cognitive Functioning (CF) 1 72.9 ± 25.9 0.015 (0.005; 0.025) 0.003 * 0.011 (0.000; 0.023) 0.047 *

Social Functioning (SF) 1 72.0 ± 30.0 0.011 (0.002; 0.020) 0.012 * 0.014 (0.004; 0.024) 0.005 *

Fatigue (FA) 1 33.6 ± 26.1 −0.010 (−0.020; 0.000) 0.046 * −0.009 (−0.020; 0.003) 0.143
Nausea and Vomiting (NV) 1 3.9 ± 9.6 −0.003 (−0.031; 0.024) 0.802 0.001 (−0.030; 0.033) 0.928
Pain (PA) 1 25.6 ± 28.3 −0.009 (−0.018; 0.000) 0.057 −0.010 (−0.020; 0.001) 0.086
Dyspnea (DY) 1 16.1 ± 24.6 −0.012 (−0.022; −0.001) 0.029 * −0.010 (−0.022; 0.003) 0.131
Insomnia (SL) 1 39.4 ± 35.7 −0.006 (−0.014; 0.001) 0.095 −0.004 (−0.012; 0.005) 0.411
Appetite Loss (AP) 1 6.1 ± 16.9 −0.021 (−0.036; −0.006) 0.007 * −0.019 (−0.039; 0.001) 0.059
Constipation (CO) 1 10.0 ± 22.9 0.000 (−0.011; 0.012) 0.999 0.000 (−0.014; 0.014) 0.971
Diarrhea (DI) 1 6.6 ± 15.8 −0.008 (−0.025; 0.008) 0.331 −0.010 (−0.028; 0.008) 0.284
Financial Difficulties (FI) 1 18.5 ± 29.0 −0.006 (−0.015; 0.003) 0.217 −0.008 (−0.018; 0.002) 0.131

* Results are statistically significant at a p-value of ≤0.05 (in bold); 1 only for ‘Diseased’; a univariate linear
regression unadjusted for BKAE-AT, BKAE-SN and BKAE-PBC; b multivariate linear regression adjusted for
BKAE-AT, BKAE-SN and BKAE-PBC.
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Abstract: Low milk supply (LMS) is associated with early breastfeeding cessation; however, the
biological underpinnings in the mammary gland are not understood. MicroRNAs (miRNAs) are small
non-coding RNAs that post-transcriptionally downregulate gene expression, and we hypothesized
the profile of miRNAs secreted into milk reflects lactation performance. Longitudinal changes in
milk miRNAs were measured using RNAseq in women with LMS (n = 47) and adequate milk supply
(AMS; n = 123). Relationships between milk miRNAs, milk supply, breastfeeding outcomes, and
infant weight gain were assessed, and interactions between milk miRNAs, maternal diet, smoking
status, and BMI were determined. Women with LMS had lower milk volume (p = 0.003), were
more likely to have ceased breast feeding by 24 wks (p = 0.0003) and had infants with a lower
mean weight-for-length z-score (p = 0.013). Milk production was significantly associated with milk
levels of miR-16-5p (R = −0.14, adj p = 0.044), miR-22-3p (R = 0.13, adj p = 0.044), and let-7g-5p
(R = 0.12, adj p = 0.046). Early milk levels of let-7g-5p were significantly higher in mothers with LMS
(adj p = 0.0025), displayed an interaction between lactation stage and milk supply (p < 0.001), and were
negatively related to fruit intake (p = 0.015). Putative targets of let-7g-5p include genes important to
hormone signaling, RNA regulation, ion transport, and the extracellular matrix, and down-regulation
of two targets (PRLR and IGF2BP1/IMP1) was confirmed in mammary cells overexpressing let-7g-5p
in vitro. Our data provide evidence that milk-derived miRNAs reflect lactation performance in
women and warrant further investigation to assess their utility for predicting LMS risk and early
breastfeeding cessation.

Keywords: lactation; human milk; breastfeeding; miRNAs; low milk supply

1. Introduction

Low milk supply is associated with early breastfeeding cessation. Nearly 40% of
breastfeeding women cite concerns over low milk supply as a primary reason for not
meeting their breastfeeding goals [1]. The etiology of suboptimal lactation is clearly multi-
faceted. Abnormal breast conditions and previous breast surgeries [2] are structural factors
that contribute to suboptimal lactation. In addition, numerous social, psychological, and
behavioral factors are associated with early breastfeeding cessation [3–6]. Several studies
reported associations between maternal metabolic conditions such as malnutrition [7],
excessive maternal fat mass [8], and gestational diabetes [9] and milk supply. Moreover, we
and others determined that genetic variations in genes critical for mammary gland function
(i.e., prolactin (PRL) [10], prolactin receptor (PRLR) [11], ZnT2 (SLC30A2) [12], and milk fat
globule-epidermal factor 8 protein (MFGE8) [13]) are associated with the ability to produce
milk, providing evidence that biological factors are also responsible for low milk supply.

MicroRNAs (miRNAs) are small, non-coding nucleic acid sequences (~22 nucleotides)
that post-transcriptionally regulate gene expression by binding to specific mRNA targets
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and either inhibiting translation or promoting degradation, thus affecting corresponding
protein expression. Strong evidence indicates miRNAs control normal physiology and
miRNAs have been associated with various pathological states [14]. MiRNAs are found
in all bodily fluids, including saliva, plasma, and urine [15,16], although milk is one
of the richest sources of miRNAs in humans, containing ~1400 mature miRNAs [17].
Many of these miRNAs are released by secreting mammary epithelial cells (MECs) in
exosomes. Mammary gland miRNA profiles differentiate discrete stages of mammary
gland development in rodents and dairy animals, and parallel gene expression required
for ion transport, G protein signaling, translation, and intracellular protein transport,
and oxidative phosphorylation [18–20]. Several previous studies suggested the profile of
human milk miRNAs may reflect breast function [17,21]. Consistent with this hypothesis,
we and others [22,23] previously showed that several maternal factors associated with milk
production and composition (i.e., diet, genotype, preterm birth, and stage of lactation)
are associated with the profile of milk-derived miRNAs, implicating milk miRNAs as
bioreporters of lactation performance in humans [24]. Here we hypothesized that specific
milk-derived miRNAs are associated with low milk supply, and using a genome-wide
computational approach, identified milk-derived miRNAs that may serve as novel genetic
drivers or reporters of low milk supply and confirmed regulation of two targets in MECs
in vitro.

2. Materials and Methods

2.1. Participants

This longitudinal cohort study involved a convenience sample of 221 women, ages
19–42 years. Mothers of full-term, singleton infants (37–42 weeks gestation) who planned
to breastfeed at least six months were eligible. Exclusion criteria and the study design
were previously reported [13]. Participants were dichotomized into two groups: low milk
supply (LMS) or adequate milk supply (AMS) as we have previously reported. Ultimately,
47 women with LMS were compared against mothers with AMS (n = 123) who either
maintained exclusive breast feeding throughout the duration of the study or reported
formula introduction for reasons other than “decreased or low breastmilk production”
(Figure 1).

2.2. Participant Characteristics

Participant characteristics were collected via electronic surveys administered by re-
search staff at enrollment. Survey responses were confirmed through review of the medical
record where possible. The following medical and demographic characteristics were col-
lected: maternal age, maternal race, parity, pre-pregnancy body mass index, tobacco use,
maternal educational level, marital status, duration of previous breastfeeding, infant ges-
tational age, infant sex, and infant birth weight as previously reported [13]. No women
reported the use of galactagogue supplements.

Maternal nutrition was assessed alongside each milk collection (at 1, 4, 16 wks) through
electronic administration of the Dietary Screener Questionnaire (DSQ), developed as part
of the National Health and Nutrition Examination Survey (NHANES) [25]. Published
guidelines were used to compute consumption of fruit, vegetables, dairy, added sugars,
and calcium. Infant feeding characteristics were collected through electronic administration
of the modified Infant Feeding Practices survey (IFP), and as we have previously reported,
milk production was approximated based on maternal report of pumping volumes and
infant feeding practices [13]. Mothers who were unable to estimate milk production
volumes (n = 57/340 data-points; 16%) were excluded from analyses of milk production.
For mothers who reported infant weaning (or failed to provide a milk sample due to low
milk supply; n = 25), a milk production volume of 0 oz/day was assigned. Infant weight
and length were abstracted from the medical record at birth and four weeks post-delivery.
For each infant, the change in weight-for-length Z-score was calculated at each time point
using standardized curves from the World Health Organization.
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Figure 1. CONSORT Diagram. Research staff screened 2487 mother–infant dyads, approached
359 eligible dyads, and obtained consent from 221 dyads. There were 180 mothers that provided
at least one milk sample and completed sufficient longitudinal surveys to determine whether they
experienced low milk supply (LMS) or adequate milk supply (AMS). There were 4 or 6 mothers
excluded from each group for excessive infant weight gain or weight loss (defined as a change in
weight-for-length (WfL) Z-score > 2.0), which suggested milk production may have been over- or
under-estimated. This left 47 mothers with LMS, and 123 mothers with AMS. Of the 123 mothers
with AMS, 48 introduced formula into their infant’s diet prior to 12 months for reasons other than
concerns about milk supply.

2.3. Milk Collection

One milk sample was collected from each mother at 1, 4, and 16 wks post-delivery
(or until breastfeeding ceased). The 170 mothers provided 453 milk samples: 170 samples
in the first wk post-delivery, 158 samples 4 wks post-delivery, and 125 samples 16 wks
post-delivery. Maternal milk (1–5 mL) was manually expressed from a sterilized nipple
surface into RNAse-free tubes prior to feeding (i.e., fore-milk). Foremilk samples were
exclusively collected from the same breast to minimize confounding impacts of fore- and
hind-milk differences [17]. Samples were immediately transferred to −20 ◦C, underwent
one freeze–thaw cycle for aliquoting, and stored at −80 ◦C.

2.4. RNA Processing

Milk was skimmed by centrifugation for 20 min at 4 ◦C at 800 rpm and the lipid fraction
was used for RNA extraction [21,26]. RNA was purified, sequenced, and analyzed as previ-
ously described [26,27]. The 30 miRNA features with the most robust expression (present
in raw counts >10 in all 453 samples) were quantile normalized and mean-center scaled.

2.5. Cell Culture and let-7g-5p Transfection

Mouse mammary epithelial (HC11) cells were gifted by Dr. Jeffrey Rosen (Department
of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, USA) and
used with permission of Dr. Bernd Groner (Institute for Biomedical Research, Frankfurt,
Germany). Cells were maintained in RPMI 1640 growth medium supplemented with 10%
fetal bovine serum, 5 μg/mL insulin (Sigma-Aldrich, Burlington, MA, USA), 10 ng/mL EGF
(EMD Millipore, Burlington, MA, USA) and 1% Penicillin-Streptomycin (Sigma-Aldrich,
Burlington, MA, USA). Cells were plated in antibiotic-free growth medium in 6-well
plates (2.7 × 105 cells/well) and cultured for 2 d. Cells were transfected for 5 h at 50%
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confluency with 10 nM or 30 nM of hsa-let-7g-mirVana miRNA mimic in antibiotic-free Opti-
MEM reduced serum medium (ThermoFisher, Waltham, MA, USA) using Lipofectamine
RNAiMAX (ThermoFisher, Waltham, MA, USA). Opti-MEM was replaced with antibiotic-
free growth medium and total protein was extracted from transfected cells 25 h later
for immunoblotting.

2.6. Immunoblotting

Cells were washed with ice-cold PBS, scraped into a RIPA lysis buffer containing pro-
tease/phosphatase inhibitors and vortexed every 5 min for 30 min until well-solubilized.
The cell extract was centrifuged for 20 min at 12,000× g (4 ◦C) to pellet cellular debris
and the supernatant was collected. Protein concentration was determined using the Pierce
BCA protein assay kit (ThermoFisher, Waltham, MA, USA). Protein (20 μg) was solubilized
in Laemmli sample buffer containing dithiothreitol (DTT; 100 mM) at 95 ◦C for 5 min.
Proteins were separated by SDS-PAGE for 1 h (200 V) and transferred to nitrocellulose
for 1 h (100 V). Immunoblotting was performed with prolactin receptor (PRLR) poly-
clonal antibody (1:5000; ThermoFisher, Waltham, MA, USA) and anti-rabbit horseradish
peroxidase (HRP)-conjugated IgG antibody (1:10,000) or anti-IGF2BP1/IMP1 antibody
(1:1000; generous gift from Dr. S. Andres, Oregon Health and Science University, Portland,
OR, USA) and donkey anti-goat HRP-conjugated antibody (1:5000). The membrane was
stripped with Restore Plus Western Blot Stripping Buffer (ThermoFisher, Waltham, MA,
USA) and re-probed using monoclonal anti-beta actin antibody (1:8000) and anti-mouse
HRP-conjugated IgG antibody (1:20,000). Proteins were visualized by chemiluminescence
using SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher, Waltham,
MA, USA). Relative band intensity was quantified using ImageJ software.

2.7. Statistical Methods

Medical and demographic traits were compared between LMS and AMS groups
using a student’s t-test or chi-square test, as appropriate. Levels of miRNAs in the initial
milk sample (at 1 wk) were compared between LMS and AMS groups using a Wilcoxon
Rank Sum test. p-values were adjusted for multiple testing using the false detection
rate (FDR) method, and values less than 0.05 were considered significant. Candidate
miRNAs identified on Wilcoxon Rank Sum testing underwent the following secondary
analyses: (1) Relationships between milk miRNA levels and milk production (oz/day) were
assessed with Spearman Rank Correlation testing; (2) longitudinal changes in milk levels
of miRNA candidates were assessed across 1, 4, and 16 wks post-delivery using a linear
mixed model fit by restricted maximum likelihood (with each miRNA as the dependent
variable, participant ID as the clustering variable, and maternal characteristics as covariates).
Interactions between LMS/AMS group and time (wks post-delivery) were assessed with
fixed effects omnibus tests; (3) the effects of modifiable maternal characteristics (nutrition,
BMI, tobacco use) on milk levels of candidate miRNAs were assessed with a mixed model
(with miRNA level was the dependent variable, participant ID as the clustering variable,
and maternal characteristics as covariates); (4) the ability of candidate miRNA levels to
differentiate participants at risk for LMS was assessed relative to maternal factors with
a hierarchical logistic regression. LMS/AMS group served as the dependent variable,
and candidate miRNAs without collinearity were used in a feed-forward model building
approach. Sensitivity, specificity, and area under a receiver operator characteristic curve
were reported; (5) physiologic functions of the candidate miRNAs were explored in DIANA
miRPath v3 [28], through identification of putative mRNA targets (Tarbase algorithm).
Enrichment of Kyoto Encyclopedia Genes and Genomes (KEGG) pathways was compared
to that expected by chance using a Fisher’s exact test with FDR correction.

For cell experiments, data represent mean ± SD. Statistical analysis was carried
out using GraphPad Prism software (Version 9.0; GraphPad Prism Software, Inc., San
Diego, CA, USA). Differences between means were determined by students t-test and were
considered statistically significant at p-value < 0.05.
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3. Results

3.1. Participants

Participating mothers were, on average 30 (±4) years of age, with a mean BMI of
27 (±6) kg/m2 (Table 1). The majority were white (135/170; 79%), married (134/170; 78%),
multi-parous (120/170; 70%), had never used tobacco (144/170; 84%), and had obtained
a college or post-graduate degree (121/170; 71%). Few experienced gestational diabetes
(20/170, 11%). Approximately half had previously breastfed more than four months
(90/170; 52%). Compared to mothers with AMS, mothers with LMS were older (d = 0.39,
p = 0.023), were more likely to have a post-graduate degree (X2 = 12.1, p = 0.017), and were
less likely to have previously breastfed (X2 = 11.9, p = 0.018). There were no differences in
other medical or demographic factors.

Table 1. Participant characteristics.

All (n = 170) AMS (n = 123) LMS (n = 47)

Age in years, mean (SD) 30 (4.6) 29.5 (4.5) 31.3 (4.7) *
Asian, n (%) 8 (4.7) 6 (4.9) 2 (4.3)

Bi-racial, n (%) 6 (3.5) 4 (3.3) 2 (4.3)
African American, n (%) 12 (7.1) 8 (6.5) 4 (8.5)

Other—not specified, n (%) 3 (1.8) 3 (2.4) 0 (0.0)
Other—specified, n (%) 6 (3.5) 4 (3.3) 2 (4.3)

White, n (%) 135 (79.4) 98 (79.7) 37 (78.7)
Parity, # (SD) 2 (1) 2 (1) 2 (1)

Pre-pregnancy BMI, kg/m2, mean (SD) 27.8 (6.7) 27.2 (6.1) 29.2 (8.0)
Gestational diabetes, n (%) 20 (11.8) 13 (10.6) 7 (14.9)

Prior tobacco use, n (%) 26 (15.3) 17 (13.8) 9 (19.1)
Some HS, n (%) 2 (1.2) 2 (1.6) 0 (0.0)

Completed HS, n (%) 22 (12.9) 19 (15.4) 3 (6.4) *
Some college, n (%) 25 (14.7) 16 (13.0) 9 (19.1)

Completed college, n (%) 69 (40.6) 56 (45.5) 13 (27.7)
Post-graduate degree, n (%) 52 (30.6) 30 (24.4) 22 (46.8) *

Single, n (%) 11 (6.5) 9 (7.3) 2 (4.3)
Divorced, n (%) 2 (1.2) 1 (0.8) 1 (2.1)

Co-habitating, n (%) 23 (13.5) 16 (13.0) 7 (14.9)
Married, n (%) 134 (78.8) 97 (78.9) 37 (78.7)
Never, n (%) 67 (39.4) 42 (34.1) 25 (53.2) *

<1 month, n (%) 4 (2.4) 1 (0.8) 3 (6.4)
1–2 months, n (%) 4 (2.4) 4 (3.3) 0 (0.0)
2–4 months, n (%) 5 (2.9) 4 (3.3) 1 (2.1)
>4 months, n (%) 90 (52.9) 72 (58.5) 18 (38.3) *

Gestational age, weeks (SD) 38.9 (1.0) 38.9 (1.0) 39.0 (1.0)
Infant Sex, female, n (%) 99 (58.2) 74 (60.1) 25 (53.1)
Birth weight, grams (SD) 3364 (440) 3377 (440) 3329 (443)

* Denotes p < 0.05 on Student’s t-test or chi-square test. Abbreviations: Body mass index (BMI); High school (HS).

3.2. Milk Production and Infant Weight Trajectory

Infants of mothers with LMS had a similar mean weight-for-length z-score at birth
(−0.76 ± 1.0) as infants of mothers with AMS (−0.71 ± 1.1; d = 0.03, p = 0.41; Table 2). On
average, mothers with LMS first reported difficulties with milk supply 3 (±3) months after
delivery. However, 4 wks after delivery, infants of mothers with LMS displayed a lower
mean weight-for-length z-score (0.05 ± 1.2) than infants of mothers with AMS (0.50 ± 1.1;
d = 0.38, p = 0.013). At 4 wks, mothers with LMS reported lower volumes of daily milk
production (20.6 ± 11.8 oz/day) than mothers with AMS (28.1 ± 15.6 oz/day; d = 0.50,
p = 0.003), and they were more likely to have introduced formula (28/47, 59%) than mothers
with AMS (27/127, 21%; X2 = 27.8, p = 2.1 × 10−7). Mothers with LMS continued to report
lower volumes of daily milk production at 16 weeks (20.1 ± 14.1 oz/day) than mothers
with AMS (33.3 ± 24.0 oz/day; d = 0.60, p = 0.0007). Mothers with LMS were also more
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likely to have ceased breast feeding completely at 24 wks (18/47, 38.2%), compared to
mothers with AMS (22/127, 17%; X2 = 11.4, p = 0.0003).

Table 2. Infant weight trajectory and feeding characteristics.

All (n = 170) AMS (n = 123) LMS (n = 47)

Formula intro by 4 weeks, n (%) 55 (32.3) 27 (21.9) 28 (59.5) *
Breastfeeding at 6 months, n (%) 134 (78.8) 105 (85.4) 29 (61.7) *

Milk production at 4 weeks, oz/day (SD) 26.0 (15.0) 28.1 (15.6) 20.6 (11.8) *
Milk production at 16 weeks, oz/day (SD) 29.6 (22.5) 33.3 (24.0) 20.1 (14.1) *

Infant WfL Z-score at birth −0.72 (1.1) −0.71 (1.1) −0.76 (1.0)
Infant WfL Z-score at 4 weeks 0.38 (1.2) 0.50 (1.1) 0.05 (1.2) *

Δ WfL Z-score from birth to 4 weeks 1.1 (1.4) 1.2 (1.4) 0.8 (1.3) *
* p < 0.05 on Student’s t-test or chi-square test. Abbreviations: Introduction (intro), Weight for length (WfL).

3.3. Milk miRNA Profiles

There was no discernible difference between the overall milk miRNA profiles the
first week after delivery (Figure 2A). However, 5 of the 30 most robustly expressed milk
miRNAs (i.e., >10 counts in all 453 samples), displayed nominal differences (raw p ≤ 0.01)
between groups (Figure 2B–F). Maternal estimates of daily milk production were associated
with levels of three miRNAs: miR-16-5p (R = −0.14, p = 0.0088, adj p = 0.044), miR-22-3p
(R = 0.13, p = 0.011, adj p = 0.044), and let-7g-5p (R = 0.12, p = 0.023, adj p = 0.046). Only
levels of let-7g-5p survived multiple testing correction (V = 1765, adj p = 0.0025), indicating
higher levels in the milk of mothers with LMS.

Figure 2. Levels of miRNAs in breast milk differ among women with low milk supply. (A) Results of a
two-dimensional partial least squares discriminant analysis (PLSDA) employing levels of 30 miRNAs
with the most robust concentrations in maternal breast milk in the first week after delivery. Note
that total milk miRNA profiles do not differ between mothers with adequate milk supply (AMS;
green) and mothers with low milk supply (LMS; red). However, milk levels of five miRNAs did differ
in the milk of mothers with LMS. In the first week after delivery, levels of (B) let-7a-5p (V = 2194,
p = 0.015, adj p = 0.090), (C) let-7g-5p (V = 1765, p = 8.5 × 10−5, adj p = 0.0025), and (D) miR-22-3p
(V = 2135, p = 0.0080, adj p = 0.080) were higher in the milk of mothers with LMS, whereas levels
of (E) miR-16-5p (V = 0.3595, p = 0.013 adj p = 0.090) and (F) miR-151a-3p (V = 3670, p = 0.0063,
adj p = 0.080) were lower.
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3.4. Longitudinal Changes in LMS-Related miRNAs

Linear mixed models were used to assess candidate miRNAs for changes in abun-
dance over the course of lactation, while controlling for maternal age, education, and
breastfeeding experience. Milk levels of let-7g-5p increased over the course of lactation
(F = 21.4, p < 0.001), and there was a significant interaction between lactation period and
group (F = 7.5, p < 0.001; Figure 3A). Levels of let-7g-5p generally increased in the AMS
group over time but remained stable in mothers with LMS. Levels of let-7a-5p (F = 15.7,
p < 0.001), miR-22-3p (F = 71.2, p < 0.001), and miR-16-5p (F = 62.7, p < 0.001) also changed
over the course of lactation but did not display an interaction between lactation stage and
milk supply.

Figure 3. Milk levels of let-7g-5p differ over time among mothers with low milk supply and are
related to maternal fruit intake. The effects plot displays normalized concentrations of let-7g-5p
in 453 samples from 170 lactating mothers across three time points: 1 wk, 4 wks, and 16 wks after
delivery (A). Mean concentrations are shown for mothers with low milk supply (LMS, green), and
mothers with adequate milk supply (AMS, blue). There was a significant interaction effect (p < 0.001)
between LMS/AMS group and time (F = 7.5), with let-7g-5p levels increasing between 1 wk and 4 wks
post-delivery in the AMS group only. (B) A second mixed effects model also revealed a significant
effect of maternal fruit consumption on milk levels of let-7g-5p (F = 5.99, p = 0.015). Higher levels of
let-7g-5p were associated with lower fruit consumption, as reported longitudinally on the Dietary
Screener Questionnaire.

3.5. Effect of Modifiable Maternal Characteristics on LMS-Related miRNAs

Mixed models were used to assess the effect of nutrition, BMI, and tobacco use on
candidate miRNAs. Nutrition displayed an association with milk miRNA levels over the
course of lactation. Lower milk levels of let-7g-5p were associated with higher maternal
fruit consumption (F = 5.99, p = 0.015, Figure 3B). There was no interaction between fruit
consumption and milk supply (F = 0.22, p = 0.63). Higher milk levels of miR-22-3p were
associated with lower consumption of calcium (F = 7.31, p = 0.007) and dairy (F = 6.48,
p = 0.011).

3.6. Predicting Low Milk Supply Status

Hierarchical logistic regression was used to assess the ability of milk miRNAs to
predict low milk supply, relative to medical and demographic traits. The three maternal
characteristics that differed between mothers with LMS and mothers with AMS (i.e., age,
education, breastfeeding experience) accounted for 15.5% of the variance between groups,
(X2 = 31.0, p < 0.001), and accurately identified 35/47 mothers with AMS (74% sensitivity)
and 80/123 mothers with AMS (65% specificity; AUC = 0.763). Addition of three miRNAs
that lacked co-linearity (i.e., miR-22-3p, let-7a-5p, and let-7g-5p) accounted for an additional
8.1% of variance between groups (X2 = 47.3, p < 0.001), and significantly improved the
model (X2 = 16.2, p = 0.001). The combined model displayed an AUC of 0.816.

3.7. Pathway Analysis

The messenger RNA targets of the five miRNAs of interest (miR-22-3p, miR-16-5p,
let-7a-5p, let-7g-5p, miR-151a-3p) were interrogated in DIANA miRPATH using the Tarbase
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algorithm. The five miRNAs targeted 13 physiologic pathways with greater frequency than
would be expected by chance alone, including cell cycle, fatty acid biosynthesis, adherens
junctions, Hippo signaling, TGFβ signaling, and ECM-receptor interaction (Table 3).

Table 3. Physiologic pathways targeted by the five candidate miRNAs.

KEGG Pathway p-Value Genes (#) miRNAs (#)

Prion diseases 6.88 × 10−17 13 2
Cell cycle 1.11 × 10−16 63 3

Hepatitis B 3.77 × 10−15 72 3
Proteoglycans in cancer 4.77 × 10−14 85 2
Fatty acid biosynthesis 1.63 × 10−13 4 2

Adherens junction 1.29 × 10−11 46 2
Hippo signaling pathway 1.42 × 10−10 57 3

TGF-beta signaling pathway 1.32 × 10−09 31 1
Lysine degradation 1.77 × 10−09 15 1

Oocyte meiosis 6.19 × 10−09 35 1
Viral carcinogenesis 9.29 × 10−9 102 4

ECM-receptor interaction 8.02 × 10−08 16 2
Transcriptional misregulation 2.10 × 10−05 38 1

in cancer
p-values represent multiple correction adjusted p-values on Fisher’s exact t-tests. The number of genes targeted
by each of the five miRNAs was determined using the Tarbase algorithm in DIANA miRPath software. The top
13 pathways (adj. p < 1.0 × 10−5) are shown.

Hierarchical clustering showed that let-7a-5p and let-7g-5p had the most closely
related physiologic targets, and miR-22-3p and miR-16-5p displayed the second highest
physiologic relatedness (Figure 4).

Due to the interaction between let-7g-5p, lactation stage, and milk supply, we fur-
ther queried molecular pathways affected by this miRNA. Key KEGG pathways pre-
dicted to be downregulated by let-7g-5p (https://genome.jp, accessed on 2 November,
2022) include Metabolic, PI3K-Akt signaling, MAPK signaling, and JAK-STAT signaling
pathways (Table 4), and include numerous genes associated with lactation traits such
as those involved in hormone signaling (PRLR, INSR), extracellular matrix (COL1A1-2,
COL3A1, COL4A1-3 and A6, COL5A2, COL14A1, COL27A1), zinc transport (SLC30A4),
H+ transport (ATP6V1G1, ATP6V1C1), and calcium transport (ATP2A2, ATP2B4). More-
over, the top mRNAs identified included several novel lactogenic targets involved in
mRNA binding (IGF2BP1-3), chromatin binding (HMGA2), and actin assembly (STARD13)
(Supplementary Materials).

3.8. Confirmation of PRLR and IGF2BP1 Regulation in Mammary Cells

To directly confirm the effect of elevated levels of let-7g-5p in MECs, cells were
transiently transfected with a let-7g-5p mimic. Protein expression of two predicted mRNA
targets, PRLR and IGF2BP1/IMP1, was measured 30 h later by immunoblot (Table S1).
PRLR was selected for confirmation of its regulation by let-7g-5p in MECs because of its
well-known importance in lactation, and IGF2BP1/IMP1 was selected to assess effects on a
novel molecular target. Both the long and short forms of IGF2BP1/IMP1 were identified in
HC11 cells [29], and both isoforms were significantly lower (p < 0.01) in cells transfected
with 30 nM hsa-let-7g mimic compared to non-transfected cells (Figure 5A–C). In addition,
PRLR protein expression was significantly lower in cells transfected with 30 nM hsa-let-7g
mimic (p < 0.05) compared to non-transfected cells (Figure 5D,E). These results confirm
that expression of PRLR and IGF2BP1/IMP1 are negatively regulated by let-7g-5p in MECs
and provide evidence of two discrete molecular mechanisms that may underlie effects of
let-7g-5p on lactation and milk supply.
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Figure 4. Physiologic pathways targeted by the five milk miRNAs implicated in low milk supply.
The heatmap displays the relative level of messenger RNA targets for 13 Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways, where red represents the highest number of targets. These
13 pathways all displayed a significantly greater number of targets than would be expected by chance
alone on Fisher Exact Testing. Note that pathways and miRNAs have been clustered using the Ward
method, and the dendrograms display relatedness of each pathway or miRNA.

Table 4. Top twenty physiologic pathways targeted by let-7g-5p.

KEGG Pathway Genes (#)

Metabolic pathways 72
Pathways in cancer 39

PI3K-Akt signaling pathway 33
Human Papillomavirus infection 30
Herpes simplex virus infection 29

Pathways of neurodegeneration 28
Proteoglycans in cancer 23
MicroRNAs in cancer 23

Focal adhesion 21
Axon guidance 21

Human T-cell leukemia virus 1 infection 20
Cytokine-cytokine receptor interaction 20
Transcriptional misregulation in cancer 19

FOXO signaling pathway 19
Ras signaling pathway 19

Calcium signaling pathway 18
mTOR signaling pathway 18

JAK-STAT signaling pathway 18
Lipid and atherosclerosis 18

AGE-RAGE signaling pathway 18
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Figure 5. Let-7g-5p reduced IGF2BP1/IMP1 and prolactin receptor (PRLR) expression in mam-
mary epithelial (HC11) cells. (A) Representative immunoblot of IGF2BP1/IMP1 in protein lysates
(20 μg protein/well) from HC11 cells transfected with 10 nM or 30 nM of let-7g-5p mimic com-
pared with non-transfected (NC) cells. Caco-2 (C) and SW480 (SW) protein lysates were used as
positive controls. Membranes were striped and re-probed for β-actin. (B) Relative expression of
the long form of IGF2BP1/IMP1 (~70 kDa) after normalization to β-actin. Results represent the
mean ratio ± SD (n = 2–3 samples/group). ** p < 0.01 (C) Relative expression of the short form of
IGF2BP1/IMP1 (~42 kDa) after normalization to β-actin. Results represent the mean ratio ± SD
(n = 2–3 samples/group). * p < 0.05, ** p < 0.01 (D) Representative immunoblot of PRLR in protein
lysates (20 μg protein/well) from HC11 cells transfected with 10 nM or 30 nM of let-7g-5p mimic
compared with non-transfected (NC€ells. (E) Relative PRLR protein expression of after normaliza-
tion to β-actin. Results represent the mean ratio ± SD (n = 3 samples/group) from two separate
experiments. * p < 0.05.

4. Discussion

Here, we present a novel approach for identifying biological factors that underpin
low milk supply in breastfeeding women. We established that the profile of milk-derived
miRNAs reflects lactation performance in humans, and for the first time identified miRNAs
associated with low milk supply. Importantly, we determined that let-7g-5p may serve as
a potential regulon of breast function and predicted key genes involved in metabolism,
hormone signaling, ion transport, mRNA binding, and tissue remodeling in the lactating
mammary gland, supporting previous studies that have posited a role for let-7g-5p in breast
function [30]. Importantly, bioinformatic prediction of PRLR and IGF2BP1/IMP1 as let-7g-
5p targets was confirmed in MECS. We detected a significant interaction between let-7g-5p,
milk volume, and lactation stage, suggesting that measurement of let-7g-5p levels in milk
during early lactation may be useful in predicting risk for low milk supply. Interestingly, our
data suggest the let-7g-5p regulon may be modifiable as there was a negative relationship
between let-7g-5p levels and fruit intake in our population of breastfeeding women.

Milk is one of the richest sources of miRNAs in humans and contains ~1400 mature
miRNAs [17] and the profile of milk miRNAs has been proposed to reflect mammary
gland function [17–21]. We found maternal estimates of daily milk production were
indeed associated with levels of miR-16-5p, miR-22-3p, and let-7g-5p; however, only
levels of let-7g-5p survived multiple testing correction. The let-7 family of miRNAs is
one of the earliest discovered miRNA clusters and is conserved across species [31]. It
is comprised of ten miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i, miR-98,
and miR-202) and plays key roles in suppressing proliferation and differentiation [32]
and is a key regulator of glucose metabolism [33]. Let-7g-5p levels were enriched in
the milk of women with low milk supply, consistent with a putative role for let-7g-5p
suppression in motivating proliferation, suppressing mammary gland differentiation [30]
and affecting mammary gland metabolism. Importantly, let-7g-5p is conserved between
human and mouse [31], suggesting the opportunity to use preclinical mouse models to
understand mechanistic implications of let-7g-5p on MEC proliferation, differentiation, and
milk production and secretion.
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A critical gap in knowledge is how let-7g-5p is regulated in mammary epitheial cells.
Let-7g is found on chromosome 3 in humans [31] and is post-transcriptionally repressed
through binding of the RNA binding protein Lin28 to its terminal loop, thereby either
inhibiting binding of Dicer and Drosha or re-routing pre-let-7g for degradation [34]. Thus,
factors that affect Lin28 regulation would have major impacts on mammary gland function.
One potential factor that regulates the Lin28/let-7 axis is inflammation [35]. Interestingly,
inflammation is known to compromise lactation and milk supply [36,37], thus therapeutic
strategies to reduce inflammation may be key to maximizing milk supply. Additionally,
let-7g expression is repressed by DNA methylation [38], suggesting intake of methyl donors
such as folate [39] and B12 may play a role. Several studies suggest estrogen may regulate
let-7g-5p; however, results are inconsistent [40,41]. Positive regulation by estrogen would
be consistent with suppression of let-7g-5p levels upon estrogen withdrawal at partition
and the subsequent activation of lactogenesis II. Given the importance of robust activation
lactogenesis II in the maintenance of copious milk production going forward, identification
of factors that regulate let-7g-5p is critical to our understanding of this regulon and its
intriguing role in lactation [42].

Numerous mRNA targets of let-7g-5p associated with lactation traits include hor-
mone signaling (PRLR, INSR) [43–45], extracellular matrix (COL1A1-2, COL3A1, COL4A1-3
and A6, COL5A2, COL14A1, COL27A1) [46], zinc transport (SLC30A4) [47], H+ transport
(ATP6V1G1, ATP6V1C1) [48], and calcium transport (ATP2A2, ATP2B4) [49], further impli-
cating it as a regulatory hub for maintaining milk supply. Importantly, our study confirmed
that PRLR expression was indeed regulated by let-7g-5p in MECs, providing direct evidence
that let-7g-5p is a critical regulator of lactation. Three examples of novel targets of let-7g-5p
that may have potential lactogenic implications include steriodogenic acute regulatory
protein-related lipid transfer domain-containing protein 13 (STARD13), high mobility group
AT-hook 2 (HMGA2), and insulin-like growth factor 2 messenger RNA-binding protein
(IGF2BP1/IMP1). STARD13 serves as a Rho-GTPase activating protein that selectively
regulates RhoA and cdc42 to inhibit actin assembly. STARD13 attenuation leaves RhoA
constitutively active which inhibits Rac and thus inhibits motility [50]. To our knowledge, a
role for STARD13 in mammary gland development or lactation has yet to be explored; how-
ever, this finding may have important implications for breast cancer detection as STARD13
is a tumor suppressor and Rac1 plays a major role in cancer cell motility [50]. HMGA2 is
a group of small chromatin-associated proteins that act as an architectural transcription
factor that directly binds to DNA and modulates the transcription of target genes; however,
a putative role for HMGA2 in the breast requires exploration. IGF2BP1/IMP1 is a highly
conserved RNA-binding protein that regulates RNA processing at several levels, includ-
ing localization, translation, and stability. Key targets of IGF2BP1/IMP1 with potential
consequences on lactation include β-actin, STAT3, c-myc, glutathione peroxidases, and
several mitochondrial proteins [51]. Two IGF2BP1/IMP1 isoforms have been identified in
MECs [29], a long isoform (~70 kDa) and a short isoform (~40 kDa) resulting from an N-
terminal truncation with currently unknown function. Herein, we confirmed that let-7g-5p
downregulated both isoforms, suggesting key molecular functions such as morphogenesis,
oxidative stress, and ATP production are targets of the let-7g-5p regulon, which implicates
IGF2BP1/IMPs as a novel molecular target for low milk supply.

While our genome-wide approach identified critical milk-derived miRNAs and pre-
dicted novel genes and molecular pathways for further exploration, an exciting finding
from this study was that high milk levels of let-7g-5p during early lactation may be useful
as a bioreporter of low milk supply and risk for early breastfeeding cessation. This ob-
servation warrants further study as >40% of women cite concerns over low milk supply
as a primary reason for not meeting their breastfeeding goals [1] and early identification
could inform interventions to improve breastfeeding success. One such intervention might
include dietary modification, as intriguing findings suggest levels of let-7g-5p may be mod-
ifiable. For example, ursolic acid (UA) is a natural triterpene found in various fruits and
vegetables that suppresses let-7g-5p [52] and there is a growing interest in UA because of
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its beneficial effects, which include pro- and anti-inflammatory, antioxidant, anti-apoptotic,
and anti-carcinogenic effects [53]. Additionally, quercetin is a polyphenol ubiquitously
present in certain fruits (e.g., apples and grapes) and vegetables (e.g., onions, kale, broccoli,
lettuce, and tomatoes) that also has pro- and anti-inflammatory and antioxidant capac-
ity, and let-7g-5p levels are positively associated with a quercetin-rich diet [54]. Further
studies are required to reproduce our findings and determine how dietary polyphenols
and secondary metabolites affect the let-7g-5p regulon in the mammary gland, which may
eventually offer a therapeutic option with an evidence-based rationale for women with low
milk supply.

There are several strengths of the present study: (1) a large sample size with longitu-
dinal collections; (2) uniformity insample collection and processing; (3) high throughput
sequencing; and (4) the use of mixed effects models to assess relative impacts of maternal
characteristics. However, there are several limitations. The scatter in our data suggest
that trends may be driven more heavily by samples at the fringe ends of the dataset, and
additional studies are required to confirm our findings. The current cohort was mostly
white and included only mothers delivering at term, which may limit generalizability of the
findings. In addition, given our finding that let-7g-5p may be a potential regulator, further
studies should include potential modifiers such as caloric intake, physical activity, quality of
life, and comprehensive dietary analysis to better understand the role and regulation of let-
7g-5p during lactation. Finally, our results (which include both exosomal and non-exosomal
miRNA) may differ from studies focused solely on exosomal miRNAs [55] and while prior
studies have demonstrated minimal miRNA differences across milk fractions [56,57], results
from miRNAs in skim versus cellular fractions may differ.

5. Conclusions

In conclusion, the results of this study advance our collective understanding of the bio-
logical contributors to low milk supply by identifying miRNAs, novel molecular pathways,
and new gene targets associated with poor milk production. Predicted transcripts highlight
both classical and novel lactogenic targets, therefore future studies should interrogate
consequences of these miRNAs on mammary gland function. Importantly, this study is the
first to identify an interaction between milk levels of miRNAs, low milk supply, and early
cessation of breastfeeding, and suggests that measuring milk levels of let-7g-5p during
the first weeks after birth may be a useful tool in predicting risk for low milk supply and
identifying women who need targeted lactation support.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15030567/s1, Table S1: predicted mRNA targets.

Author Contributions: Conceptualization, S.L.K. and S.D.H.; methodology, S.L.K. and S.D.H.; formal
analysis, D.C., A.C. and A.W.; investigation, D.C., A.C. and A.W.; resources, S.D.H. and S.L.K.; data
curation, D.C., A.C. and A.W.; writing—original draft preparation, S.L.K. and S.D.H.; writing—review
and editing, A.W.; supervision, S.D.H. and S.L.K.; project administration, S.D.H.; funding acquisition,
S.D.H. and S.L.K. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by grants from the Gerber Foundation (grant number 5295) and
Center for Research in Women and Newborns (CROWN, grant number 2020) Foundation to S.D.H.
and intramural funds to S.L.K.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Penn State University (STUDY00008657
approved 18 January 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The RNA sequencing data presented in the study are deposited in
the Gene Expression Omnibus repository, accession number GSE192543. GEO repository link:
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE192543; 1 January, 2022.

64



Nutrients 2023, 15, 567

Acknowledgments: The authors wish to thank the mothers and infants that participated in this
study. We thank Jessica Beiler for assistance with participant recruitment and data collection and
Kaitlyn Warren for assistance with RNA extraction. We gratefully acknowledge Sarah Andres for the
generous gift of IMP1 antibody.

Conflicts of Interest: S.D.H. is a consultant and scientific advisory board member for Spectrum
Solutions and Quadrant Biosciences. S.L.K. is the owner/founder of LactoGenix, LLC, and is a
technical advisory board member for Biomilq. The funders had no role in the design of the study; in
the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision
to publish the results.

References

1. Ahluwalia, I.B.; Morrow, B.; Hsia, J. Why do women stop breastfeeding? Findings from the pregnancy risk assessment and
monitoring system. Pediatrics 2005, 116, 1408–1412. [CrossRef] [PubMed]

2. Neifert, M.; DeMarzo, S.; Seacat, J.; Young, D.; Leff, M.; Orleans, M. The influence of breast surgery, breast appearance,
and pregnancy-induced breast changes on lactation sufficiency as measured by infant weight gain. Birth 1990, 17, 31–38.
[CrossRef] [PubMed]

3. Figueiredo, B.; Dias, C.C.; Brandão, S.; Canário, C.; Nunes-Costa, R. Breastfeeding and postpartum depression: State of the art
review. J. Pediatr. 2013, 89, 332–338. [CrossRef] [PubMed]

4. Gilmour, C.; Hall, H.; McIntyre, M.; Gillies, L.; Harrison, B. Factors associated with early breastfeeding cessation in frankston,
victoria: A descriptive study. Breastfeed. Rev. 2009, 17, 13–19.

5. Meier, P.; Patel, A.L.; Wright, K.; Engstrom, J.L. Management of breastfeeding during and after the maternity hospitalization for
late preterm infants. Clin. Perinatol. 2013, 40, 689–705. [CrossRef]

6. Szabo, A.L. Review article: Intrapartum neuraxial analgesia and breastfeeding outcomes: Limitations of current knowledge.
Anesth. Analg. 2013, 116, 399–405. [CrossRef]

7. Ettyang, G.A.; van Marken Lichtenbelt, W.D.; Esamai, F.; Saris, W.H.; Westerterp, K.R. Assessment of body composition and
breast milk volume in lactating mothers in pastoral communities in pokot, kenya, using deuterium oxide. Ann. Nutr. Metab. 2005,
49, 110–117. [CrossRef]

8. Diana, A.; Haszard, J.J.; Houghton, L.A.; Gibson, R.S. Breastmilk intake among exclusively breastfed indonesian infants is
negatively associated with maternal fat mass. Eur. J. Clin. Nutr. 2019, 73, 1206–1208. [CrossRef]

9. Suwaydi, M.A.; Wlodek, M.E.; Lai, C.T.; Prosser, S.A.; Geddes, D.T.; Perrella, S.L. Delayed secretory activation and low milk
production in women with gestational diabetes: A case series. BMC Pregnancy Childbirth 2022, 22, 350. [CrossRef]

10. Moriwaki, M.; Welt, C. Mon-434 familial alactogenesis associated with a prolactin mutation. J. Endocr. Soc. 2019, 3 (Suppl. 1),
MON-434. [CrossRef]

11. Kobayashi, T.; Usui, H.; Tanaka, H.; Shozu, M. Variant prolactin receptor in agalactia and hyperprolactinemia. N. Engl. J. Med.
2018, 379, 2230–2236. [CrossRef] [PubMed]

12. Rivera, O.C.; Geddes, D.T.; Barber-Zucker, S.; Zarivach, R.; Gagnon, A.; Soybel, D.I.; Kelleher, S.L. A common genetic variant in
zinc transporter znt2 (thr288ser) is present in women with low milk volume and alters lysosome function and cell energetics. Am.
J. Physiol. Cell Physiol. 2020, 318, C1166–C1177. [CrossRef] [PubMed]

13. Chandran, D.; Confair, A.; Warren, K.; Kawasawa, Y.I.; Hicks, S.D. Maternal variants in the mfge8 gene are associated with
perceived breast milk supply. Breastfeed. Med. 2022, 17, 331–340. [CrossRef] [PubMed]

14. Liu, B.; Li, J.; Cairns, M.J. Identifying mirnas, targets and functions. Brief Bioinform. 2014, 15, 1–19. [CrossRef] [PubMed]
15. Arantes, L.; De Carvalho, A.C.; Melendez, M.E.; Lopes Carvalho, A. Serum, plasma and saliva biomarkers for head and neck

cancer. Expert Rev. Mol. Diagn. 2018, 18, 85–112. [CrossRef]
16. Tölle, A.; Blobel, C.C.; Jung, K. Circulating mirnas in blood and urine as diagnostic and prognostic biomarkers for bladder cancer:

An update in 2017. Biomark. Med. 2018, 12, 667–676. [CrossRef]
17. Alsaweed, M.; Lai, C.T.; Hartmann, P.E.; Geddes, D.T.; Kakulas, F. Human milk cells contain numerous mirnas that may change

with milk removal and regulate multiple physiological processes. Int. J. Mol. Sci. 2016, 17, 956. [CrossRef]
18. Avril-Sassen, S.; Goldstein, L.D.; Stingl, J.; Blenkiron, C.; Le Quesne, J.; Spiteri, I.; Karagavriilidou, K.; Watson, C.J.; Tavaré, S.;

Miska, E.A.; et al. Characterisation of microrna expression in post-natal mouse mammary gland development. BMC Genom. 2009,
10, 548. [CrossRef]

19. Li, Z.; Liu, H.; Jin, X.; Lo, L.; Liu, J. Expression profiles of micrornas from lactating and non-lactating bovine mammary glands
and identification of mirna related to lactation. BMC Genom. 2012, 13, 731. [CrossRef]

20. Izumi, H.; Kosaka, N.; Shimizu, T.; Sekine, K.; Ochiya, T.; Takase, M. Time-dependent expression profiles of micrornas and mrnas
in rat milk whey. PLoS ONE 2014, 9, e88843. [CrossRef]

21. Alsaweed, M.; Lai, C.T.; Hartmann, P.E.; Geddes, D.T.; Kakulas, F. Human milk cells and lipids conserve numerous known and
novel mirnas, some of which are differentially expressed during lactation. PLoS ONE 2016, 11, e0152610. [CrossRef]

65



Nutrients 2023, 15, 567

22. Hatmal, M.M.M.; Al-Hatamleh, M.A.; Olaimat, A.N.; Alshaer, W.; Hasan, H.; Albakri, K.A.; Alkhafaji, E.; Issa, N.N.; Al-Holy, M.A.;
Abderrahman, S.M.; et al. Immunomodulatory properties of human breast milk: Microrna contents and potential epigenetic
effects. Biomedicines 2022, 10, 1219. [CrossRef]

23. Perri, M.; Lucente, M.; Cannataro, R.; De Luca, I.F.; Gallelli, L.; Moro, G.; De Sarro, G.; Caroleo, M.C.; Cione, E. Variation in
immune-related micrornas profile in human milk amongst lactating women. MicroRNA 2018, 7, 107–114. [CrossRef]

24. Tingö, L.; Ahlberg, E.; Johansson, L.; Pedersen, S.A.; Chawla, K.; Sætrom, P.; Cione, E.; Simpson, M.R. Non-coding rnas in human
breast milk: A systematic review. Front. Immunol. 2021, 12, 725323. [CrossRef]

25. Thompson, F.E.; Midthune, D.; Kahle, L.; Dodd, K.W. Development and evaluation of the national cancer institute’s dietary
screener questionnaire scoring algorithms. J. Nutr. 2017, 147, 1226–1233. [CrossRef]

26. Carney, M.C.; Tarasiuk, A.; DiAngelo, S.L.; Silveyra, P.; Podany, A.; Birch, L.L.; Paul, I.M.; Kelleher, S.; Hicks, S.D. Metabolism-
related micrornas in maternal breast milk are influenced by premature delivery. Pediatr. Res. 2017, 82, 226–236. [CrossRef]

27. Hicks, S.D.; Confair, A.; Warren, K.; Chandran, D. Levels of breast milk micrornas and other non-coding rnas are impacted by
milk maturity and maternal diet. Front. Immunol. 2022, 12, 5754. [CrossRef]

28. Vlachos, I.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.; Dalamagas, T.;
Hatzigeorgiou, A.G. Diana-mirpath v3.0: Deciphering microrna function with experimental support. Nucleic Acids Res.
2015, 43, W460–W466. [CrossRef]

29. Fakhraldeen, S.; Clark, R.; Roopra, A.; Chin, E.; Huang, W.; Castorino, J.; Wisinski, T.; Spiegelman, V.; Alexander, C. Two isoforms
of the rna binding protein, coding region determinant-binding protein (crd-bp/igf2bp1), are expressed in breast epithelium and
support clonogenic growth of breast tumor cells. J. Biol. Chem. 2015, 290, 13386–13400. [CrossRef]

30. Tian, L.; Li, Y.; Wang, C.; Li, Q. Let-7g-5p regulates mouse mammary cells differentiation and function by targeting prkca. J. Cell.
Physiol. 2019, 234, 10101–10110. [CrossRef]

31. Lee, H.; Han, S.; Kwon, C.S.; Lee, D. Biogenesis and regulation of the let-7 mirnas and their functional implications. Protein Cell
2016, 7, 100–113. [CrossRef] [PubMed]

32. Boyerinas, B.; Park, S.M.; Hau, A.; Murmann, A.E.; Peter, M.E. The role of let-7 in cell differentiation and cancer. Endocr.-Relat.
Cancer 2010, 17, F19–F36. [CrossRef] [PubMed]

33. Zhu, H.; Shyh-Chang, N.; Segrè Ayellet, V.; Shinoda, G.; Shah Samar, P.; Einhorn William, S.; Takeuchi, A.; Engreitz Jesse, M.;
Hagan John, P.; Kharas Michael, G.; et al. The Lin28/let-7 axis regulates glucose metabolism. Cell 2011, 147, 81–94. [CrossRef]

34. Viswanathan, S.R.; Daley, G.Q.; Gregory, R.I. Selective blockade of microrna processing by lin28. Science 2008, 320,
97–100. [CrossRef]

35. Mills WTt Nassar, N.N.; Ravindra, D.; Li, X.; Meffert, M.K. Multi-level regulatory interactions between nf-κb and the pluripotency
factor lin28. Cells 2020, 9, 2710. [CrossRef]

36. Ingman, W.V.; Glynn, D.J.; Hutchinson, M.R. Inflammatory mediators in mastitis and lactation insufficiency. J. Mammary Gland.
Biol. Neoplasia 2014, 19, 161–167. [CrossRef]

37. Nommsen-Rivers, L.A.; Chantry, C.J.; Peerson, J.M.; Cohen, R.J.; Dewey, K.G. Delayed onset of lactogenesis among first-time
mothers is related to maternal obesity and factors associated with ineffective breastfeeding. Am. J. Clin. Nutr. 2010, 92, 574–584.
[CrossRef] [PubMed]

38. Gilyazova, I.; Ivanova, E.; Gilyazova, G.; Sultanov, I.; Izmailov, A.; Safiullin, R.; Pavlov, V.; Khusnutdinova, E. Methylation and
expression levels of microrna-23b/-24-1/-27b, microrna-30c-1/-30e, microrna-301a and let-7g are dysregulated in clear cell renal
cell carcinoma. Mol. Biol. Rep. 2021, 48, 5561–5569. [CrossRef] [PubMed]

39. Geoffroy, A.; Kerek, R.; Pourié, G.; Helle, D.; Guéant, J.L.; Daval, J.L.; Bossenmeyer-Pourié, C. Late maternal folate supplementation
rescues from methyl donor deficiency-associated brain defects by restoring let-7 and mir-34 pathways. Mol. Neurobiol. 2017, 54,
5017–5033. [CrossRef]

40. Qian, P.; Zuo, Z.; Wu, Z.; Meng, X.; Li, G.; Wu, Z.; Zhang, W.; Tan, S.; Pandey, V.; Yao, Y.; et al. Pivotal role of reduced let-7g
expression in breast cancer invasion and metastasis. Cancer Res. 2011, 71, 6463–6474. [CrossRef]

41. Bhat-Nakshatri, P.; Wang, G.; Collins, N.R.; Thomson, M.J.; Geistlinger, T.R.; Carroll, J.S.; Brown, M.; Hammond, S.; Srour, E.F.;
Liu, Y.; et al. Estradiol-regulated micrornas control estradiol response in breast cancer cells. Nucleic Acids Res. 2009, 37, 4850–4861.
[CrossRef] [PubMed]

42. Ren, Z.; Zhang, A.; Zhang, J.; Wang, R.; Xia, H. Role of perinatal biological factors in delayed lactogenesis ii among women with
pre-pregnancy overweight and obesity. Biol. Res. Nurs. 2022, 24, 459–471. [CrossRef] [PubMed]

43. Bomfim, G.F.; Merighe, G.K.F.; de Oliveira, S.A.; Negrao, J.A. Acute and chronic effects of cortisol on milk yield, the expression of
key receptors, and apoptosis of mammary epithelial cells in saanen goats. J. Dairy Sci. 2022, 105, 818–830. [CrossRef] [PubMed]

44. Kelly, P.A.; Bachelot, A.; Kedzia, C.; Hennighausen, L.; Ormandy, C.J.; Kopchick, J.J.; Binart, N. The role of prolactin and growth
hormone in mammary gland development. Mol. Cell. Endocrinol. 2002, 197, 127–131. [CrossRef] [PubMed]

45. Sureshbabu, A.; Tonner, E.; Flint, D.J. Insulin-like growth factor binding proteins and mammary gland development. Int. J. Dev.
Biol. 2011, 55, 781–789. [CrossRef] [PubMed]

46. Tsutsui, S.; Wakasa, H.; Tsugami, Y.; Suzuki, T.; Nishimura, T.; Kobayashi, K. Distinct expression patterns of fibrillar collagen
types i, iii, and v in association with mammary gland remodeling during pregnancy, lactation and weaning. J. Mammary Gland.
Biol. Neoplasia 2020, 25, 219–232. [CrossRef]

66



Nutrients 2023, 15, 567

47. McCormick, N.H.; Lee, S.; Hennigar, S.R.; Kelleher, S.L. Znt4 (slc30a4)-null (“lethal milk”) mice have defects in mammary
gland secretion and hallmarks of precocious involution during lactation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2016, 310,
R33–R40. [CrossRef]

48. Lee, S.; Rivera, O.C.; Kelleher, S.L. Zinc transporter 2 interacts with vacuolar atpase and is required for polarization, vesicle
acidification, and secretion in mammary epithelial cells. J. Biol. Chem. 2017, 292, 21598–21613. [CrossRef]

49. Reinhardt, T.A.; Lippolis, J.D. Mammary gland involution is associated with rapid down regulation of major mammary ca2+-
atpases. Biochem. Biophys. Res. Commun. 2009, 378, 99–102. [CrossRef]

50. Hanna, S.; Khalil, B.; Nasrallah, A.; Saykali, B.A.; Sobh, R.; Nasser, S.; El-Sibai, M. Stard13 is a tumor suppressor in breast cancer
that regulates cell motility and invasion. Int. J. Oncol. 2014, 44, 1499–1511. [CrossRef]

51. Degrauwe, N.; Suvà, M.L.; Janiszewska, M.; Riggi, N.; Stamenkovic, I. Imps: An rna-binding protein family that provides a link
between stem cell maintenance in normal development and cancer. Genes Dev. 2016, 30, 2459–2474. [CrossRef] [PubMed]

52. Tan, H.; Zhao, C.; Zhu, Q.; Katakura, Y.; Tanaka, H.; Ohnuki, K.; Shimizu, K. Ursolic acid isolated from the leaves of loquat
(Eriobotrya japonica) inhibited osteoclast differentiation through targeting exportin 5. J. Agric. Food Chem. 2019, 67, 3333–3340.
[CrossRef] [PubMed]

53. Seo, D.Y.; Lee, S.R.; Heo, J.W.; No, M.H.; Rhee, B.D.; Ko, K.S.; Kwak, H.B.; Han, J. Ursolic acid in health and disease. Korean J.
Physiol. Pharmacol. 2018, 22, 235–248. [CrossRef] [PubMed]

54. Lam, T.K.; Shao, S.; Zhao, Y.; Marincola, F.; Pesatori, A.; Bertazzi, P.A.; Caporaso, N.E.; Wang, E.; Landi, M.T. Influence of quercetin-
rich food intake on microrna expression in lung cancer tissues. Cancer Epidemiol. Biomark. Prev. 2012, 21, 2176–2184. [CrossRef]

55. Kupsco, A.; Prada, D.; Valvi, D.; Hu, L.; Petersen, M.S.; Coull, B.; Grandjean, P.; Weihe, P.; Baccarelli, A.A. Human milk
extracellular vesicle mirna expression and associations with maternal characteristics in a population-based cohort from the faroe
islands. Sci. Rep. 2021, 11, 5840. [CrossRef] [PubMed]

56. Alsaweed, M.; Hepworth, A.R.; Lefèvre, C.; Hartmann, P.E.; Geddes, D.T.; Hassiotou, F. Human milk microrna and total rna
differ depending on milk fractionation. J. Cell. Biochem. 2015, 116, 2397–2407. [CrossRef] [PubMed]

57. Munch, E.M.; Harris, R.A.; Mohammad, M.; Benham, A.L.; Pejerrey, S.M.; Showalter, L.; Hu, M.; Shope, C.D.; Maningat, P.D.;
Gunaratne, P.H.; et al. Transcriptome profiling of microrna by next-gen deep sequencing reveals known and novel mirna species
in the lipid fraction of human breast milk. PLoS ONE 2013, 8, e50564. [CrossRef]

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

67





Citation: Slater, K.; Schumacher, T.L.;

Ding, K.N.; Taylor, R.M.; Shrewsbury,

V.A.; Hutchesson, M.J. Modifiable

Risk Factors for Cardiovascular

Disease among Women with and

without a History of Hypertensive

Disorders of Pregnancy. Nutrients

2023, 15, 410. https://doi.org/

10.3390/nu15020410

Academic Editors:

Birgit-Christiane Zyriax and

Nataliya Makarova

Received: 24 November 2022

Revised: 8 January 2023

Accepted: 10 January 2023

Published: 13 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Modifiable Risk Factors for Cardiovascular Disease among
Women with and without a History of Hypertensive Disorders
of Pregnancy

Kaylee Slater 1,2, Tracy L. Schumacher 2,3, Ker Nee Ding 1, Rachael M. Taylor 1,2, Vanessa A. Shrewsbury 1,2 and

Melinda J. Hutchesson 1,2,*

1 School of Health Sciences, College of Health, Medicine and Wellbeing, University of Newcastle,
Callaghan, NSW 2308, Australia

2 Food and Nutrition Research Program, Hunter Medial Research Institute, Lot 1, Kookaburra Circuit,
New Lambton Heights, NSW 2305, Australia

3 Department of Rural Health, College of Health, Medicine and Wellbeing, University of Newcastle,
Tamworth, NSW 2340, Australia

* Correspondence: melinda.hutchesson@newcastle.edu.au

Abstract: Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in women.
Hypertensive disorders of pregnancy (HDP) affect 5–10% of pregnancies worldwide, and are an
independent risk factor for CVD. A greater understanding of the rates of modifiable CVD risk factors
in women with a history of HDP can inform CVD prevention priorities in this group. The aim of this
study was to understand the rates of individual and multiple modifiable risk factors for CVD (body
mass index, fruit and vegetable intake, physical activity, sitting time, smoking, alcohol consumption
and depressive symptoms) among women with a history of HDP, and assess whether they differ
to women without a history of HDP. This study is a cross-sectional analysis of self-reported data
collected for the Australian Longitudinal Study of Women’s Health (ALSWH). The sample included
5820 women aged 32–37 years old, who completed survey 7 of the ALSWH in 2015. Women with a
history of HDP had a higher multiple CVD modifiable risk factor score compared to those without
HDP (mean (SD): 2.3 (1.4) vs. 2.0 (1.3); p < 0.01). HDP history was significantly associated with a
higher body mass index (p < 0.01), high-risk alcohol consumption (p = 0.04) and more depressive
symptoms (p < 0.01). Understanding that women with a history of HDP have higher CVD risk factors,
specifically body mass index, alcohol consumption and depressive symptoms, allows clinicians to
provide appropriate and tailored CVD interventions for this group of women.

Keywords: hypertensive disorders of pregnancy; postpartum management; hypertension;
cardiovascular disease; multiple CVD modifiable risk factors; CVD prevention; women’s health

1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in
women, accounting for approximately 33% of total mortality [1]. In 2017–2018, approxi-
mately 5% of Australian women aged 18 and over had experienced at least one cardiac
event [2]. CVD, however, is preventable through risk factor modification.

Managing modifiable CVD risk factors (excess body weight, unhealthy diet, physical
inactivity, sedentary behaviour, smoking, excessive alcohol intake, and poor mental health)
reduces the incidence and recurrence of CVD events [2–4]. Tsai et al.’s meta-analysis of
prospective studies (n = 20) demonstrated that adults who had a lower number of mod-
ifiable CVD risk factors (weight management, dietary intake, physical activity, smoking
and alcohol consumption) had an overall lower risk of CVD, demonstrating the cumu-
lative effect of modifiable CVD risk factors on overall CVD risk [5]. Tsai also found that
improvements in those modifiable risk factors had more of a protective effect in younger

Nutrients 2023, 15, 410. https://doi.org/10.3390/nu15020410 https://www.mdpi.com/journal/nutrients
69



Nutrients 2023, 15, 410

adults (aged 37.1–49.9 years) than older adults (aged 60.0–72.9 years), suggesting a need to
intervene early [5].

In addition to modifiable risk factors for CVD, women also experience unique sex-
specific risk factors, such as hypertensive disorders of pregnancy (HDP). HDP includes
chronic hypertension, gestational hypertension, preeclampsia, and eclampsia, and affects
5–10% of pregnancies worldwide [6]. A 2020 systematic review and meta-analysis of
73 studies, with over 13-million participants with HDP, revealed the relative risks of various
CVD events after HDP, including hypertension [Relative Risk (RR): 3.2, 95% Confidence
Interval (CI): 2.7–3.6], heart failure (RR: 2.9, 95% CI: 2.1–3.9), stroke (RR:1.7, 95% CI:1.5–1.8)
and coronary heart disease (RR: 1.7, 95% CI: 1.5–1.8) [7]. Wu et al. also noted that the
increased risk for all CVD events was greatest within 10 years postpartum [7]. Therefore, the
first 10 years after HDP is a crucial period for engagement in assessment and management
of modifiable CVD risk factors in women with a history of HDP.

A recent systematic review of observational studies (n = 11) examined whether modifi-
able risk factors for CVD post-pregnancy influenced the association between HDP and CVD
outcomes. The review found consistent evidence that a higher post pregnancy body mass
index (BMI) further amplified the risk of hypertension following HDP [8]. However, the
influence of other modifiable risk factors (dietary intake, physical activity, smoking, alcohol,
and mental health status) on CVD outcomes post-HDP could not be determined due to a
lack of studies [8]. To our knowledge, there is a lack of research exploring the prevalence
of a combination of modifiable CVD risk factors in women with a history of HDP and
determining whether this differs to women without a history of HDP. This knowledge is
crucial for informing CVD prevention strategies that are targeted to women with a history
of HDP. Therefore, the aim of this study was to describe individual and modifiable risk
factors for CVD (BMI, fruit and vegetable intake, physical activity, sitting time, smoking,
alcohol consumption and depressive symptoms) among women with a history of HDP, and
assess whether they differ to women without a history of HDP.

2. Materials and Methods

2.1. Study Design & Setting

This is a cross-sectional analysis of data from the Australian Longitudinal Study on
Women’s Health (ALSWH). The ALSWH is a prospective longitudinal population-based
survey conducted every three years. The survey takes a comprehensive view of different
aspects of women’s health, including physical health and psychological well-being across
the lifespan by assessing demographic, social, biological, behavioral, psychological, and
lifestyle factors, as well as the use of and satisfaction with healthcare services [9–11]. Briefly,
it includes follow-up of women (n = 58,000) across four generations in Australia. Three
cohorts of women who were born between 1921–1926, 1946–1951, and 1973–1978 responded
to the baseline survey sent out in 1996 [10]. A new cohort of women born between 1989–
1995 were also recruited in 2012–2013. Data from the seventh ALSWH survey of the young
cohort (born 1973–1978) when women (n = 7186) were aged 37–42 years were used in
the current study due to their age at completion of the survey and the likelihood that
more women in this sample would be ≥10 years postpartum compared to other samples
from the ALSWH. The ALSWH survey program has ethical approval from the Human
Research Ethics Committees (HRECs) of the Universities of Newcastle and Queensland
(approval numbers H076-0795 and 2004000224, respectively, for the 1973–1978, 1946–1951
and 1921–1926 cohorts: and H-2012-0256 and 2012000950, for the 1989–1995 cohort). All
participants consented to joining the study and were free to withdraw or suspend their
participation at any time with no need to provide a reason.

2.2. Study Participants

Women with and without a history of HDP from the ALSWH were included. Preg-
nancy and birth data from Survey 7 of the 1973–1978 cohort, collected in 2015, were used.
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Women who had been pregnant in the past were eligible for the analysis and ineligible if
they had never been pregnant.

2.3. Exposure: Hypertensive Disorders of Pregnancy

Women who responded “yes” to the following question “Were you diagnosed with
or treated for hypertension (high blood pressure) during pregnancy?” were classified
as women with a history of HDP. Those who answered “Never experienced this” were
classified as women with no prior HDP. Maternal recall of HDP has been reported to be
relatively high in accuracy, and is not affected by time since pregnancy [12]. Women were
excluded from the primary analysis if data for this question were missing.

2.4. Outcomes
2.4.1. Body Mass Index

BMI was calculated from self-reported weight divided by the square of self-reported
height (kg/m2) and categorised as underweight (BMI of <18.5 kg/m2), healthy weight (BMI
of 18.5–24.9 kg/m2), overweight (BMI of 25.0–29.9 kg/m2), and obese (BMI of ≥30.0 kg/m2)
based on the World Health Organization classification [13]. An overweight and obese BMI
(BMI ≥ 25.0 kg/m2) is associated with CVD risk factors, such as diabetes, dyslipidemia,
hypertension and metabolic syndrome, as well as abdominal obesity [14].

2.4.2. Fruit and Vegetable Intake

Fruit and vegetable intake were assessed by short diet questions asking participants
to self-report the number of fruit and vegetable serves consumed per day. Responses were
compared with the Australian Guide to Healthy Eating (AGHE) [15] and for the purpose of
this study, fruit and vegetable intake were combined to form three groups, <3 serves/day,
3–5 serves/day and ≥5 serves/day of fruit and vegetables. There is a dose-response
relationship between the intake of fruit and vegetables and risk of CVD, where a daily
consumption of <3 servings of fruit and vegetables pose the highest risk of stroke compared
to >5 servings [16].

2.4.3. Physical Activity

Physical activity was assessed using the Active Australia survey [17] which included
self-reported activity in hours (lasting >10 min) in the past week. The survey classified
activity in four categories: light intensity (i.e., walking briskly), moderate leisure activity
(e.g., swimming, exercise classes, dancing), vigorous leisure (i.e., aerobics, competitive
sport, vigorous swimming, running, cycling), vigorous household or garden chores ac-
tivities (i.e., gardening, household chores). Total physical activity was calculated using
Metabolic Equivalent Task (MET) and computed by multiplying the sum of weekly phys-
ical activity (in minutes) by the assigned MET value (i.e., light intensity = 3.3 METs,
moderate intensity = 4 METs, and vigorous intensity = 7.5). The MET values were adopted
from the compendium of physical activity [18]. Four ordered categories of physical ac-
tivity levels: level 1 (sedentary) = 0 ≤ 40 MET min/week, level 2 (insufficiently active) =
40 ≤ 600 MET min/week, level 3 (sufficiently active) = 600 ≤ 1200 MET min/week, and
level 4 (very active) ≥ 1200 such MET min/week. Regular physical activity of at least
500–1000 MET minutes/week can reduce CVD risk factors, such as obesity, low-density
lipoproteins (LDL-C) and triglycerides, increasing high-density lipoproteins (HDL-C) and
insulin sensitivity and lower blood pressure [19,20].

2.4.4. Sitting Time

The time (hours and minutes) spent sitting each day on a usual weekday/weekend
day, across eight domains (at home, work, transport, or for leisure such as visiting friends,
reading, driving, watching television, and working on computer) was reported. This
question is based on a validated questionnaire developed by Marshall et al. [21]. Higher
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levels of sedentary behaviour and sitting time of >10 h per day, versus ≤5 h per day are
associated with elevated risk of CVD, independent of physical activity [19,22].

2.4.5. Smoking

Participants self-reported smoking status, where those indicating they smoke “daily”,
“weekly”, or “less than weekly” classified as smokers, those who were past smokers as ex-
smokers, and all others as non-smokers. Heavy smoking of ≥25 cigarettes a day increases
CVD mortality by 5-fold, and light smoking (4–5 cigarettes per day) almost double’s a
person’s risk of CVD mortality [23]. However, CVD risks are elevated for all levels of
smoking, increasing with smoking intensity [23].

2.4.6. Alcohol Consumption

Alcohol consumption was assessed as frequency and quantity of alcohol consump-
tion, e.g., the number of standard drinks usually consumed on a drinking occasion. The
responses were compared to the Australian National Health and Medical Research Council
(NHMRC) Alcohol Guidelines which recommends ≤2 standard drinks on any day [24].
Based on the NHMRC recommendations, participants were categorised as “non-drinker”,
“rarely drinks” (less than 1–2 drinks per day), “low risk” (up to 14 drinks per week/up
to 2 drinks per day), “risky drinker” (15 to 28 drinks per week/3 to 4 drinks per day),
as well as “high risk drinker” (5 or more drinks per day). Alcohol consumption has a
dose-response relationship with CVD, where ≤2 standard drinks per day is associated with
reduced risk of CVD, whereas amounts >2 increases the risk of high total cholesterol and
triglycerides [19,24,25].

2.4.7. Depressive Symptoms

Depressive symptoms were measured using the Centre for Epidemiological Studies
Depression Scale 10-item (CESD-10) [26]. A three-point scale was used for the CESD-10 tool
to measure depression. A higher score indicates greater severity for depressive symptoms,
with a score >10 being clinically significant and indicating major depression [27]. Clinical
depression appears to worsen the prognosis of CVD, independent of traditional CVD risk
factors. The risk of CVD, specifically coronary heart disease increases one to two-fold with
minor depression and three to four-fold with major depression [28].

2.4.8. Multiple CVD Modifiable Risk Factor Score

All seven CVD modifiable risk factors were included in defining a multiple CVD
modifiable risk factor score (Table 1). Participants were awarded one point if they did not
meet population-based recommendations for CVD prevention, with points summed to
an overall score. The score ranged from zero (no occurrence of any risk factors) to seven
(occurrence of all risk factors). Participants with missing values for any of the modifiable
risk factors were excluded from this analysis.

Table 1. Modifiable risk factor score.

Variable Measurement Scale Operationalize Scoring

Body weight Body Mass Index (BMI)

BMI (kg/m2) < 18.5 1

BMI = 18.5–24.9 0

BMI = 25–29.9 1

BMI ≥ 30 1

Physical Activity Metabolic equivalent of task (MET) value

Level 1 (sedentary) = 0 <40 MET min/week 1

Level 2 (insufficiently active) = 40 ≤ 600 MET min/week 1

Level 3 (sufficiently active) = 600 ≤ 1200 MET min/week 0

Level 4 (very active) = >1200 MET min/week 0
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Table 1. Cont.

Variable Measurement Scale Operationalize Scoring

Fruit & Vegetable Intake Number of serves per day

≥5 serves of fruit and/or vegetables/day 0

3–5 serves of fruit and/or vegetables/day 0

<3 serves fruit and/or vegetables/day 1

Smoking Yes/No
Current smoker/Ex-smoker 1

Non-smoker 0

Alcohol Standard Drink
≤1–2 standard drink/day 0

>2 standard drinks per day 1

Sitting Time Time spent sitting
≥8 h sitting time/day 1

<8 h sitting time/day 0

Mental Health
Centre for Epidemiological Studies
Depression Scale 10-item (CESD-10)

>10 points CESD-10 1

≤10 points CESD-10 0

2.5. Sociodemographic Characteristics and Health Status

Sociodemographic variables, including age at the time of completing the survey,
current residential area, marital status, employment status, highest education level, ability
to manage income, number of children, and difficulty sleeping were included.

2.6. Statistical Methods

All statistical analyses were performed using the Stata 16.1 (StataCorp LLC, College
Station, TX, USA) [29].To describe individual modifiable risk factors and the Multiple
Modifiable Risk Factor Score among women with a history of HDP, results are presented as
median with interquartile range for continuous data and percentages for categorical data.

To explore the difference in individual modifiable risk factors between women with
and without a history of HDP, a univariate analysis using t-tests for continuous variables
and χ2 tests for categorical variables was undertaken, with p-values < 0.05 considered
statistically significant. Individual risk factors demonstrating significant differences be-
tween women with and without a history of HDP in the univariate analysis were tested
in multinominal logistic regression models to estimate risk of individual modifiable risk
factors between women with and without a history of HDP. The models were adjusted for
socio-demographic covariates found to differ between women with and without a history
of HDP (weekly hours worked, area of residence, ability to manage on income and highest
level of education) [30]. Results are presented as Odds Ratio (OR) with 95% confidence
intervals.

To explore the difference in the Multiple Modifiable Risk Factor Score between women
with and without a history of HDP, an χ2 test was undertaken, with p-values < 0.05
considered statistically significant. A generalised linear model with a Poisson distribution
for count data and a log link was used to estimate the association between history of
HDP and Multiple Modifiable Risk Factor Score. Socio-demographic covariates found to
differ between women with and without a history of HDP were included in the adjusted
model (ability to manage on income, area of residence, hours worked per week, and
education level) [30]. Data were presented using an Incidence Rate Ratio (IRR), with 95%
confidence intervals.

3. Results

3.1. Selection of Participants

Overall, 7186 women responded to Survey 7, with 5820 participants who identified as
parous eligible for inclusion in this analysis. Seven hundred and fifty-five women reported
a history of HDP, and 4549 did not (Figure 1). Five hundred and sixteen women were
excluded from the analysis as their history of HDP was unknown.
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Figure 1. Summary of selection of the participants included in the analysis.

3.2. Participants’ Sociodemographic Characteristics and Health Status

The sociodemographic characteristics of the women are presented in Table 2. Women
who did and did not have a history of HDP were comparable in age and marital status. A
significantly higher proportion of women with a history of HDP reported difficulties with
managing income, residing outside of major cities, and had lower education qualifications
(p < 0.05).

Table 2. Socio-demographic characteristics and health status of women categorised by their history
of HDP.

Characteristic
Women without a History

of HDP
(n = 4549)

Women with a History
of HDP
(n = 755)

p-Value *

Age (years), mean (SD) 39.69 (1.5) 39.77 (1.5) 0.19

Current residential area (ARIA (a)+
Grouped into categories), n (%)

0.02 *Major cities 2544 (55.9) 386 (51.1)

Inner regional 1215 (26.7) 213 (28.2)

Outer regional 557 (12.2) 121 (16.0)
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Table 2. Cont.

Characteristic
Women without a History

of HDP
(n = 4549)

Women with a History
of HDP
(n = 755)

p-Value *

Remote 85 (1.9) 20 (2.7)

Very remote 30 (0.7) 6 (0.8)

Missing 118 (2.6) 9 (1.2)

Current Marital Status, n (%)

0.07
Married/de facto—with partner 3967 (87.2) 642 (85.0)

Not married (b) 521 (11.5) 104 (13.8)

Missing 61 (1.3) 9 (1.2)

Weekly hours worked, n (%)

<0.01 *

Part-time 2169 (47.7) 308 (40.8)

Full-time 1693 (37.2) 313 (41.5)

Not in Labour Force 685 (15.1) 134 (17.8)

Missing 2 (0.0) 0 (0.0)

Ability to manage on income, n (%)

<0.01 *

Impossible/Difficult 650 (14.3) 159 (21.1)

Difficult sometimes 1313 (28.9) 230 (30.5)

Not too bad/Easy 2524 (55.5) 356 (47.2)

Missing 62 (1.4) 10 (1.3)

Highest qualification, n (%)

<0.01 *

No formal/Year 10 or equivalent 247 (5.4) 56 (7.4)

Year 12 or equivalent 443 (9.7) 106 (14.0)

Trade/apprenticeship/certificate/diploma 1208 (26.6) 241 (31.9)

University/Higher university degree 2575 (56.6) 342 (45.3)

Missing 76 (1.7) 10 (1.3)

Number of Children, n (%)

0.05

0 2 (0.0) 0 (0.0)

1 789 (17.3) 116 (15.4)

2 2304 (50.7) 354 (46.9)

3 1077 (23.7) 206 (27.3)

4 295 (6.5) 59 (7.8)

5 82 (1.8) 20 (2.7)

* p-value of <0.05 was considered statistically significant. (a): ARIA: Accessibility/Remoteness Index of Australia;
(b): Consists of separated/divorced/widowed/single.

3.3. Rates of Individual and Multiple Modifiable Risk Factors among Women with a History
of HDP

The proportion of women reporting individual risk factors is summarized in Table 3.
Many (69.1%) women with a history of HDP had a BMI ≥ 25 kg/m2, 44.1% had physical
activity levels <600 MET min/week, 38.8% were either ex-smokers or smoked at least
monthly, 19.5% consumed <3 serves of fruit and vegetables per day, 7.6% consumed risky
levels of alcohol, 23.4% sat for ≥8 h per day and 27.4% had CESD-10 scores above 10.

75



Nutrients 2023, 15, 410

Table 3. Rates of individual CVD risk factors in both women with and without a history of HDP.

Variable
Women without a History

of HDP
(n = 5055)

Women with a History of HDP
(n = 755)

p-Value *

BMI, n (%)

<0.01 *

BMI (kg/m2) < 18.5 91 (2.0) 5 (0.7)

BMI = 18.5–24.9 β 2242 (49.3) 218 (28.9)

BMI = 25–29.9 1199 (26.4) 209 (27.7)

BMI ≥ 30 941 (20.7) 313 (41.5)

Missing 76 (1.7) 10 (1.3)

Fruit and vegetable intake, n (%)

<0.20

<3 servings a day 803 (17.7) 147 (19.5)

3–5 servings a day β 2737 (60.2) 461 (61.1)

≥5 servings a dayβ 944 (20.8) 138 (18.3)

Missing 65 (1.4) 9 (1.2)

Physical Activity (a), n (%)

0.33

≤40 MET min/week 605 (13.3) 116 (15.4)

40–600 MET min/week 1283 (28.2) 217 (28.7)

600–1200 MET min/week β 950 (20.9) 145 (19.2)

>1200 MET min/week β 1332 (29.3) 210 (27.8)

Missing 379 (8.3) 67 (8.9)

Sitting Time, n (%)

0.22
≥8 h 993 (21.8) 177 (23.4)

<8 h β 2260 (73.9) 534 (70.7)

Missing 196 (4.3) 44 (5.8)

Smoking (b), n (%)

0.14

Non-smoker β 2788 (61.3) 458 (60.7)

Ex-smoker 1338 (29.4) 208 (27.6)

Smoke, daily, weekly, or monthly 416 (9.1) 85 (11.3)

Missing 7 (0.2) 4 (0.5)

Alcohol consumption (c), n (%)

<0.01 *

Non-drinker β 460 (10.1) 93 (12.3)

Rarely drinker β 1084 (23.8) 204 (27.0)

Low risk drinker β 2723 (59.7) 399 (52.9)

Risky drinker 227 (5.0) 42 (5.6)

High risk drinker 52 (1.1) 15 (2.0)

Missing 3 (0.1) 2 (0.3)

Depressive symptoms (d), n (%)

<0.01 *
Having a score of >10 CESD-10 805 (17.7) 184 (27.4)

Having a score of ≤10 CESD-10 β 3725 (81.9) 566 (75.0)

Missing 19 (0.4) 5 (0.7)

HDP: Hypertensive Disorders of Pregnancy. BMI: Body mass index. * Chi-Squared (χ2) test for categorical
variables and differences between HDP and non-HDP, p-value of <0.05 was considered statistically significant.
β Indicates that the respective recommendation was met. Data are presented as mean (standard deviation) for
continuous variables and frequency and percentage (%) for categorical variables. (a): Physical activity measured in
metabolic minutes (MET min); (b): Smoking cessation of more than 15 years would be classified as non-smoker in
the multiple CVD modifiable risk factor score (see Table 1), missing data on year quitting smoking assumed to be
current smoker; (c): NHMRC: National Health and Medical Research Council alcohol classification; (d): CESD-10:
10-item Centre for Epidemiological Studies Depression Scales was used to identify depressive symptoms.
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Figure 2 and Table 4 present the multiple CVD modifiable risk factor score among
women with and without a history of HDP, which is the summative of participants not
meeting population-based recommendations for individual CVD modifiable risk factors.
Over one third (36.0%) of women with a history of HDP had ≥3 risk factors and 5.7% with
≥5 risk factors. Majority of women with a history of HDP had ≤2 risk factors (48.5%)
where 7.3% had no CVD risk factors.
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Figure 2. Multiple modifiable risk factor scores among women with and without HDP.

Table 4. Multiple modifiable risk factor scores among women with and without HDP.

Multiple CVD Modifiable Risk
Factor Score, n (%) (a)

Women without a History of HDP
(n = 3929)

Women with a History of HDP
(n = 638)

p-Value *

0 points 524 (11.5) 55 (7.3)

<0.01 *

1 point 1065 (23.4) 142 (18.8)

2 points 1093 (24.0) 169 (22.4)

3 points 744 (16.4) 144 (19.1)

4 points 359 (7.9) 85 (11.3)

5 points 121 (2.7) 30 (4.0)

6 points 21 (0.5) 12 (1.6)

7 points 2 (0.0) 1 (0.1)

Multiple Modifiable Risk Factor
Score, mean (SD) 1.95 (1.3) 2.32 (1.4) <0.01 *

(a): Multiple CVD Modifiable Risk Factor Score: Summative of participants not meeting population-based
recommendations for individual CVD modifiable risk factors. * p-value of <0.05 was considered statistically
significant. Participants with missing value for any of the above modifiable risk factors were excluded from
this analysis.

3.4. Differences in Individual and Multiple Modifiable Risk Factors between Women with and
without a History of HDP

In the univariate analysis (Table 3) when compared with women without a history
of HDP, women with a history of HDP had significantly higher rates of overweight and
obesity, high-risk alcohol intake, and higher rates of depressive symptoms.

In adjusted multinomial logistic regression models (Table 5) for women with a history
of HDP, compared with those without, the relative risk of an overweight BMI would
increase by 1.7, and obese BMI 3.1, relative to those with a healthy weight. For women
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with a history of HDP compared with those without, the relative risk of being a ‘high risk
drinker’ would increase by 1.9, relative to low-risk drinkers. For women with a history of
HDP compared with those without, the relative risk of having a CESD-10 score >10 would
increase by 1.3, relative to those with a score ≤10.

Table 5. Individual modifiable risk factors comparing individual risk factors between women with
and without a history of HDP.

Relative Risk (95% CI) p-Value *

Body mass index
BMI (kg/m2) < 18.5 0.5 (0.2, 1.3) 0.16
BMI = 18.5–24.9 β Reference
BMI = 25–29.9 1.7 (1.4, 2.1) <0.01 *
BMI ≥ 30 3.1 (2.6, 3.8) <0.01 *
NHMRC alcohol classification
Non-drinker β 1.2 (1.0, 1.6) 0.11
Rarely drinker β 1.2 (1.0, 1.4) 0.15
Low risk drinker β Reference
Risky drinker 1.2 (0.8, 1.) 0.45
High risk drinker 1.9 (1.0, 3.4) 0.04 *
CESD-10 score
Having a score of >10 CESD-10 1.34 (1.1, 1.6) <0.01 *
Having a score of ≤10 CESD-10 β Reference

BMI: body mass index. NHMRC: National Health and Medical Research Council. CESD-10: Centre for Epidemio-
logical Studies Depression Scales. * p-value of <0.05 was considered statistically significant. β Indicates that the
respective recommendation was met.

In univariate analysis (Table 4), when compared to women without a history of HDP,
women with a history of HDP had a significantly higher multiple modifiable risk factor
score. This was confirmed in the adjusted model (IRR 1.1, 95% CI 1.1, 1.2, p < 0.01), where
those with HDP had a 12% increase in risk factor score, although this value may vary up
too 19% in similar samples.

4. Discussion

The aim of this study was to understand the rates of individual and multiple modifi-
able risk factors for CVD among women with a history of HDP and determine whether
they differ to those without a history of HDP. Women with a history of HDP had a higher
multiple CVD risk factor score, likely driven by a higher BMI (p < 0.01), higher levels
of high-risk alcohol consumption (p = 0.04) and higher levels of depressive symptoms
(p < 0.01). The results suggest that multiple CVD modifiable risk factors, but especially
weight management, alcohol intake and improvements in mental health are important
targets for CVD prevention among women with previous HDP.

This is the first observational study to explore multiple modifiable risk factors among
women following HDP. In this representative sample of Australian women, those with
a history of HDP had a higher mean multiple risk factor score and were more likely to
have four or more modifiable risk factors than women without a history of HDP. Other
studies also reported a higher prevalence of CVD modifiable risk factors in women with a
history of HDP, including smoking [31], BMI [32,33], and hypertension [32,33], however the
majority of these studies investigated CVD risk factors independently. This reinforces the
notion that targeting modifiable risk factors could be a useful strategy for CVD prevention
in women with a history of HDP.

In the current analyses, having a history of HDP was associated with a higher BMI. This
was also shown in the Nord-Trøndelag Health Study, where higher BMI was associated with
a 41% increased CVD risk in women following HDP (HR: 1.2, 95% CI: 1.1, 1.3) [32]. Similarly,
findings from the Nurses’ Health Study II found a BMI of 30–34.9 kg/m2 in women
with previous HDP contributed to 25% of the excess risk of chronic hypertension [33].
Our findings, supported by previous research, suggest that a healthy weight during the
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postpartum period is of importance to women with previous HDP, and interventions
should target weight management for the reduction of future CVD risk.

In the current study having a history of HDP was also associated with greater depres-
sive symptoms. A recent prospective cohort study explored the prevalence of mental health
disorders including depression, posttraumatic stress disorder and anxiety in women with
and without a history of HDP at 6-months postpartum [34]. This study similarly discovered
that more women with a history of preeclampsia scored above the threshold for depression
(7% vs. 2%, p = 0.04) on the Edinburg Postnatal Depression Scale and reported a traumatic
birth experience (7% vs. 1%, p = 0.01) [34]. Despite an inconclusive pool of research, a 2013
systematic review of six cohort studies also suggested that there is an association between
preeclampsia and depression [35]. Therefore, CVD prevention interventions for women
with a history of HDP should also include an aspect of mental health support.

A history of HDP was also associated with high-risk alcohol intake, but not risky
alcohol intake. Though, a previous cross-sectional study of self-reported alcohol intake
determined that alcohol consumption was not statistically associated with preeclampsia
risk [36]. Contrarily, a 2016 cohort study noted that binge-drinking (≥5 drinks on one
occasion) increased the risk for pre-term preeclampsia specifically [37]. Although there
are inconsistencies within the literature, alcohol intake above recommendations may still
increase the risk of CVD, specifically through increases in blood pressure, and should be
included as a target risk factor within CVD prevention after HDP [25].

Women with and without a history of HDP did not have statistically significant
differences in the other modifiable risk factors (fruit and vegetable intake, physical activity,
sitting time or smoking status in the current study). Despite non-significant results, women
with a history of HDP still had high rates of modifiable CVD risk factors. Specifically, 19.7%
of women with a history of HDP consumed <3 servings of fruit and vegetables combined
per day. Additionally, 44.1% of women with a history of HDP had inadequate levels of
physical activity (≤600 MET min/week) and 23.4% sat for >8 h per day. Encouragingly,
a 2022 systematic review of observational and randomised controlled trials suggested
that physical activity interventions for women after HDP were associated with positive
improvements in CVD risk [38]. Our findings indicate that women with a history of HDP
have high levels of modifiable CVD risk factors and therefore support the notion that
the postpartum period is an important window of opportunity for participation in CVD
interventions targeting these risk factors.

The key strengths of this study include the large sample size of women in the ALSWH,
which contains a representative sample of Australian women. This study, however, did not
differentiate between the subgroups of HDP (chronic hypertension, gestational hyperten-
sion, and preeclampsia). It is evident that regardless of HDP subtype, women will have
an increased CVD risk within 10 years postpartum [7], however future research should
examine differences in CVD modifiable risk factors by HDP sub-groups. Such research
would be strengthened through inclusion of a more objective measure of HDP history
(e.g., obtained from medical records). The ALSWH is a self-reported survey, which could
inherently introduce reporting bias. A limitation of the current study is the creation of
cut-points and categories used for the Multiple CVD Modifiable Risk Factor Score, which
were structured based on the evidence of CVD risk. In addition, the scoring approach
used for the Multiple CVD Modifiable Risk Factor Score (e.g., combining all seven risk
factors together), was developed for the purpose of this study and has not been previously
validated. Furthermore, this cross-sectional analysis does not consider time post-HDP,
nor does it consider occurrence of CVD, modifiable CVD risk factors or other CVD risk
factors (e.g., family history) present prior to a pregnancy complicated by HDP. Rather, this
study delivers a snapshot of CVD risk factors present in women with a history of HDP
and insight into what risk factors may need to be the focus of future CVD preventative
strategies for women with a history of HDP.
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5. Conclusions

The findings from this study suggest that a history of HDP is independently associated
with CVD modifiable risk factors. Higher BMI, high-risk alcohol consumption and depres-
sive symptoms appear to be important risk factors, highlighting the significance of weight
management, responsible alcohol consumption and mental health services as CVD pre-
vention strategies for women post-HDP. Understanding that following HDP women have
higher rates of CVD risk factors allows clinicians to provide management and intervention
for this group of women. Therefore, the postpartum period is a suitable opportunity to
engage women in timely CVD prevention interventions and address these risk factors.
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Abstract: Growth differentiation factor 15 (GDF15) is a stress signal that can be induced by protein
restriction and is associated with reduced food intake. Anorexia of aging, insufficient protein intake
as well as high GDF15 concentrations often occur in older age, but it is unknown whether GDF15
concentrations change acutely after meal ingestion and affect appetite in older individuals. After
an overnight fast, appetite was assessed in older (n = 20; 73.7 ± 6.30 years) and younger (n = 20;
25.7 ± 4.39 years) women with visual analogue scales, and concentrations of circulating GDF15 and
glucagon-like peptide-1 (GLP-1) were quantified before and at 1, 2 and 4 h after ingestion of either
dextrose (182 kcal) or a mixed protein-rich meal (450 kcal). In response to dextrose ingestion, appetite
increased in both older and younger women, whereas GDF15 concentrations increased only in the
older group. In older women, appetite response was negatively correlated with the GDF15 response
(rho = −0.802, p = 0.005). Following high-protein ingestion, appetite increased in younger women, but
remained low in the old, while GDF15 concentrations did not change significantly in either age group.
GLP-1 concentrations did not differ between age groups or test meals. In summary, acute GDF15
response differed between older and younger women. Associations of postprandial appetite and
GDF15 following dextrose ingestion in older women suggest a reduced appetite response when the
GDF15 response is high, thus supporting the proposed anorectic effects of high GDF15 concentrations.

Keywords: aging; anorexia of aging; GDF15; GLP-1; postprandial

1. Introduction

Growth differentiation factor 15 (GDF15) is a cellular stress-induced cytokine, and
higher circulating concentrations are found in various chronic and acute diseases [1] as
well as in older age [2]. The role and effects of higher GDF15 concentrations, during aging
in particular, are unclear.

While most cells and tissues are able to secrete GDF15 [3], the expression of the GDF15
receptor, glial cell-derived neurotrophic factor family receptor alpha-like (GFRAL), has been
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detected only in the brainstem [4]. Recently, GDF15 has been shown to regulate appetite [5]
via GDF15-GFRAL signaling [1]. The activation of this signaling axis is associated with
conditioned taste aversion [3,6] and the modulation of the vagal sympathetic nervous
system, which controls, e.g., gastric emptying [7]. GDF15 expression is sensitive to various
nutritional stimuli such as chronic high-fat overfeeding or lysine-deficient diets, which is
mediated by the integrated stress response (ISR) [3].

Aging is frequently accompanied by anorexia of aging, which is characterized by
reduced appetite as well as lower food intake, and is associated with an increased risk for
malnutrition, since the lower energy intake often coincides with insufficient macro- and
micronutrient supply, most importantly of protein [8,9]. The etiology is not clear, but mostly
likely involves the interplay of several age-related sensory and metabolic changes [8]. Sen-
sory decline, e.g., the loss of taste and sense of smell, can lead to reduced food palatability.
Furthermore, various metabolic alterations contribute to overall increased satiety, and
therefore lower appetite and food intake, in the old [8]. For example, postprandial hunger,
satiety as well as gastric emptying differ in older compared to younger adults after inges-
tion of a mixed meal [10]. In this context it is interesting that bariatric surgery, which is
known to alter satiety and gastric emptying, increases circulating GDF15 in both men and
women [11].

To date, it is not known if the high GDF15 concentrations found in older ages affect ap-
petite in humans, and whether there is an age-dependent difference in the GDF15 response
to different meals. In addition, it remains to be elucidated if the GDF15 response to meal
ingestion affects postprandial appetite. Overall, there are only a few studies addressing
the postprandial response of GDF15 in humans [12–14]. Therefore, we investigated post-
prandial circulating GDF15 and its association with postprandial appetite in young and
older women.

2. Materials and Methods

This is a sub-analysis of a larger study described elsewhere [15]. In brief, community-
dwelling older and younger adults were recruited. In order to obtain a significant age gap
between the groups, we pre-specified age ranges of 65 to 85 years for the older group and
18 to 35 years for the younger group. In the older group, we did not recruit adults aged
above 85 out of ethical considerations, and in the younger group we did not recruit adults
over 35 to preclude any early perimenopausal changes. The study was approved by the
ethics committee of the University of Potsdam and registered at drks.de as DRKS00017090.
All participants signed a written informed consent.

As the number of men was low and sex differences are known [16], men were excluded
from this analysis. One younger woman had to be excluded from postprandial analysis
since she did not complete the meal challenge. The postprandial GDF15 response was
assessed after dextrose (50 g dextrose, total energy content: 182 kcal; n = 10 per age group)
or high-protein ingestion (77 energy percent protein, total energy content: 450 kcal; 250 g
curd cheese, 50 g protein powder, 100 g raspberries, 100 mL milk 1.5% fat; n = 10 older
group, n = 9 younger group). Blood samples were drawn after an overnight fast and
repeated blood samples were taken 30, 60, 120 and 240 min after meal ingestion. EDTA
plasma was obtained and stored at −80 ◦C until analysis. Subjective appetite was assessed
using a visual analogue scale. Participants were instructed to mark their current feeling
of appetite (ranging from 0 = “no appetite” to 10 = “great appetite”) every time a blood
sample was drawn. Appetite sensation was displayed in cm on the VAS. Fat mass was
estimated using bioelectrical impedance analysis and age-appropriate equations [17]. Fat
mass index (FMI) was calculated by dividing the fat mass (kg) by height squared (m2).

Plasma GDF15 (intra-assay CV: 6.3–7.2%; inter-assay CV: 2.9–5.6%; BioVendor, Brno,
Czech Republic) concentrations were quantified using commercial ELISA assays. As an
objective marker for appetite/satiety, we also measured glucagon-like peptide 1 (GLP-1)
(intra-assay CV: 4.69–10.7%; inter-assay CV: 9.63–17.6%; Yanaihara Institute Inc, Shizuoka,
Japan). As markers of the glucose metabolism, serum insulin (commercial ELISA, intra-
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assay CV: 4.8–6.0%; inter-assay CV: 8.1–9.0%; BioVendor, Brno, Czech Republic) as well as
serum glucose concentrations (colorimetric method, ABX Pentra 400, Horiba, Ltd., Kyoto,
Japan) were quantified. Homeostasis model assessment was used to estimate insulin
resistance (HOMA-IR).

Statistical analyses were performed with SPSS (IBM version 27, SPSS Incorporated,
Chicago, IL, USA) and GraphPad Prism (version 7.00 for Windows, GraphPad Software,
La Jolla, CA, USA). Data are presented as mean ± standard deviation (SD). Group differ-
ences were calculated using as appropriate Student’s t-test or Mann–Whitney U test and
correlations with Pearson’s correlation coefficient or Spearman’s rho. GLP-1 concentrations
were logarithmized for normalization. Changes over time and time × meal interactions
were examined with repeated measures ANOVA. GDF15, GLP-1, glucose and insulin
response, and increase in appetite after meal ingestion were evaluated using positive in-
cremental area under the curve (iAUC). An acceptable level of statistical significance was
established a priori at p < 0.05.

3. Results

A description of the participants is shown in Table 1. The study participants were
overall healthy, with self-reported high blood pressure being the most frequent pre-existing
condition in older women (50%). Despite having higher fasting glucose concentrations,
older women exhibited similar insulin and HOMA-IR values to younger women. Baseline
GDF15 concentrations were significantly higher in the older compared to the younger
women (802 ± 227 versus 364 ± 125 pg/mL, p < 0.001).

Table 1. Characteristics of study participants at baseline.

Older Women
n = 20

Younger Women
n = 20

p-Value

Mean ± SD Mean ± SD

Age (years) 73.7 ± 6.30 25.7 ± 4.39
BMI (kg/m2) 23.9 ± 3.93 22.1 ± 2.33 0.090
FMI (kg/m2) 8.65 ± 2.78 7.04 ± 1.73 0.036

Glucose (mmol/L) 4.98 ± 0.44 4.54 ± 0.42 0.003
Insulin (μUI/mL) 12.2 ± 11.5 10.3 ± 2.49 0.488

HOMA-IR 2.70 ± 2.48 2.09 ± 0.58 0.309
GDF15 (pg/mL) 802 ± 227 364 ± 125 <0.001
GLP-1 (ng/mL) 2.60 ± 1.37 3.62 ± 2.29 0.108 a

BMI: body mass index; FMI: fat mass index, GDF15: growth differentiation factor 15; GLP-1: glucagon-like peptide
1; HOMA-IR: Homeostasis Model Assessment—Insulin Resistance; SD: standard deviation, differences between
groups calculated using Student’s t-test; a differences between groups calculated using Mann–Whitney U test.

BMI was similar between both groups, but older women exhibited a higher fat mass
(8.65 versus 7.0 kg/m2, p = 0.036). Fat mass index was also positively correlated with fasting
GDF15 concentrations (r = 0.346, p = 0.029), but not with BMI (Supplementary Material
Figure S1). In older women, baseline GDF15 concentrations were negatively correlated
with baseline appetite (r = −0.488, p = 0.029), whereas fasting GLP-1 concentrations were
positively associated with baseline appetite (r = 0.461, p = 0.041) (Figure 1). Glycemic
parameters were not correlated with GDF15 or GLP-1.
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Figure 1. Correlation of baseline appetite and baseline (A) GDF15 (older: r = −0.488, p = 0.029;
younger: r = −0.228, p = 0.347) and (B) GLP-1 concentrations (older: older, r = 0.461, p = 0.041;
younger: r = 0.227, p = 0.350). GLP-1 was logarithmized for normalization. Correlations of GLP-1
were calculated using log-transformed values but are shown as untransformed values for better
visualization. Closed circles represent older women, open triangles younger women.

3.1. Appetite

Overall, in both older and younger women, appetite changed over time (p = 0.015
versus p < 0.001; Figure 2A,D), but only in older women did postprandial appetite differ
between the two test meals (p = 0.015 versus p = 0.383 in younger women). Following
dextrose ingestion, appetite significantly increased in both age groups during the meal
challenge. After protein ingestion, only younger women exhibited increasing appetite from
120 to 240 min, whereas appetite did not change over time in the older women. At the
end of the meal challenge, appetite was similar for both test meals in younger women, but
in older women appetite was higher after dextrose compared to protein ingestion (mean
difference: 4 cm, p = 0.021).

Figure 2. Postprandial appetite (A), GDF15 (B) and GLP-1 (C) concentrations in older and younger
women ((D,E,F), respectively) following dextrose (closed circles) or protein (open circles) ingestion.
GLP-1 concentrations were logarithmized for normalization. Repeated measures ANOVA, data are
shown as mean ± SD. * indicates significant difference to 240 min, ** to 120 min, separately for both
test meals. Postprandial changes of GLP-1 concentrations were calculated using log-transformed
values but are shown as untransformed values for better visualization. n = 10 per group; n = 9 in
younger high-protein group. Closed circles represent older women, open circles younger women.
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3.2. GDF15

GDF15 concentrations significantly changed over time in both older (p < 0.001) and
younger women (p = 0.019; Figure 2B,E). Only in older women did the test meal have an
effect on postprandial GDF15 concentrations (p = 0.026). Following dextrose ingestion,
GDF15 concentrations significantly increased in older women from 60 to 240 min, but not in
younger women. After protein ingestion, GDF15 concentrations slightly increased in older
women from 120 to 240 min and from 60 to 120 min in younger women. However, in older
women, GDF15 concentrations were higher in response to dextrose compared to protein at
120 min (mean difference: 202 pg/mL, p = 0.023) and 240 min (mean difference: 320 pg/mL,
p = 0.017) after meal ingestion. GDF15 concentrations during the meal challenge were not
different between dextrose or high-protein ingestion in younger women.

3.3. GLP-1

In both age groups, GLP-1 concentrations increased after meal ingestion (older:
p < 0.001, younger p < 0.001; Figure 2C,F), but were not different between the meals.

3.4. Glucose Metabolism

Postprandial glucose and insulin concentrations after meal ingestion are depicted in
Figure 3. Glucose concentrations significantly changed over time in both older
(p < 0.001, Figure 3A) as well as younger women (p = 0.012, Figure 3C) and were different
between test meals (old: p < 0.001, young: p = 0.001). Postprandial insulin concentrations
also significantly changed over time in both older and younger women (p < 0.001 in both
age groups), but only in older women, the insulin concentration changes over time were
different between the test meals (p = 0.027; Figure 3B,D).

Figure 3. Postprandial glucose (A) and insulin (B) concentrations in older and younger women ((C,D)
respectively) following dextrose (closed circles) and high protein (open triangles ingestion. Repeated
measures ANOVA, data are shown as mean ± SD. n = 10 per group; n = 9 in the younger high-protein
group. Closed circles represent older women, open triangles younger women.

3.5. Association of Appetite, GDF15, GLP-1, Glucose and Insulin Response

To evaluate associations among appetite, GDF15 and GLP-1 response, iAUCs were
calculated. There was no age difference regarding appetite, GDF15, GLP-1, glucose and
insulin iAUCs (Supplementary Material Figure S2). However, following dextrose inges-
tion in older women only, appetite iAUC was negatively correlated with GDF15 iAUC
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(rho = −0.802, p = 0.005), which suggests that the increase in appetite was less prominent
when the postprandial increase in GDF15 was high (Figure 4). In younger women after
protein ingestion, GDF15 iAUC was positively correlated with GLP-1 iAUC (rho = 0.729,
p = 0.026) and insulin (rho = 0.949, p < 0.001), but this was not seen in older women. This
might indicate that GDF15 behaves similarly to GLP-1 in the young but not in older women.
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Figure 4. Correlation of appetite iAUC and GDF15 iAUC after dextrose ingestion in older
(rho = −0.802, p = 0.005) and younger women (rho = −0.215, p = 0.550). iAUC: incremental area
under the curve. Closed circles represent older women, open triangles younger women.

4. Discussion

Due to its many functions, GDF15 has been a target of pharmacological research to
treat, e.g., cachexia and diabetes [18]. Moreover, GDF15 has recently gained attention as a
potential biomarker for cellular senescence [19] and a key player in the aging process [2],
but also as an important regulator of weight homeostasis and appetite [1,20]. To our
knowledge, to date there are no studies investigating postprandial appetite and GDF15
concentrations in older adults compared to younger. In this analysis, we show that acute
GDF15 response was different between older and younger women and dependent on the
type of test meal in older women. Only in the older group and after dextrose ingestion
was an increase in GDF15 concentrations found. Postprandial appetite increased over time
in both age groups following dextrose ingestion; however, following protein ingestion,
appetite remained low in the old, while increasing in the young. In older women, a higher
GDF15 response to dextrose was associated with a lower increase in appetite.

The age difference regarding appetite after high protein ingestion might be due to
the slower gastric emptying time in older age [10]. In addition, our results imply that
GDF15 affects appetite in older women, since fasting GDF15 concentrations as well as their
responses were negatively associated with appetite. However, these results also suggest
that in younger women, GDF15 does not influence appetite. Studies in mice imply that the
anorectic and even nauseating properties of GDF15 unfold only at high/pharmacological
concentrations [21,22]. Yet, it is unclear what levels are required in humans for GDF15
to affect energy balance and exert anorexic effects. The association between GDF15 and
appetite might therefore be even more prominent in older adults with strongly elevated
concentrations, as seen in disease [16].

The regulation of GDF15 secretion is complex as various organs and tissues produce
GDF15 [2]. Moreover, multiple stressors and stimuli are able to regulate its expression. One
prominent regulator is the ISR, which is induced in response to, among other things, protein
restriction [3]. As the dextrose meal was free of protein, the GDF15 increase after dextrose
intake might also be interpreted as a response to a lack of protein. This is supported by the
observation that GDF15 concentrations after protein ingestion do not change to the same
extent as after dextrose intake. Furthermore, the different amounts of calories ingested (180
versus 450 kcal) might also have affected postprandial GDF15 concentrations. However,
as short-term overfeeding studies in humans and rodents did not result in altered GDF15
concentrations [3], this effect appears to be negligible.
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To date, only a few studies have investigated post-meal GDF15 concentrations. One
study found increasing GDF15 concentrations after an oral glucose tolerance test (75 g
dextrose) in younger to middle-aged adults with obesity [13]. In addition, it was shown
that the ingestion of a high-carbohydrate or a high-fat mixed meal (protein content 12 E%)
did not result in postprandial changes of GDF15. This was also seen in another study
using mixed meals (protein content 15 E%) in a younger cohort [14]. Possibly, the protein
content of the meals in these studies was sufficient, and therefore GDF15 expression was
not induced. However, in none of these studies was postprandial appetite assessed.

Additionally, insulin resistance might play a role in the acute regulation of GDF15.
In response to dextrose ingestion, glucose concentrations rose to higher levels at 60 min
in older compared to younger women (8.27 versus 5.93 mmol/L), whereas postprandial
insulin concentrations were not different between the age groups. This indicates that
the older women in this analysis were more insulin-resistant than the younger women,
which is a known age-associated effect. GDF15 and insulin iAUC were strongly positively
correlated in younger women after protein ingestion, which is in line with the literature,
wherein GDF15 was found to regulate insulin secretion [18]. This suggests a complex
interplay between nutritional stimuli, GDF15 and insulin, as this is neither seen in response
to dextrose nor in older women.

Our study is subject to limitations, such as the number of subjects and the subjective
evaluation of the appetite. As a metabolic indicator of energy status as opposed to the
subjective rating of appetite, we also analyzed postprandial GLP-1 concentrations. GLP-1
is known to enhance satiety and reduce energy intake [23], and overall exhibits similar
actions to GDF15 (Figure 5) [24]. However, GLP-1 is associated differently with fasting and
postprandial appetite compared to GDF15. This might imply a dissociation between the
expected actions of GLP-1 on satiety and the subjective rating of appetite. A reason for this
dissociation might be that humans can be more sensitive to external factors (such as meal
size, company while eating, time of day) than internal biological stimuli [25]. Moreover,
we were not able to control for all confounders that might have an effect on the findings.

Figure 5. Overview of selected shared functions between GDF-15 and GLP-1. Arrows pointing up
indicate enhancing of, arrows pointing down refer to a downregulation. Green refers to GDF15
functions, blue to GLP-1. Created with https://biorender.com/ (accessed on 23 September 2022).

In conclusion, we showed age-specific differences in the appetite’s response to protein
intake, and in the GDF15 response following dextrose ingestion. Possibly, studies on
subjects with GDF15 concentrations higher than 1200 pg/mL, such as in clinical settings,
might reveal a more prominent anorectic effect of GDF15 after meal ingestion.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14194066/s1, Figure S1: Correlation of baseline GDF15 concentra-
tions and (A) FMI and (B) BMI. BMI: body mass index, FMI: fat mass index;
Figure S2: Incremental area under the curve (iAUC) for appetite (A), GDF15 (B), GLP-1 (C), glu-
cose (D) and insulin (E) for each test meal and age group. OW: older women, YW: younger women,
Dex: dextrose, HP: high protein.
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Abstract: Background: The incidence of endometrial cancer (EC) is still rising. Numerous risk
factors including patient characteristics and molecular instability have been identified for EC. The
presence of specific molecular markers allows specific diagnostic and prognostic approaches. Several
single nucleotide polymorphisms (SNPs) have been identified to influence endometrial cancer risk.
Metalloestrogens are metal ions which can mimic estrogen activity; however, their role in uterine
pathologies remains unknown. This study aimed to investigate total blood trace elements levels
and evaluate the distribution of selected genotypes in GSTP1 and SLC11A2 genes. Methods: This
retrospective case-control analysis was carried out in peripheral blood samples of 110 women with
endometrial cancer (EC; n = 21), uterine fibroma (n = 25), endometrial polyp (n = 48), and normal
endometrium (n = 16). Analysis included measurement of metals and phosphor in serum, and of
genetic polymorphisms in GST (rs1695) and SLC11A2 (rs224589) in DNA from white blood cells.
Serum trace elements were measured using ICP-OES spectrometry. SNPs were identified using Taq
Man real-time PCR genotyping assays. Results: The study confirmed higher age (OR 2.19, 95% CI
1.69–2.24), post-menopausal status (OR 1.89, 95% CI 1.36–1.94), and diabetes type 2 (OR 1.54; 95%
CI 0.97–1.72) as independent risk factors for EC. We also found a high level of Cd (OR 1.49; 95% CI
1.31–1.63) and a low level of Co (OR 0.76; 95% CI 0.53–0.59) to be independent risk factors of EC. None
of the tested polymorphisms of GSTP1 and SLC11A2 were associated with EC risk. However, high
Cd (OR 1.21, 95% CI 1.15–1.29) and Ni (OR 1.07, 95% CI 1.05–1.18) serum levels were significantly
associated with a SLC1A2 TG genotype, and high Cd levels with GSTP1 (OR 1.05, 95% CI 1.01–1.13).

Keywords: metalloestrogens; nutrients; trace elements; GSTP1; SLC11A2; endometrial cancer

1. Introduction

Endometrial cancer (EC) is the world’s most common gynecological malignancy and
one of a few cancers with an increasing incidence [1]. Numerous factors have been identified
to increase the risk of endometrial cancer, including patients’ age, obesity, late menopause
onset, and unbalanced estrogen [2,3]. The new molecular classification, based on the Cancer
Genome Atlas Research Network, distinguishes four types of EC by their molecular char-
acteristics: Polymerase Epsilon Mutation (POLE) ultramutated, microsatellite instability
hypermutated (MSI), copy-number low (CNL), and copy-number high (CNH) [4]. The
presence of specific molecular markers allows new, more specific diagnostic and prognostic

Nutrients 2022, 14, 3079. https://doi.org/10.3390/nu14153079 https://www.mdpi.com/journal/nutrients
93



Nutrients 2022, 14, 3079

possibilities and the use of targeted therapy. The most common alternations were found
to occur in TP53, PTEN, PI3KCA, CTNNB1, ARID1A, and KRAS pathways [4]. Multiple
studies have investigated the associations between diverse single nucleotide polymor-
phisms (SNPs) and endometrial cancer risk. Strong associations were found for HNF1B,
KLF, EIF2AK, CYP19A1, SOX4, and MYC [5].

Endometrial hyperplasia is a term describing an excessive proliferation of endometrial
cells. It is a benign condition; however, it is considered as a precursor state for endometrial
carcinomas [6]. Endometrial hyperplasia is usually correlated with unopposed estrogen,
which in the absence of abnormal endometrial proliferation in the progesterone, stimulates
abnormal endometrial proliferation [7]. Additionally, other benign uterine lesions, includ-
ing uterine fibroids, were found to be hormone-dependent and estrogen is considered to be
the major mitogenic factor in the uterus [8].

There is limited information on the influence of trace elements on human endometrium
and their role in carcinogenesis. Metals including Zn, Cu, and Fe are essential chemicals for
human well-being in trace amounts. However, when in excess, they may cause adverse ef-
fects including the induction of cellular damage, alternation in cellular homeostasis, inflam-
mation, production of ROS (reactive oxygen species), and finally carcinogenic activity [9,10].
Additionally, certain metals such as Aluminum, Cadmium, Copper, Cobalt, Nickel, Lead,
Tin, and Chromium have been found to have the ability to mimic estrogen activity and
to activate estrogen receptors and were therefore named metalloestrogens [11–13]. This is
why we decided to measure serum trace elements concentration in patients diagnosed with
malignant and benign uterine lesions.

Glutathione S-transferase (GST) is an enzyme that catalyzes the conjugation of glu-
tathione into electrophilic compounds. The enzyme not only detoxifies endogenous and ex-
ogenous species but also participates in the activation of oxidative metabolites participating
in carcinogenesis, including ROS, and regulates stress-induced signaling pathways [14,15].
Some studies have presented an association between GSTP1 gene polymorphisms and
increased risk of cancers, including endometrial cancer [16–18]. A similar association was
found for endometrial hyperplasia [19].

SLC11 is a family of integral membrane proteins that are divalent metal ions trans-
porters that use H+ -electrochemical gradient as a driving force to transport metal ions [20,21].
SLC11A2, also known as DMT1, and Nramp2, is widely distributed and expressed in the
duodenum, erythroid cells, kidney, lung, brain, testis, thymus, and placenta [22]. The
predominant substrates of SLC11A2 are Fe2+, Cd2+, Co2+, Cu1+, Mn2+, Ni2+, Pb2+, and
Zn2+ [22].

SLC11A2 has an important role in iron homeostasis and transport. Mutations in the
SLC11A2 gene were found in patients suffering from hypochromic microcytic anemia with
serum and liver iron overload [23,24], while its activation was found to lead to severe
pathologies including autophagy and cell death in Parkinson’s disease [25]. Additionally,
overexpression of SLC11A2 was found to be associated with several cancers including
esophageal, colorectal, and breast carcinomas [22,26,27]. They also correlated with an
invasive form of the disease.

Single nucleotide polymorphism (SNP) are forms of DNA variation among individuals
either caused by nucleotide transition or transversion. They may change the encoded amino
acids into nonsynonymous, replacing one nucleotide with a different one, and can be silent
(synonymous) or occur in the noncoding region. SNPs may result in gene expression
changes, mRNA stability and protein coding. The identification of gene variations and
their effect analysis may allow a betting understanding of their impact on gene function as
they may be responsible for characteristics causing population diversity, genome evolution,
familial or interindividual traits, and differences in disease prevalence and treatment
response.

Genes and the genetic polymorphism of genes involved in metalloestrogen home-
ostasis (i.e., glutathione S-transferase P1 gene (GSTP1) and metal ions transport (i.e., the
Solute Carrier 11 group A member 2 gene (SLC11A2) may be closely related to estrogen

94



Nutrients 2022, 14, 3079

overstimulation and therefore serve as a potential risk factor of endometrial cancer. Genetic
variation may explain the heterogeneity of patients and help identify those more susceptible
to metalloestrogen stimulation. GSTP1 rs1695 and SLC11A2 rs224589 are widely studied
polymorphisms of the genes coding regions of the mentioned enzymes that may alter
enzyme activity among different genotypes.

This study aimed to investigate the association of the selected polymorphisms: rs1695
in GSTP1 and rs224589 in SLC11A2, together with serum and blood trace elements in
different endometrial pathologies.

2. Materials and Methods

2.1. Study Participants

The study included 140 patients consecutively admitted to the Department of Gyne-
cological Surgery and Gynecological Oncology of Adults and Adolescents, Pomeranian
Medical University. This case-control study included patients with a confirmed diagno-
sis of endometrial cancer based on histopathological evaluation who were admitted for
radical surgery. The control group consisted of patients admitted for hysteroscopy or la-
paroscopy/laparotomy with histopathologically confirmed benign uterine conditions or
normal endometrium. The exclusion criteria included recurrence of endometrial cancer, pre-
vious cancer treatment or other types of primary care, and presence of unbalanced/untreated
chronic diseases. In addition, patients with lost or incomplete data were removed from
the study group. Finally, a total of 110 patients were included in the study analysis. The
research was conducted in accordance with the Helsinki Declaration and with the consent
of the Ethics Committee of Pomeranian Medical University in Szczecin under the number
KB-0012/27/2020 on 9 March 2020. Patient characteristics are demonstrated in Table 1.

Table 1. Group characteristics.

Number of Patients

Age <50 years 55

≥50–60 years 31

≥60 years 33

BMI <25 35

≥25 <30 36

≥30 25

Cigarette smoking Yes 7

No 101

Menopause status Before 36

After 64

Type 2 Diabetes Yes 15

No 93

Hypothyroidism Yes 18

No 90

Histopathological diagnosis Endometrial cancer 21

Uterine fibroma 25

Endometrial polyp 48

Normal endometrium 16

2.2. Laboratory Analyses

From each patient, two peripheral blood samples were collected for the study purpose:
one was used to obtain serum for serum trace elements analysis, while the other was used
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for blood sample trace elements analysis and isolation of genomic DNA. The specimens
were stored at a temperature of −80 degrees Celsius. The samples were obtained at the
time of hospital admission for hysteroscopy/laparoscopy or laparotomy. Informed consent
to participate in the study was obtained from all patients.

2.3. Trace Elements Analysis

For the purpose of elemental analysis, serum and whole blood samples underwent a
microwave decomposition procedure using a microwave digestion system. After defrost
and sample preparation, 65% HNO3 was added to the samples, which were then trans-
ferred into Teflon vessels and placed in the microwave. The process of sample digestion was
composed of two stages: an initial of 15 min, at which the samples were gradually heated
up to 180 ◦C, and the second of 20 min, at which the temperature was maintained at 180 ◦C.
Samples were analyzed using inductively coupled plasma optical emission spectrometry
(ICP-OES, ICAP 7400 Duo, Thermo Scientific, Waltham, MA, USA) equipped with a concen-
tric nebulizer and cyclonic spray chamber to determine Zinc (Zn), Copper (Cu), Iron (Fe),
Chromium (Cr), Cobalt (Co), Strontium (Sr), Phosphor (P), Magnesium (Mg), Cadmium
(Cd), Nickel (Ni), and Manganese (Mn) content. The digested samples were further diluted
20-fold. For the analysis, 500 μL of yttrium was added with the final standard sample
concentration at 0.5 mg/L and 1 mL of 1% Triton (Triton X-100, Sigma-Aldrich, Poland).
The samples were further diluted with 0.075% HNO3 (Suprapur, Merck, Poland) up to the
volume of 10 mL and stored in the fridge at 4–8 ◦C final until analysis. The calibration
curve was constructed using multielement standard solutions (ICP multielement standard
solution IV, IX and XVI, Merck, Kenilworth, NJ, USA).

2.4. Molecular Analysis

For the study purpose, genomic DNA was isolated from 0.2 mL of a whole blood
sample (all with blood cells) using a commercial kit for genomic DNA isolation using
Genomic Mini AX Blood 1000 Spin (A&A Biotechnology). The genotyping of the selected
SNPs was performed using pre-designed Genotyping Assays (TaqMan real-time PCR
genotyping assays, Thermo Fisher Scientific, Assay IDs: C___2967992_1_, C___3237198_20).
The following SNPs were genotyped: GSTP1 rs1695 A > G and SLC11A2 rs224589 T > G.

2.5. Statistical Analysis

The analysis was conducted using Statistica 10, StataSoft, Poland The comparison
of patient characteristics between the groups was performed using the U-Mann Whitney
test. The associations between the tested SNPs and cancer risk were calculated by the
comparison of the frequencies of selected genotypes among the EC and control group.
Odds ratios (OR) and the corresponding confidence intervals (95% CI) for each SNP were
calculated using univariable regression models. p-value < 0.05 was adopted as the statistical
significance threshold.

3. Results

We found no differences between total blood/serum trace elements concentration
between endometrial cancer patients and the control group of patients diagnosed with
benign uterine conditions or normal endometrium. When analyzed separately, we found a
significant difference for Cd levels between patients diagnosed with endometrial cancer
vs endometrial polyps as patients with endometrial polyps tended to have lower Cd
concentrations (p = 0.002). We also found a significant difference in Cu levels between
patients diagnosed with uterine fibromas vs. endometrial polyps (p = 0.042). A similar
trend was noticed for Cd levels. Another association was found for Fe concentration as
patients with endometrial polyps showed lower Fe expression than patients with normal
endometrium (p = 0.038). All of the associations are demonstrated in Table 2.
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Our study showed no correlation between patients’ menopausal status and blood
concentration of any of the investigated metalloestrogens (Table 3).

Table 3. Serum metalloestrogen concentration in pre- and postmenopausal patients.

Trace Element
Median Serum
Concentration

N of Patients before
Menopause

N of Patients after
Menopause

OR p-Value

Cu 0.875 34 39 1.88 0.182

Zn 0.989 34 39 0.70 0.442

Cd 0.003 9 19 1.72 0.505

Co 0.007 11 17 1.55 0.576

Fe 1.301 34 39 0.62 0.309

P 111.230 35 37 1.01 0.984

As a part of the study, we checked for any correlations between patients’ characteristics
and serum trace element. Patients’ BMI and age did not influence either serum trace element
concentration. Yet, we found some significant intracorrelations between selected trace
elements levels. Serum Zn levels positively correlated with Cu, Fe, P, and Mg concentration.
All of the correlations are presented in Table 4.

Table 4. Spearman correlation.

BMI Age Zn Cu Fe Cr Co Sr P Mg Cd Ni

BMI 1.000 0.178 0.027 0.198 −0.077 0.019 0.150 0.007 −0.099 −0.008 −0.165 −0.015

Age 0.178 1.000 −0.067 0.188 −0.031 0.051 −0.183 0.056 0.033 0.022 −0.078 −0.018

Zn 0.027 −0.067 1.000 0.392 0.215 0.008 0.066 0.048 0.281 0.253 −0.062 0.009

Cu 0.198 0.188 0.392 1.000 0.169 −0.068 0.032 0.138 0.529 0.492 −0.169 0.090

Fe −0.077 −0.031 0.215 0.169 1.000 0.146 0.053 0.117 0.314 0.339 0.024 −0.068

Cr 0.019 0.051 0.008 −0.068 0.146 1.000 0.133 0.217 −0.291 0.110 0.032 0.331

Co 0.150 −0.183 0.066 0.032 0.053 0.133 1.000 0.514 −0.402 −0.021 0.237 0.034

Sr 0.007 0.056 0.048 0.138 0.117 0.217 0.514 1.000 −0.024 0.264 −0.049 0.038

P −0.099 0.033 0.281 0.529 0.314 −0.291 −0.402 −0.024 1.000 0.546 −0.036 −0.298

Mg −0.008 0.022 0.253 0.492 0.339 0.110 −0.021 0.264 0.546 1.000 0.096 −0.136

Cd −0.165 −0.078 −0.062 −0.169 0.024 0.032 0.237 −0.049 −0.036 0.096 1.000 −0.372

Ni −0.015 −0.018 0.009 0.090 −0.068 0.331 0.034 0.038 −0.298 −0.136 −0.372 1.000

The underlined variables are significant with p < 0.05.

We conducted a univariate logistic regression model to assess the risk factors for
endometrial cancer. We found patients’ age, BMI, menopausal status, and history of
diabetes mellitus type 2 to influence the risk for endometrial cancer. However, trace
elements concentration did not seem to influence the probability of cancer occurrence. The
results are presented in Table 5.
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Table 5. Univariate logistic regression model.

Endometrial Cancer Control Group OR Upper 95%CI p-Value

Age Above median 17 39 2.21 1.86–2.29 0.001

Menopause Yes 19 45 1.48 1.20–1.49 0.001

Grading
1 1 0 -

- 0.733
2–3 17 2 -

Staging
1–2 11 1 -

- 0.773
3–4 1 0 -

Smoking Yes 3 4 1.71 1.49–183 0.086

BMI 20 88 1.34 1.29–1.51 0.0032

Diabetes type 2 Yes 10 5 1.26 1.14–1.30 0.000

Hashimoto Yes 1 17 0.53 0.44–0.65 0.121

Cu Above median 11 42 1.28 1.17–1.31 0.620

Zn Above median 8 45 0.71 0.70–0.86 0.321

Pb Above median 7 39 0.63 0.60–0.71 0.198

Cd Above median 12 37 1.38 1.32–1.44 0.107

Co Above median 4 19 0.76 0.74–0.79 0.710

P Above median 12 40 1.62 1.57–1.66 0.205

However, upon multivariate analysis, Cadmium and Cobalt levels were found to
be associated with endometrial cancer risk, while above median Co levels were found to
correlate with a decreased the risk of EC. The results are displayed in Table 6.

Table 6. Multivariate logistic regression model.

Endometrial Cancer Control Group OR 95%CI p-Value

Age Above median 17 39 2.19 1.69–2.24 0.0028

Menopause 19 45 1.89 1.36–1.94 0.0002

Grading
1 0

ND
17 2

Staging
11 1

ND
1 0

Smoking 3 4 2.41 2.30–3.61 0.0824

BMI 20 88 1.22 1.18–1.38 0.0502

Diabetes 10 5 1.54 0.97–1.72 0.0029

Hashimoto 1 17 1.09 0.86–1.12 0.0943

Cu Above median 11 42 1.61 1.29–1.80 0.2319

Zn Above median 8 45 0.75 0.70–1.12 0.0540

Pb Above median 7 39 0.66 0.59–0.66 0.2743

Cd Above median 12 37 1.49 1.31–1.63 0.0367

Co Above median 4 19 0.76 0.53–0.59 0.0423

P Above median 12 40 1.22 1.16–1.23 0.2036

None of the tested polymorphisms revealed a correlation with endometrial cancer risk
(Table 7). However, we found some non-significant differences in genotypes frequencies
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among endometrial cancer patients and controls as the TG genotype was more frequently
expressed among EC patients compared with controls (35% vs. 25.5%, respectively).

Table 7. The associations between the analyzed SNPs and endometrial cancer risk.

Genotype
Number of

Cases
Endometrial

Cancer
Control
Group

OR 95%CI p-Value

SLC11A2

GG 85 12 (60.0%) 73 (71.6%) 1 -

TG 33 7 (35.0%) 26 (25.5%) 1.638 1.235–1.702 0.348

TT 4 1 (5.0%) 3 (2.9%) 2.027 1.649–2.094 0.464

GSTP1

AA 52 9 (45.0%) 43 (47.8%) 1 - -

AG 50 10 (50.0%) 40 (44.4%) 1.194 1.088–1.217 0.710

GG 8 1 (5.0%) 7 (7.8%) 0.683 0.598–0.702 0.654

In our study, patients with high Cd (OR 1.21, 95% CI 1.15–1.29) and Ni (OR 1.07, 95%
CI 1.05–1.18) serum levels were significantly associated with a SLC1A2 TG genotype, and
high Cd levels with GSTP1 (OR 1.05, 95% CI 1.01–1.13). The prevalence of other genotypes
did not seem to correlate with blood metalloestrogen levels (see Table 8).
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4. Discussion

The etiology of most benign and malignant uterine pathologies is hormone-dependent.
Estrogen is the major mitogenic factor in the uterus and is responsible for tissue remodeling
during the menstrual cycle. However, abnormalities to the endometrial tissue including
hormonal disbalance, changes in tissue microenvironment, abnormalities in cytokine or
growth factors expression, or increased production of ROS can result in carcinogenesis.
Metalloestrogens may mimic estrogen activity and activate estrogen receptors and thus can
also be increased in various endometrial pathologies.

In the presented study, we analyzed the trace elements concentrations in different
uterine pathologies. We did not find any significant correlations between the selected
microelements and endometrial cancer when compared to the control group of benign
uterine pathologies/normal endometrium as a whole; however, we discovered some sig-
nificant correlations only when we divided the control group into separate categories for
each histopathological diagnosis. We found some correlations for Cd, Cu, and Fe serum
concentration. Higher Cd serum concentrations were observed in patients diagnosed with
endometrial cancer when compared with patients diagnosed with endometrial polyps
(p = 0.002). Additionally, higher Cd and Cu concentrations were found in patients di-
agnosed with uterine fibromas when compared with endometrial polyps; however, the
median concentrations of Cd and Cu were still lower in patients diagnosed with uterine
fibromas than in EC patients. Moreover, patients diagnosed with endometrial polyps also
had significantly higher Fe serum expression when compared with patients with normal
endometrium. Elevated copper levels (both serum and tissue) have been found in multiple
cancers [28]. As copper is a co-factor in redox reactions of enzymes participating in basic
biological reactions required for cell growth and development including superoxide dismu-
tase and cytochrome c oxidase, its increased amount may correlate with an increased need
for tissue proliferation. As uterine fibromas are benign tumors which are also characterized
with a rapid growth, this may be the reason for an increased trace elements concentration.
Further studies are required to deepen the knowledge on the role of trace elements and
their distribution in different uterine pathologies.

So far, only a few studies have evaluated metalloestrogen concentrations in endome-
trial cancer and resulted in conflicting reports. Due to the high importance of metal-
loestrogens and their unexplained role in uterine pathologies, we decided to conduct a
study to further evaluate their distribution in patients with different uterine conditions.
Atakul et al. [29] found associations between serum Cu and Zn. In accordance with their
study, lower Cu, Zn, and Cu/Zn ratio was found in patients diagnosed with endometrial
cancer than in control group. Cu concentration also inversely corelated with myometrial
invasion. Yaman et al. [30] investigated trace metal concentration in different cancerous
and noncancerous endometrial, ovary, and cervical tissue samples. The authors found
increased Fe, similar levels of Cu, and lower levels of Zn in endometrial cancer patients
when compared with controls. Additionally, Rzymski et al. [31] investigated metal accu-
mulation in uterine tissue samples. Compared with normal endometrium, endometrial
cancer, hyperplasia, and CIN samples revealed significantly increased levels of Cd, Pb,
Cu, Mn, and Cu/Zn ratio. Both current and former smoking status were associated with
significantly higher Cd and Pb levels. Additionally, endometrial polyps, when compared
with histologically normal endometrium, showed increased median concentrations of Al,
Cd, Ni, and Pb. There was no significant association for Cu/Zn ratio. The study showed
no correlation between patients’ age, menopausal status and the concentration of any of
the investigated elements in endometrial tissue sample. Additionally, in our study, the
menopausal status did not influence any of the assessed metalloestrogen levels. As there
are still few data on the role of metalloestrogens and their levels in patients with differ-
ent gynecological conditions, further research is needed to evaluate their significance. It
would also be interesting to assess endometrium/uterine tissue metalloestrogen levels and
compare their expression with serum levels.
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The limitation of our study is that we did not ask the patients about any recent use of
dietary supplements. As the supplements containing elements such as Zn, Cu, or Fe are
widely accessible, their use might have influenced their blood concentration. However, as
the supplements in Eastern Europe are still not as popular and accessible as in the western
countries, we believe that their use was very limited. There is no obvious explanation for the
differences observed between the studies in serum microelement concentration; however,
the discrepancies may be caused based on the study size and patient characteristics. The
differences may be also caused by the methods used for serum microelement analyzes, e.g.,
colorimetry, spectrophotometry, ICP, which each has different sensitivity and selectivity.
In this study, we used ICP-OES—a very accurate method to analyze the trace elements
concentration, which was also previously described in other trace elements analyses.

As a part of the study, we also conducted univariate analysis to evaluate the influence
of patient characteristics and the assessed variables on the endometrial cancer risk. We
confirmed that a high patient age, BMI, post-menopausal status and diabetes type 2 were
significant risk factors of EC (see Table 5). Upon multivariate analysis, we found cadmium
and cobalt levels to be associated with endometrial cancer risk. Higher Cd levels were
found to be associated with increased endometrial cancer risk (OR 1.49, p = 0.0367), while
above median Co levels were found to correlate with lower EC risk (OR 0.76, p = 0.0423). In
a study by Rzymski et al. [31], the author found both current and former smoking status to
be associated with significantly higher Cd and Pb levels. In our study, we did not further
evaluate the correlation between cigarette use and trace element levels, as smoking was
found not to be associated with endometrial cancer risk in our analysis; however, the study
findings by Rzymski may be a potential explanation for this observation and require further
analysis. Cobalt is an essential component of vitamin B12. Vitamin B12 is essential for the
maintenance of DNA methylation, repair, synthesis, and thus for cell development and
proper function. Accumulating evidence suggests the role of increased levels of folate and
B-vitamins to have a role in cancer formation. Supplemental use of vitamin B12 intake was
found to be associated with type 2 EC. However, the study did not include multivariable
analysis. There is limited and still conflicting evidence regarding the influence of vitamin
B12 and folic acid on cancer incidence. Further studies are required to explain their effect
on cancer risk and cancer formation.

GSTs have a particularly important detoxification capability that protects against
environmental and oxidative stress. Recent studies reported alternated GST expression to be
associated with increased cancer risk [32]. As genetic polymorphisms can alternate enzyme
expression, we decided to measure selected SNPs. We analyzed whether polymorphisms
rs1695 in GSTP1 and rs224589 in SLC11A2 genes are associated with the risk of endometrial
cancer. In our study, we found no significant association between GSTP1 and SLC11A2
polymorphisms and endometrial cancer prevalence.

A meta-analysis by Zhao et al. [33] tried to evaluate the associations between GSTP1
Ile105Val polymorphism and gynecological cancer susceptibility; however, the researchers
found no significant associations with any genetic model even when accounting for cancer
type, ethnicity, and smoking status. The study included a limited population as only two
studies discussed endometrial cancer patients. A study by Ozerkan et al. [34] found no
associations between GSTP1 polymorphism and EC risk in Caucasian population. On
the other hand, a study by Chan et al. [35] revealed GSTP1 Ile(105)Val polymorphism to
be associated with an increased risk of endometrial cancer. In our study, we found no
associations between GTSP1 polymorphism and EC risk; however, as there are contradictory
results, further research is needed.

This was the first study to analyze functional polymorphism in SLC11A2 gene in
endometrial cancer patients. Previous studies described SLCA11A2 overexpression in
breast carcinomas [22,26]. As endometrial cancer is also hormone dependent, we wanted
to determine if its gene polymorphism affects the risk of EC. Even though we found no
correlation between SLC11A2 polymorphisms and endometrial cancer risk, we found a
positive correlation between SCL11A2 TT genotype and Cu concentration (p = 0.037). On
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the other hand, patients with TG genotype demonstrated lower Cd and Ni levels (p = 0.023
and p = 0.040, respectively). Further research is needed to evaluate the correlations between
selected genotypes and trace elements levels due to the limited number of patients included
in the analysis.

5. Conclusions

The study confirmed higher patient age, post-menopausal status, presence of diabetes
type 2, and higher BMI as independent risk factors for endometrial cancer. Menopausal
status did not influence metalloestrogen levels. High serum cadmium and low cobalt
concentrations were found to influence endometrial cancer risk. None of the tested genetic
polymorphisms (rs1695 in GSTP1 and rs224589 in SLC11A2) were found to be associated
with endometrial cancer risk. However, GTSP1 and SLC11A2 SNPs may correlate with
selected trace elements concentrations as high Cd and Ni serum levels were significantly
associated with the SLC1A2 TG genotype and high Cd levels with GSTP1. Analyses of a
more extensive study group should be performed to confirm our findings.
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Abstract: Postpartum weight retention (PPWR) contributes to maternal obesity development and
is more pronounced in culturally and linguistically diverse (CALD) women. Our antenatal healthy
lifestyle intervention (HeLP-her) demonstrated efficacy in reducing PPWR in non-Australian-born
CALD women compared with Australian-born women. In this secondary analysis, we aimed to
examine differences in the intervention effect on behavioral and psychosocial outcomes between
Australian-born and non-Australian-born women and explore factors associated with the differential
intervention effect on PPWR. Pregnant women at risk of gestational diabetes (Australian-born
n = 86, non-Australian-born n = 142) were randomized to intervention (four lifestyle sessions) or
control (standard antenatal care). PPWR was defined as the difference in measured weight between
6 weeks postpartum and baseline (12–15 weeks gestation). Behavioral (self-weighing, physical
activity (pedometer), diet (fat-related dietary habits questionnaire), self-perceived behavior changes),
and psychosocial (weight control confidence, exercise self-efficacy, eating self-efficacy) outcomes
were examined by country of birth. Multivariable linear regression analysis was conducted to
assess factors associated with PPWR. The intervention significantly increased self-weighing, eating
self-efficacy, and self-perceived changes to diet and physical activity at 6 weeks postpartum in non-
Australian-born women, compared with no significant changes observed among Australian-born
women. Intervention allocation and decreased intake of snack foods were predictors of lower PPWR
in non-Australian-born women. Results indicate that the HeLP-her intervention improved dietary
behaviors, contributing to the reduction of PPWR in CALD women. Future translations could
prioritize targeting diet while developing more effective strategies to increase exercise engagement
during pregnancy in this population.

Keywords: ethnicity; lifestyle intervention; postpartum weight retention; pregnancy

1. Introduction

Overweight and obesity are significant global health challenges, affecting approxi-
mately 40% of women worldwide [1]. Pregnancy is recognized as a high-risk period for
accelerated weight gain in women. Excessive gestational weight gain (GWG) contributes
to postpartum weight retention (PPWR) and increases the risk of adverse outcomes in
subsequent pregnancies, including preeclampsia, gestational diabetes mellitus (GDM), ce-
sarean delivery, and large-for-gestational-age birth, as well as the development of long-term
maternal obesity, cardiovascular disease, and metabolic syndrome in later life [2,3]. It is
documented that PPWR is more pronounced among underserved populations, including
women from culturally and linguistically diverse (CALD) backgrounds [4]. Observational
studies in the US and Europe have shown women from South Asian, Middle Eastern, and
African groups experience more weight retention postpartum than women of European

Nutrients 2022, 14, 2988. https://doi.org/10.3390/nu14142988 https://www.mdpi.com/journal/nutrients
107



Nutrients 2022, 14, 2988

background [5–7]. Contributory factors include lower socioeconomic status, higher psy-
chosocial stress, and suboptimal lifestyle behaviors such as greater energy intake and less
physical activity during and after pregnancy [5,6,8].

Lifestyle intervention in pregnancy comprising a healthy diet and/or physical activity
optimizes GWG [9], thus promoting a return to pre-pregnancy weight after childbirth.
Despite accumulated evidence on the benefits of such interventions during and following
pregnancy, few studies have explored variation in intervention efficacy by ethnicity [10,11].
Given the increased risk of retaining weight postpartum in CALD women [4], understand-
ing intervention effects on postpartum outcomes and associated factors that contribute to
intervention effects in CALD groups is important to identify facilitating factors and effective
strategies for weight management during pregnancy for these high-risk populations.

The Healthy Lifestyle in Pregnancy (HeLP-her) study is a low-intensity lifestyle interven-
tion previously conducted in Australian antenatal care settings to optimize GWG and PPWR
in women at increased risk of GDM [12,13]. The study population was ethnically diverse, with
~65% of women non-Australian-born. We have previously demonstrated the efficacy of the
intervention, which was more effective in reducing weight retention at 6 weeks postpartum in
non-Australian-born women (intervention 1.13 ± 4.11 kg vs. control 3.66 ± 5.47 kg, p < 0.01)
compared with Australian-born women (−0.56 ± 4.93 kg vs. −0.74 ± 5.14 kg, p = 0.87) [13],
yet exploratory analysis was not undertaken to elucidate this differential intervention effect.
Here, this secondary analysis aims to: (1) examine differences in behavioral and psychoso-
cial outcomes at 6 weeks postpartum between Australian-born and non-Australian-born
women to further our understanding of ethnic variability in response to the intervention
and (2) explore factors associated with the differential intervention effect on postpartum
weight retention to provide insight into future intervention design and translation to benefit
higher risk, CALD populations.

2. Materials and Methods

2.1. Study Design

Detailed study design and methods have been previously described [12,13]. In brief,
women were recruited at three large metropolitan tertiary teaching hospitals in Victoria,
Australia, between June 2008 and October 2010, combining over 8600 births per year. The
hospitals serve a region of ethnically and culturally diverse populations with over one-third
of residents non-Australian-born, comprising the largest refugee and migrant community in
Victoria [14]. According to the Australian Bureau of Statistics, the region is classified of “av-
erage socioeconomic advantage” [15]. Inclusion criteria were: gestational age ≤ 15 weeks,
singleton pregnancy, body mass index (BMI) ≥ 25 kg/m2 (or BMI ≥ 23 kg/m2 if high-risk
ethnicity, i.e., Asian, African, and Polynesian [16]), and at increased risk of GDM as iden-
tified by a validated risk prediction tool [12,13,17]. Exclusion criteria included multiple
pregnancies, BMI ≥ 45 kg/m2, type 1 or 2 diabetes diagnosis, pre-existing chronic medi-
cal conditions, and non-English speaking women. Eligible women were randomized to
intervention or control through computer-generated randomized sequencing. All women
received standard antenatal care. Informed consent was obtained from all participants.
The study was approved by the Southern Health Research Advisory and Ethics Com-
mittee. The trial was registered on the Australian New Zealand Clinical Trial Registry
(ACTRN12608000233325) [12,13].

2.2. Intervention Group

Underpinned by the Social Cognitive Theory, the low-intensity behavior change
program included four, 45 min individual lifestyle sessions delivered at 14–16, 20, 24,
and 28 weeks gestation by a trained health coach [12,13]. The sessions delivered simple,
pregnancy-specific healthy eating and physical activity messages based on National guide-
lines [18,19], as well as healthy GWG information according to the National Academy
of Medicine (previously, Institute of Medicine [IOM]) guidelines [20]. Behavior change
strategies were utilized to practice and increase self-management, including personal goal

108



Nutrients 2022, 14, 2988

setting, problem-solving, action planning, self-monitoring, addressing barriers, and relapse
prevention [12,13]. Ongoing support with mobile phone SMS messages was provided
throughout the intervention. In addition, two healthy lifestyle postcards were distributed
at 30 and 34 weeks gestation to reinforce behavior change and maintain engagement [12,13].

2.3. Control Group

The control group received one individual 15 min education session based on the
population-based Australian Dietary and Physical Activity Guidelines [18,19] at base-
line, as well as written pamphlets. No further support was provided during the study
period [12,13].

2.4. Data Sources

Data collected at baseline (12–15 weeks gestation) and 6 weeks postpartum was used
for this secondary analysis.

2.4.1. Demographics

Demographic information including age, country of birth, years lived in Australia,
education, employment, household income, parity, and breastfeeding status, were collected
using a structured self-administered questionnaire. Women were grouped by country
of birth into two categories: Australian-born (born in Australia) and non-Australian-
born (born outside of Australia). Those non-Australian-born are referred to as CALD
women [21,22].

2.4.2. Anthropometrics

Anthropometric measurements (height, weight) were conducted by a registered nurse
who was blinded to group allocation. Weight was measured to the nearest 0.1 kg on
an electronic scale (Tanita model BWB-800 Digital Scale, Wedderburn Scales, Melbourne,
Australia). The primary outcome was PPWR, calculated as the difference in measured
weight (kg) between baseline and 6 weeks postpartum.

2.4.3. Health Behaviors
Physical Activity

The Yamax Digiwalker SW-700 Pedometer (Yamax Corporation, Tokyo, Japan) was
used to assess the free-living step count per day as a tool with demonstrated accuracy in
pregnancy, as previously reported [23]. Participants were asked to wear a sealed pedometer
for a minimum of three to seven consecutive days during waking hours. Readings were
processed to provide the average daily step count according to the total days worn.

Diet

Dietary behaviors related to adopting low-fat diets were assessed using a 20-item
scale that was derived from the Fat-Related Dietary Habits Questionnaire [24]. The 20-item
scale included five dimensions: “avoid fat as flavoring”, “modify meats”, “avoid frying”,
“substitute lower-fat products”, and “replace foods with fruits and vegetables”. Responses
to the items were on a 3-point scale (“usually”, “sometimes”, and “rarely or never”) and
were coded through 1 to 3 to positively correlate with fat intake. An additional “don’t eat
this food” option was also provided for each item, coded as missing data. A summary
mean score was calculated.

Self-Weighing

Self-reported frequency of self-weighing was collected via questionnaire. Data were
dichotomized as frequent (“daily”, “weekly” or “monthly”) or not frequent (“occasionally”
or “never”) self-weighing.
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2.4.4. Psychosocial Measures
Risk Perception

Risk perception for excess GWG and development of GDM was assessed on a 4-point
scale adapted from the theory of health stage of change [25]. Data were dichotomized as no
perceived risk (“definitely no risk” or “not really at risk”) or perceived risk (“slight risk” or
“high risk”).

Weight Control Confidence

Confidence for weight control was assessed by asking “how confident are you that
you can control your weight gain if you wished” and “how confident are you that you can
control your weight gain if you experienced difficulties”, which were adapted from the
Chronic Disease Self-Efficacy Scale [26]. Responses were on a 10-point scale from “not at
all confident” (1) to “totally confident” (10). A summary mean score was calculated, with
higher scores indicating higher confidence.

Exercise and Eating Self-Efficacy

Self-efficacy for exercise and eating behaviors was assessed using a 14-item scale
derived from a validated scale developed by Sallis et al. [27]. The 14 items consisted of four
subscales: “sticking to it (exercise)”, “making time for exercise”, “sticking to it (eating)”,
and “reducing calories”. Responses were on a 5-point scale from “not at all confident” (1)
to “extremely confident” (5). The mean score of each subscale was calculated, with higher
scores indicating higher self-efficacy.

2.4.5. Other Measures

At 6 weeks postpartum, participants were asked to report their self-perceived change
in physical activity and diet since participating in the program on a 4-point scale; responses
were dichotomized as perceived change (“lots of changes”, “some changes”, or “minor
changes”) or no perceived change (“no changes at all”). If a perceived change in physical
activity or diet was reported, specific changes in these behaviors were collected. Participants
were also asked to evaluate the program on assisting them in optimizing physical activity
and healthy diet on a 4-point scale; responses were dichotomized as positive (“very helpful”,
“helpful”, or “slightly helpful”) or negative evaluation (“not helpful at all”). The number of
sessions attended by participants was also recorded to assess the intervention compliance.

2.5. Statistical Analysis

As our primary analysis demonstrated a differential intervention effect on PPWR by
country of birth (i.e., Australian-born vs. non-Australian-born) [13], here our secondary
analysis was conducted by stratifying data according to country of birth to explore the
differential responses in behavioral and psychosocial outcomes and factors associated with
the effect of country of birth on PPWR based on the primary finding. Data are presented as
mean ± standard deviation (continuous variables) and proportions (categorical variables).
Differences in baseline or categorical outcome measures between groups (Australian-born
vs. non-Australian-born, intervention vs. control) were compared using independent sam-
ple t tests for continuous variables and chi-square tests or Fisher’s exact tests for categorical
variables. Least squares means and their differences between groups (intervention vs. con-
trol) derived from multivariable linear regressions that adjusted for baseline variables (age,
education, work, parity, BMI, self-weighing, risk perception of excess GWG, risk perception
of GDM, eating self-efficacy) were used to present changes in continuous outcome mea-
sures. Due to the differing proportions of baseline BMI status (i.e., overweight or obesity)
between Australian-born and non-Australian-born participants, we examined the potential
interaction effect between intervention, baseline BMI status, and country of birth on the
primary outcome of PPWR by conducting a three-way interaction term in linear regression
analysis, with the intervention effect on PPWR stratified according to baseline BMI (i.e.,
Australian-born with overweight, Australian-born with obesity, non-Australian-born with
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overweight, non-Australian-born with obesity). To assess factors associated with PPWR, a
multivariable linear regression model was constructed by including demographic, anthro-
pometric, behavioral, and psychosocial variables with p < 0.1 on univariate analyses and
using backward elimination to remove variables at p > 0.05. The model was adjusted for
intervention allocation, age, baseline BMI and parity, the latter three as clinically relevant
variables associated with PPWR. We used complete case analysis (i.e., all available data
included in the analysis) as data were deemed missing at random, negating the need for
multiple imputations [12,13]. Statistical significance was set at an α level of p < 0.05. All
analyses were performed with SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

The HeLP-her study randomized 228 eligible women, with 86 Australian-born and 142
non-Australian-born. Over half (57%) of the non-Australian-born women were from South
Asia (primarily India, Sri Lanka, Bangladesh, and Pakistan), 23% from East and Southeast
Asia (primarily China, Vietnam, Malaysia, and Indonesia), and 12% from the Middle East,
Africa, and Pacific Islands. Most (80%) of the non-Australian-born women had resided
in Australia for less than 10 years. At 6 weeks postpartum, 202 women were followed
up and completed primary outcome weight measurements (76 Australian-born and 126
non-Australian-born), with an overall attrition rate of 11.4% attributed to miscarriage or
stillbirth, pre-term birth, and loss to contact (Figure S1).

3.1. Baseline Characteristics

Table 1 shows the baseline characteristics of the participants. Compared to Australian-
born women, non-Australian-born women were younger, had a higher education level,
were less likely to be employed, and were more likely to be primiparous. The mean BMI
of non-Australian-born women was 28.0 ± 4.4 kg/m2, lower than 34.3 ± 5.5 kg/m2 in
Australian-born women, with 22.5% and 73.3% being obese in the two groups, respectively.
In addition, non-Australian-born women were less likely to weigh themselves frequently
and had a lower risk perception for excess GWG and GDM at baseline than Australian-born
women. Conversely, eating self-efficacy was higher in non-Australian-born compared with
Australian-born women. There were no significant differences in the baseline levels of
physical activity, fat-related dietary behaviors, weight control confidence, and exercise
self-efficacy between the two groups.

Table 1. Baseline characteristics of participants.

Variables Australian-Born (n = 86) Non-Australian-Born (n = 142) p Value

Demographics
Age (years) 32.8 ± 4.4 31.5 ± 4.5 0.037
Education (%) <0.001

High school or below 29.6 12.1
Certificate/diploma 40.8 23.5
Bachelor’s degree or higher 29.6 64.4

Work (%) 0.004
Full-time 23.5 28.0
Part-time 43.2 22.0
No paid work 33.3 50.0

Household income (%) 0.050
<$40,000 22.2 36.2
$40,000–80,000 35.8 33.1
>$80,000 28.4 15.0

Parity (%) 0.032
Primiparous 32.1 47.0
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Table 1. Cont.

Variables Australian-Born (n = 86) Non-Australian-Born (n = 142) p Value

Anthropometrics
Weight (kg) 90.8 ± 16.8 70.5 ± 13.3 <0.001
BMI (kg/m2) 34.3 ± 5.5 28.0 ± 4.4 <0.001
BMI (kg/m2) (%) <0.001

Overweight (≤29.9) 26.7 77.5
Obesity (≥30.0) 73.3 22.5

Behavioral
Physical activity (steps/day) 6201.0 ± 2921.4 5570.9 ± 3188.8 0.176
Fat-related dietary behaviors a 1.9 ± 0.3 1.9 ± 0.3 0.694
Frequent self-weighing (%) 62.9 40.9 0.006

Psychosocial
Perceived risk of excess GWG (%) 85.7 71.4 0.036
Perceived risk of GDM (%) 63.5 40.0 0.004
Weight control confidence b 5.7 ± 2.0 5.9 ± 2.1 0.630
Exercise self-efficacy c

Sticking to it 2.5 ± 0.9 2.4 ± 0.8 0.500
Making time for exercise 2.3 ± 0.9 2.3 ± 0.8 0.966

Eating self-efficacy c

Sticking to it 2.6 ± 0.8 3.0 ± 0.9 0.015
Reducing calories 3.4 ± 0.9 3.6 ± 0.7 0.185

BMI, body mass index; GWG, gestational weight gain; GDM, gestational diabetes mellitus. Data are presented
as mean ± SD or percentage. a 1 = usually choose low-fat; 3 = rarely or never choose low-fat. b 1 = not at all
confident; 10 = totally confident. c 1 = not at all confident; 5 = extremely confident.

3.2. Intervention Effect

The intervention effects on behavioral and psychosocial measures are shown in Ta-
bles 2 and 3. Non-Australian-born women in the intervention group had significantly
improved eating self-efficacy in “reducing calories” (intervention effect 0.68 (95%CI 0.15,
1.21), p = 0.013), and were more likely to report they had made changes to physical activity
(intervention 89.4% vs. control 65.9%, p = 0.008) and diet (97.9% vs. 73.2%, p < 0.001) at
6 weeks postpartum, compared to the control group. A higher proportion of non-Australian-
born women in the intervention group reported specific changes to diet than those in the
control group, including increased fruit and vegetable consumption, increased low-fat
dairy products, decreased intake of snack foods, and decreased takeaway and convenience
foods (all p < 0.05). Frequent self-weighing in non-Australian-born women increased from
48.3% at baseline to 72.3% at 6 weeks postpartum (p = 0.013) in the intervention group, with
no significant change from baseline (31.9%) to 6 weeks postpartum (36.6%) in the control
group (p = 0.645). No significant differences between intervention and control were found
in changes in physical activity, fat-related dietary behaviors, weight control confidence,
and exercise self-efficacy in non-Australian-born women (all p > 0.05). In Australian-born
women, none of the measures significantly differed between intervention and control. Fre-
quent self-weighing in Australian-born women was similar over time (baseline to 6 weeks
postpartum) irrespective of intervention allocation.
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Most Australian-born (96.4%) and non-Australian-born women (95.4%) had a positive
evaluation of the program at 6 weeks postpartum. Of the women allocated to the inter-
vention, 94.9% Australian-born and 90.8% non-Australian-born women attended all four
sessions, with no significant differences in the intervention compliance (p = 0.707).

3.3. Interaction Analysis

Table S1 shows the intervention effect according to country of birth and baseline
BMI. There was a significant intervention effect on reducing PPWR in non-Australian-
born women with overweight (intervention 1.97 ± 3.92 kg vs. control 3.98 ± 5.53 kg,
p = 0.040), as well as a trend toward less PPWR in non-Australian-born women with obesity
(−1.42 ± 3.77 kg vs. 2.03 ± 5.03 kg, p = 0.052). In contrast, no significant intervention
effect was revealed among Australian-born women regardless of BMI status (p > 0.05).
No interaction effect was found between intervention, baseline BMI status, and country of
birth (p = 0.237).

3.4. Regression Analysis

The regression results are presented in Tables S2 and S3. The multivariable analysis
showed intervention allocation and decreased intake of snack foods were independent
predictors of lower PPWR in non-Australian-born women. Other demographic, anthropo-
metric, behavioral, and psychosocial factors did not significantly impact their PPWR. In
Australian-born women, increased time spent on physical activity sessions was the only
factor significantly associated with PPWR.

4. Discussion

We previously reported a greater effect of the HeLP-her intervention on reducing
weight retention at 6 weeks postpartum in non-Australian-born women compared with
Australian-born women [13]. In this study, we expand on these findings by examining fac-
tors that may be related to the differential intervention effect, including demographic and
anthropometric characteristics as well as behavioral and psychosocial factors targeted by the
intervention. Here, we found that non-Australian-born women receiving the intervention
had improved self-efficacy for dietary behaviors, were more likely to self-weigh frequently,
and reported changes to diet and physical activity at 6 weeks postpartum, compared to
standard antenatal care. In contrast, we did not observe any significant changes in behav-
ioral or psychosocial measures among Australian-born women following the intervention.
Exploratory analysis showed intervention allocation and decreased intake of snack foods
were predictors of lower weight retention postpartum in non-Australian-born women.

The HeLP-her intervention is non-prescriptive, utilizing simple messages on healthy
eating and physical activity aligned with national dietary and physical activity recommen-
dations, underpinned by practicing skills in self-management. Weight self-monitoring
has been identified as an essential component in weight management, enabling immedi-
ate adjustment to weight-related behaviors as well as reinforcement [28]. Yet previous
studies in the US have shown ethnic minority groups are less likely to report frequent
self-weighing compared to their white counterparts [29,30], as consistent with the base-
line findings in non-Australian-born women in the HeLP-her study. This could be partly
attributable to decreased risk perception related to weight gain during pregnancy and
lower awareness of GDM risk, as observed here at baseline. Encouragingly, our results
showed the HeLP-her intervention significantly improved the self-weighing behaviors in
non-Australian-born women, despite no improvement observed in Australian-born women.
The greater improvement in self-weighing frequency following the intervention among
non-Australian-born women suggests receptiveness to the intervention messaging with
amenability to behavior change in this group.

The intervention focused on small, sustainable behavior adjustments using individ-
ualized goal setting and action planning. Therefore, it is not surprising that we were
unable to detect significant changes in physical activity measured by daily step counts or
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fat-related dietary behaviors measured in dietary scores in non-Australian-born women,
per our previous findings [12,13]. It is possible that the measurement tools used were less
sensitive to detect the small behavioral changes encouraged as part of the intervention.
Despite no differences in quantitatively measured physical activity or dietary behaviors,
non-Australian-born women were more likely to report perceived changes in diet and
physical activity. Particularly, changes in several specific dietary behaviors were reported,
among which decreased intake of snack foods was found to be associated with less PPWR
on the multivariable analysis. In line with this, non-Australian-born women had higher
eating self-efficacy in “sticking to it” at baseline, which persisted into 6 weeks postpartum.
Furthermore, they had greater improvement in self-efficacy of “reducing calories” after the
intervention. These are reflective of improved confidence in the ability to make behavior
changes as well as increased commitment and practicing behavior change towards dietary
behaviors. In contrast to the positive changes seen in diet, we did not find any changes in
specific physical activity behaviors related to the increasing number, time, or intensity of ex-
ercise, nor the improvement in exercise self-efficacy over time among non-Australian-born
women. Previous studies have found a lower level of physical activity during pregnancy
among Asians, Middle Easterners, and Africans compared to white populations [31–33].
It is shown that women’s beliefs, attitudes, barriers, and intentions towards exercise dur-
ing pregnancy differ between cultures [32]. For women from CALD backgrounds, safety
concerns about exercising during pregnancy is a significant barrier, reflected by cultural
beliefs [32,34]. For example, in traditional Chinese culture, pregnant women are advised
to restrict exercise due to concern of miscarriage [35]. For this reason, it is plausible that
dietary behaviors may be more readily modified, with fewer barriers to behavior change,
than physical activity behaviors in CALD women during pregnancy. However, given phys-
ical activity is safe and associated with optimized weight and reduction in complications
during pregnancy [36,37], it is imperative to find ways to address barriers and improve
health knowledge towards physical activity in this population.

In contrast to non-Australian-born women, we did not find significant intervention
effects on behavioral, psychosocial, and weight outcomes among Australian-born women
irrespective of BMI status (i.e., overweight or obesity). This is consistent with previous
Australian-based trials, including the large LIMIT randomized trial conducted in predomi-
nantly white women with overweight or obesity, which reported no differences in GWG
between antenatal care and lifestyle advice following six intervention sessions throughout
pregnancy [38]. In our study, women born in Australia had a higher baseline risk percep-
tion, potentially reflecting a higher level of health literacy and confidence or familiarity in
access to healthcare services and information [39]. Therefore, the low-intensity intervention
format utilizing simple health messaging may not have been sufficient to influence further
behavior change towards diet, physical activity and self-management behaviors. Future
research, potentially including more tailored or prescriptive intervention, is needed to
evaluate outcomes with different intervention types and intensities in this population.

Strengths and Limitations

Here, we used a rigorous study design, utilized robust measures (including a vali-
dated GDM screening tool, objective measurement of weight, and pedometer for assessing
physical activity), and reported high compliance and high fidelity to the intervention deliv-
ery [12,13]. Limitations include the absence of measured dietary intake (e.g., energy intake)
and health literacy that may have elucidated findings further [40]. Also, despite a relatively
high retention rate (88.6%) at follow-up of 6 weeks postpartum, up to 30% of questionnaire
data were missing. Furthermore, the non-Australian-born participants in our study were
of moderate socioeconomic advantage and predominantly Asian, reflective of the broader
Australian demographic data on migrant populations [41]. As a secondary analysis, our
results may not be fully generalizable to all populations, which remained to be confirmed
in larger, population-based studies.
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5. Conclusions

Women from CALD backgrounds experience greater health inequity with an increased
risk of adverse health outcomes during pregnancy [42]. Strategies that are accessible,
relevant, culturally acceptable, and cost-effective are needed to support health improvement
for these women during pregnancy. Our results suggest a low-intensity intervention based
on simple health messages alongside routine antenatal care is acceptable and relevant
to diverse cultures with demonstrated efficacy in reducing postpartum weight retention
among high-risk CALD groups. The improvement in weight outcome appears to derive
from small individually driven changes to dietary behaviors during pregnancy, potentially
reflective of increased receptiveness to dietary, compared with physical activity, behavior
change. Further research is needed to address barriers to exercise in this population to
maximize exercise engagement during pregnancy and promote broader health benefits.
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Abstract: Unhealthy diet and inappropriate lifestyle contribute to an imbalance in cardiometabolic
profiles among postmenopausal women. This research aimed to analyze the association between
dietary pattern and changes in cardiovascular risk factors among postmenopausal Taiwanese women
using binary logistic regression. This cross-sectional study involved 5689 postmenopausal Taiwanese
women aged 45 years and above, and the data were obtained from Mei Jau Health Management
Institution database between 2001 and 2015. The cardiovascular risk dietary pattern characterized
by high intakes of processed food, rice/flour products, organ meat, and sauce was derived by
reduced rank regression. Participants in the highest quartile of the cardiovascular risk dietary
pattern were more likely to have high levels of systolic blood pressure (OR = 1.29, 95% CI 1.08–1.53),
diastolic blood pressure (OR = 1.28, 95% CI 1.01–1.62), atherogenic index of plasma (OR = 1.26, 95%
CI 1.06–1.49), triglycerides (OR = 1.38, 95% CI 1.17–1.62), and fasting blood glucose (Q3: OR = 1.45,
95% CI 1.07–1.97). However, this dietary pattern was not correlated with total cholesterol, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol, and C-reactive protein. Therefore,
adherence to the cardiovascular risk dietary pattern increases the risk of having higher levels of blood
pressure, triglycerides, fasting blood glucose in postmenopausal Taiwanese women.

Keywords: postmenopausal women; dietary pattern; cardiovascular risk factors; reduced rank regression

1. Introduction

Menopause is defined as the cessation of menstruation owing to a decrease in ovarian
follicles and the further reduction of estradiol levels. It occurs mostly at a median age of
51 years [1]. The diagnosis of menopause is based on no menstrual period for 12 consecu-
tive months in women [2,3]. Around 467 million postmenopausal women were registered
in the world in the 1990s, and by 2030 the number of postmenopausal women is expected
to be 1.2 billion with 47 million new postmenopausal women each year [4]. Several studies
revealed that postmenopause was associated with increased inflammatory markers such
as C-reactive protein (CRP), interleukin-1α (IL-1α), and tumor necrosis factor-α (TNF-α)
and an imbalance in cardiometabolic profiles such as low levels of high-density lipoprotein
cholesterol (HDL-C) and elevated levels of total cholesterol (TC), low-density lipoprotein
cholesterol (LDL-C), triglycerides (TG), visceral fat, and blood glucose [5–8]. These im-
balanced cardiometabolic profiles were favorable for the progression of atherosclerosis
and an increased risk of cardiovascular disease (CVD) [9]. Cardiovascular disease was
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known as the leading cause of mortality worldwide between 1990 and 2019. This scourge
claimed around 18.6 million individuals’ lives in 2019 [10]. According to the report by the
Ministry of Health and Welfare, Taiwan, heart disease was the second leading cause of
death following malignant neoplasms in 2020 [11]. Shen et al. found that in Taiwanese
women, early age at menopause between 45 and 49 years was linked to higher CVD death
rate and all-cause mortality [12]. In 2018, the percentage of the elderly aged 65 years and
above in Taiwan surpassed 14% and has become an aged society [13]. The prevalence of
cardiovascular disease, diabetes, and cancer was high among the Taiwanese elderly during
the past decade [14]. Aging and atherosclerosis can cause vascular wall damage and estro-
gen receptor loss, and a decrease in circulating estrogen also reduces estrogen receptors
in both vascular endothelium and vascular smooth muscle cells [3]. Additionally, women
with vasomotor symptoms have significantly higher blood pressure, elevated circulating
total cholesterol levels, and greater body mass index (BMI) than women without vasomotor
symptoms [3].

Evidence showed that postmenopausal Chinese women increased the risk of dyslipi-
demia after multiple adjustment as compared to premenopausal women probably due to
the loss of endogenous estrogen after menopause [15]. Some studies also supported that
menopause was associated with adverse changes of cardiometabolic profiles and increased
risk and mortality of CVD [5,15,16]. Research conducted by Lin et al. demonstrated that
compared to premenopausal women in North Taiwan, postmenopausal women had con-
siderably greater odds of having central obesity, metabolic syndrome, high blood pressure,
and high blood triglycerides [17]. In addition, diet has been associated with cardiovascular
risk factors and other health-related outcomes. A healthy balanced diet plays a significant
role in the prevention and mortality reduction of chronic diseases [18]. However, post-
menopausal women consuming an unhealthy diet such as high intake of sodium, added
sugar, trans fats, and red meat but low intake of fruit, whole grains, fibers, fish, nuts, and
legumes were correlated with abnormal fasting blood glucose, high BMI, hypertension, and
high blood cholesterol which are considered as risk factors of CVD among postmenopausal
women [19]. Brazilian postmenopausal women who consumed a low-quality diet with
an excessive intake of sodium and low intakes of vegetables and fruit had central obesity,
higher blood pressure, and increased levels of blood lipids and fasting blood glucose [20].

The dietary pattern is considered as a new approach applied in nutritional epidemi-
ology to assess the relationship between dietary factors and disease risk [21]. However,
little is known about the outcomes resulting from the association between dietary patterns
and CVD risk factors among postmenopausal Taiwanese women. Hence, the aim of this
study was to analyze the association between dietary patterns and changes in cardiovas-
cular risk factors such as blood pressure, blood lipids, blood glucose, and CRP among
postmenopausal Taiwanese women.

2. Materials and Methods

2.1. Study Population and Data Source

This cross-sectional study was conducted using the database from 2001 to 2015, and
the data were collected by the Mei Jau (MJ) Health Screening Centers which are located
in Taipei, Taoyuan, Taichung, and Kaohsiung cities in Taiwan. All the subjects signed the
consent form and agreed their data only for research use without their identity before
their health check-up at the MJ Health Screening Center. While visiting the MJ Health
Screening Center, all the subjects filled the questionnaires to collect information about their
socio-demographic status, lifestyle, and dietary habits by the self-reported questionnaires.
Blood samples were analyzed for biochemical parameters. The study was approved by
the Joint Institutional Review Board of Taipei Medical University (TMU-JIRB N202007075).
There were 377,124 subjects who visited the MJ Health Screening Center between 2005
and 2015. We included women aged ≥45 years who self-reported menopausal status after
missing their menstrual period for at least 12 consecutive months using a questionnaire.
We excluded 299,450 participants who were male, had disease conditions such as cancer,
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cystic fibrosis, lung disease, cirrhosis, kidney disease, or infectious disease, or used any
forms of lipid-lowering drugs. In addition, we excluded 68,985 women who were non-
postmenopausal, aged less than 45 years, or failed to complete the questionnaire about
their dietary habits. After excluding 3000 participants who had multiple entries between
2005 and 2015, a total 5689 postmenopausal women were retained in this study (Figure 1).

Figure 1. Flowchart of study participants.

2.2. Dietary Assessment and Other Covariates

A semi-quantitative food frequency questionnaire (FFQ) was developed, standard-
ized, and validated by the MJ Health Management Institution, and used to assess dietary
habits of the subjects. The FFQ questionnaire contained the closed-ended questions about
22 non-overlapping food groups with a total of 85 individual food items consumed by
the participants in the past month [22]. The intake frequency was assessed in accordance
with daily and weekly consumption. Each question was given the definition about one
serving size of the food item, and presented 5 frequency response options as described
previously [22]. Dietary data were collected for further frequency response options as
described previously [22]. Dietary data were collected for further analysis to derive the
dietary pattern using a reduced rank regression (RRR) model. The RRR model as a multi-
variable linear function was performed to derive the dietary pattern related to the disease
of interest by a priori and a posteriori approaches based on the response variables for
identifying a linear combination of the predictor variables [23].

Demographic data such as age, education (≤high school or >high school), and marital
status (never married, married, or divorced/widowed) were collected. We also evaluated
lifestyle data including smoking status (no or yes), drinking alcohol (no or yes), physical
activity frequency (<150 min/week or ≥150 min/week), and sleep duration (<6 h, 6–8 h, or
>8 h). Medical history regarding hypertension, diabetes mellitus, and CVD was recorded.
All covariates were assessed using a self-reported questionnaire.

2.3. Anthropometric, Clinical, and Biochemical Data

Anthropometric parameters such as height, weight, waist circumference (WC), and
waist-to-hip ratio (WHR) were assessed using an anthropometer with electronic scale at the
MJ Health Screening Center. The values of BMI were calculated using weight (kg) divided
by height (m2) [24]. To identify central obesity among the participants, WC (≥80 cm) [25]
and WHR (≥0.85) [26] were measured and calculated. Blood pressure was measured
twice at 10 min intervals using a standardized sphygmomanometer. Biochemical data
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such as total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C), triglycerides (TG), fasting blood glucose (FBG), and
C-reactive protein (CRP) were assessed after overnight fasting for 12–14 h by the cen-
tral laboratory at the MJ Health Management Institution. Blood TC, HDL-C, TG, and
FBG were evaluated using the commercial kits (Randox Laboratories Ltd., Antrim, UK).
The levels of LDL-C were determined by Friedewald formula (LDL-C (mg/dL) = TC-
HDL-C-TG/5) [27]. Atherogenic index of plasma (AIP) as an indicator for CVD risk was
calculated by the following formula: AIP = log(TG/HDL-C) [28]. Inflammatory marker
CRP was diagnosed by the reagent from Fortress Diagnostics (Antrim, UK). Cardiovas-
cular disease risk factors were defined as: systolic blood pressure (SBP) ≥140 mmHg
and/or diastolic blood pressure (DBP) ≥ 90 mmHg [20,28], AIP ≥ 0.24 with high risk of
CVD [29], TC ≥ 5.17 mmol/L (200 mg/dL) [20], LDL-C ≥ 2.59 mmol/L (100 mg/dL) [20],
HDL-C ≤ 1.29 mmol/L (50 mg/dL) [20], TG ≥ 1.69 mmol/L (150 mg/dL) [20],
FBG ≥ 7.0 mmol/L (126 mg/dL) [28], and CRP ≥ 28.6 nmol/L (3 mg/L) [30].

2.4. Statistical Analysis

Statistical analysis was performed using SAS version 9.4 (SAS Institute Inc., Chicago,
IL, USA) and IBM SPSS 20 (IBM Corp., Armonk, NY, USA). Kolmogorov–Smirnov test
was used to determine the distribution of the data. To compare the differences between
two groups, Mann–Whitney U test and chi-square test were used for categorical data. To
compare data among multiple groups, one-way analysis of variance (ANOVA) and Kruskal–
Wallis test were performed. We used binary logistic regression expressed as odds ratios
(ORs) and 95% confidence intervals (CIs) to determine the association between the dietary
pattern and cardiovascular risk factors. The dietary pattern was derived by RRR using
PROC PLS function in SAS 9.4, and 22 food groups were considered as the predictors. After
performing Pearson’s correlation coefficient, triglycerides, systolic blood pressure, fasting
blood glucose, and AIP were retained as the response variables (Figure 2). In compliance
with previous investigation, to obtain the dietary pattern linked to CVD risk, the value
of factor loading was set at ≥0.20 [31]. The dietary factor score for each food group was
calculated by summing food frequency intake weighed by their factor loadings. Finally, we
only retained the first dietary factor for further analysis because it explained the maximum
variation of the response variables. The derived dietary pattern was then divided into
quartiles according to the dietary factor score. The reference group for the cardiovascular
risk dietary pattern was quartile 1 (Q1) which was the lowest quartile of the dietary factor
score, and quartile 4 (Q4) represented the highest quartile of the dietary factor score. In
binary logistic regression analysis, model 1 was unadjusted, model 2 was adjusted for
age, BMI, WC, and WHR, and model 3 was adjusted for model 2 variables plus education,
family income, smoking, drinking alcohol, physical activity frequency, and sleep duration.
The p-value < 0.05 was considered statistically significant.
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Figure 2. Cardiovascular risk dietary pattern derived from reduced rank regression model. TG:
triglycerides, SBP: systolic blood pressure, FBG: fasting blood glucose, AIP: atherogenic index
of plasma.

3. Results

3.1. Characteristics of Study Participants

Table 1 presents the demographic and lifestyle characteristics of the participants.
The majority of postmenopausal women in this study had education below high school
(81.5%), non-professional occupation (63.9%), low annual income (<NTD800,000: 69.1%),
married status (70.3%), no smoking (97.9%), no drinking alcohol (95.5%), less physical
activity frequency (<150 min/week: 55.5%), and sleep duration for 6–8 h (58.6%). The
anthropometric, clinical, and biochemical data are shown in Table 2. The majority of
postmenopausal women had normal BMI (44.2%), waist circumference (56.1%), and waist-
to-hip ratio (68.9%). However, 31.3% postmenopausal women were overweight, 22.7%
subjects were obese, 43.9% subjects had central obesity, and 31.1% subjects had abnormal
waist-to-hip ratio. The prevalence of hypertension, diabetes, and CVD was 11.3%, 17.5%,
and 10.7%, respectively. The mean value of AIP (0.3 ± 0.3) was higher than 0.24 defined as a
CVD risk factor. The mean values of TC (5.9 ± 0.8 mmol/L) and LDL-C (3.7 ± 0.8 mmol/L)
were abnormal among postmenopausal women. Among 5689 participants, only 7.3%
subjects had normal FBG level (<7.0 mmol/L, data not shown).

Table 1. Demographic and lifestyle characteristics of postmenopausal women aged ≥45 years
(n = 5689) 1.

Variables Participants (n = 5689)

Age (years) 60.6 ± 7.6

Education
<High school 4636 (81.5)
≥High school 1053 (18.5)

Occupation
Non-professional 3637 (63.9)

Professional 1269 (22.3)
Unemployed/retired 783 (13.8)

Annual family income (NTD)
<800,000 3929 (69.1)

810,000–1,600,000 1347 (23.7)
>1,600,000 413 (7.2)

Marital status
Never married 83 (1.5)

Married 4002 (70.3)
Widows/divorced 1604 (28.2)
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Table 1. Cont.

Variables Participants (n = 5689)

Smoking
No 5567 (97.9)
Yes 122 (2.1)

Drinking alcohol
No 5433 (95.5)
Yes 256 (4.5)

Physical activity frequency
<150 min/week 3160 (55.5)
≥150 min/week 2529 (44.5)

Sleep duration
<6 h 1917 (33.7)
6–8 h 3333 (58.6)
>8 h 439 (7.7)

1 Continuous data are presented as mean ± SD and categorical data are expressed as numbers (percentage).

Table 2. Demographic, clinical, and biochemical data of postmenopausal women aged ≥45 years
(n = 5689) 1.

Variables Participants (n = 5689)

Body mass index (kg/m2)
<18.5 100 (1.8)

18.5–23.9 2516 (44.2)
24–26.9 1780 (31.3)
≥27 1293 (22.7)

Waist circumference
<80 cm 3191 (56.1)
≥80 cm 2498 (43.9)

Waist-to-hip ratio
<0.85 3922 (68.9)
≥0.85 1767 (31.1)

Prevalence of chronic disease
Hypertension 642 (11.3)

Diabetes mellitus 994 (17.5)
Cardiovascular disease 609 (10.7)

Systolic blood pressure (mmHg) 133 ± 20
Diastolic blood pressure (mmHg) 75 ± 12

Atherogenic index of plasma 0.3 ± 0.3

Total cholesterol (mmol/L) 5.9 ± 0.8
Low-density lipoprotein cholesterol (mmol/L) 3.7 ± 0.8
High-density lipoprotein cholesterol (mmol/L) 1.5 ± 0.4

Triglycerides (mmol/L) 1.6 ± 0.8

Fasting blood glucose (mmol/L) 6.6 ± 1.9

C-reactive protein (nmol/L) 26.8 ± 47.2
1 Continuous data are presented as mean ± SD and categorical data are expressed as numbers (percentage).

3.2. Cardiovascular Risk Dietary Pattern

A dietary pattern identified as a “cardiovascular risk dietary pattern” was derived
using the RRR model. Four food groups including processed food, rice/flour products,
organ meat, and sauce showed a positive correlation (factor loading ≥0.20) with the cardio-
vascular risk dietary pattern, meanwhile food groups such as dairy products, fruits, whole
grains, and sweet bread had a negative correlation with this dietary pattern (factor loading

124



Nutrients 2022, 14, 2911

≤−0.20) (Figure 3). The cardiovascular risk dietary pattern explained 6.6% cumulative
percentage of variation and 1.7% of the total variation for the four response variables. The
explained variation was 1.5% for TG, 1.6% for AIP, and 1.8% for both SBP and FBG.

Milk
Dairy products

Eggs

Meat

Seafood

Organ meat

Legume/ Soy products

Light-colored vegetables

Dark-colored vegetables

Vegetables with oil/dressing
Fruits

Rice/ flour products
Whole grains

Rice/ flour cooked in oil

Root crops

Sweet bread

Jam/ honey

Sugary drinks

Deep-fried food

Processed food

Instant noodle
Sauce

Figure 3. Spider-web diagram of factor loadings for cardiovascular risk dietary pattern.

3.3. Association between the Dietary Pattern and Cardiovascular Risk Factors

The unadjusted and adjusted models for the association of the cardiovascular risk
dietary pattern with SBP, DBP, and AIP among postmenopausal Taiwanese women are
presented in Table 3. Model 1 was unadjusted, model 2 was adjusted for age, BMI, WC,
and WHR, and model 3 was adjusted for model 2 variables plus education, family income,
smoking, drinking alcohol, physical activity frequency, and sleep duration. The results
showed that participants in the higher quartiles (Q3 and Q4) of the cardiovascular risk
dietary pattern were more likely to increase the odds of having high SBP (OR = 1.40–1.84),
high DBP (OR = 1.28–1.69), and high AIP (OR = 1.43–1.69) compared to those in the
reference group (Q1) before adjustment. After adjusting variables in models 2 and 3,
participants in the highest quartile (Q4) of the cardiovascular risk dietary pattern were still
more likely to increase the odds of having high SBP (model 2: OR = 1.42, 95% CI 1.20–1.68,
model 3: OR = 1.29, 95% CI 1.08–1.53), high DBP (model 2: OR = 1.43, 95% CI 1.13–1.79,
model 3: OR = 1.28, 95% CI 1.01–1.62), and high AIP (model 2: OR = 1.29, 95% CI 1.09–1.52,
model 3: OR = 1.26, 95% CI 1.06–1.49).

The association of the cardiovascular risk dietary pattern with TC, LDL-C, and HDL-
C among postmenopausal Taiwanese women in the unadjusted and adjusted models is
shown in Table 4. The cardiovascular risk dietary pattern was not correlated with the odds
of high TC in all models. Participants in the Q2 quartile of the cardiovascular risk dietary
pattern were more likely to decrease the odds of having high LDL-C in all models (model 1:
OR = 0.63, 95% CI 0.47–0.83, model 2: OR = 0.68, 95% CI 0.51–0.91, model 3: OR = 0.71, 95%
CI 0.53–0.94) compared to those in the Q1 quartile. Participants in the higher quartiles (Q3
and Q4) of the cardiovascular risk dietary pattern were more likely to decrease the odds
of having low HDL-C in the unadjusted model; however, no association was found after
adjustment in models 2 and 3.

Table 5 demonstrates the association of the cardiovascular risk dietary pattern with TG,
FBG, and CRP in the unadjusted and adjusted models among postmenopausal Taiwanese
women. Participants in the higher quartiles (Q2–Q4) of the cardiovascular risk dietary
pattern were more likely to increase the odds of having high TG in all models (model 1:
OR = 1.39–1.79, model 2: OR = 1.21–1.43, model 3: OR = 1.18–1.38) compared to those in
the lowest quartile (Q1). Participants in the higher quartile (Q3) of the cardiovascular risk
dietary pattern were more likely to increase the odds of having high FBG in all models
(model 1: OR = 1.75, 95% CI 1.30–2.35, model 2: OR = 1.54, 95% CI 1.14–2.07, model
3: OR = 1.45, 95% CI 1.07–1.97). Participants in the higher quartiles (Q3 and Q4) of the
cardiovascular risk dietary pattern were more likely to increase the odds of having high
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CRP (Q3: OR = 1.38, 95% CI 1.13–1.67, Q4: OR = 1.51, 95% CI 1.25–1.83) only in the
unadjusted model.

Table 3. Binary logistic regression for the association between the dietary pattern, systolic blood
pressure (SBP), diastolic blood pressure (DBP), and atherogenic index of plasma (AIP) (n = 5689).

Dietary Pattern

Cardiovascular Disease Risk Factors 1

High SBP High DBP High AIP

Odds Ratio (95% Confidence Interval)

Model 1 2

Q1 (reference) 1 1 1
Q2 1.29 (1.09–1.52) *** 1.22 (0.96–1.54) 1.41 (1.21–1.64) ***
Q3 1.40 (1.19–1.65) *** 1.28 (1.01–1.63) * 1.43 (1.23–1.67) ***
Q4 1.84 (1.58–2.16) *** 1.69 (1.35–2.12) *** 1.69 (1.45–1.98) ***

p for trend 0.000 0.000 0.000

Model 2 3

Q1 (reference) 1 1 1
Q2 1.15 (0.97–1.36) 1.13 (0.89–1.44) 1.29 (1.09–1.51) **
Q3 1.19 (1.00–1.41) * 1.14 (0.89–1.46) 1.18 (1.01–1.39) *
Q4 1.42 (1.20–1.68) *** 1.43 (1.13–1.79) ** 1.29 (1.09–1.52) **

p for trend 0.000 0.016 0.005

Model 3 4

Q1 (reference) 1 1 1
Q2 1.09 (0.92–1.29) 1.07 (0.84–1.37) 1.28 (1.09–1.50) **
Q3 1.10 (0.92–1.31) 1.05 (0.82–1.34) 1.16 (0.99–1.37)
Q4 1.29 (1.08–1.53) ** 1.28 (1.01–1.62) * 1.26 (1.06–1.49) **

p for trend 0.030 0.144 0.013
1 High SBP, high DBP, and high AIP were defined as SBP ≥ 140 mmHg, DBP ≥ 90 mmHg, and AIP ≥ 0.24,
respectively. 2 Model 1 was unadjusted. 3 Model 2 was adjusted for age, body mass index, waist circumference,
and waist-to-hip ratio. 4 Model 3 was adjusted for model 2 variables plus education, family income, smoking,
drinking alcohol, physical activity frequency, and sleep duration. * p < 0.05, ** p < 0.01, *** p < 0.001, significantly
different from the reference group.

Table 4. Binary logistic regression for the association between the dietary pattern, total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C)
(n = 5689).

Dietary Pattern

Cardiovascular Disease Risk Factors 1

High TC High LDL-C Low HDL-C

Odds Ratio (95% Confidence Interval)

Model 1 2

Q1 (reference) 1 1 1
Q2 0.84 (0.67–1.05) 0.63 (0.47–0.83) ** 0.88 (0.75–1.04)
Q3 0.97 (0.77–1.22) 0.82 (0.60–1.10) 0.81 (0.69–0.96) *
Q4 0.87 (0.70–1.09) 0.78 (0.58–1.05) 0.73 (0.62–0.86) ***

p for trend 0.349 0.013 0.002

Model 2 3

Q1 (reference) 1 1 1
Q2 0.92 (0.73–1.15) 0.68 (0.51–0.91) ** 0.95 (0.81–1.13)
Q3 1.11 (0.88–1.39) 0.92 (0.68–1.24) 0.93 (0.79–1.11)
Q4 1.08 (0.86–1.35) 0.94 (0.69–1.27) 0.90 (0.76–1.06)

p for trend 0.334 0.022 0.665
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Table 4. Cont.

Dietary Pattern

Cardiovascular Disease Risk Factors 1

High TC High LDL-C Low HDL-C

Odds Ratio (95% Confidence Interval)

Model 3 4

Q1 (reference) 1 1 1
Q2 0.92 (0.74–1.16) 0.71 (0.53–0.94) * 0.98 (0.83–1.16)
Q3 1.11 (0.87–1.40) 0.99 (0.73–1.35) 0.98 (0.82–1.16)
Q4 1.08 (0.85–1.37) 1.04 (0.77–1.42) 0.96 (0.81–1.14)

p for trend 0.381 0.013 0.971
1 High TC, high LDL-C, and low HDL-C were defined as TC ≥ 5.17 mmol/L (200 mg/dL), LDL-C ≥ 2.59 mmol/L
(100 mg/dL), and HDL-C ≤ 1.29 mmol/L (50 mg/dL), respectively. 2 Model 1 was unadjusted. 3 Model 2 was
adjusted for age, body mass index, waist circumference, and waist-to-hip ratio. 4 Model 3 was adjusted for model
2 variables plus education, family income, smoking, drinking alcohol, physical activity frequency, and sleep
duration. * p < 0.05, ** p < 0.01, *** p < 0.001, significantly different from the reference group.

Table 5. Binary logistic regression for the association between the dietary pattern, triglycerides (TG),
fasting blood glucose (FBG), and C-reactive protein (CRP) (n = 5689).

Dietary Pattern

Cardiovascular Disease Risk Factors 1

High TG High FBG High CRP

Odds Ratio (95% Confidence Interval)

Model 1 2

Q1 (reference) 1 1 1
Q2 1.39 (1.19–1.63) *** 1.19 (0.92–1.55) 1.12 (0.92–1.37)
Q3 1.42 (1.21–1.66) *** 1.75 (1.30–2.35) *** 1.38 (1.13–1.67) **
Q4 1.79 (1.54–2.09) *** 1.42 (1.08–1.86) * 1.51 (1.25–1.83) ***

p for trend 0.000 0.002 0.000
Model 2 3

Q1 (reference) 1 1 1
Q2 1.29 (1.10–1.51) ** 1.10 (0.84–1.43) 0.99 (0.81–1.22)
Q3 1.21 (1.03–1.43) * 1.54 (1.14–2.07) ** 1.14 (0.93–1.39)
Q4 1.43 (1.22–1.68) *** 1.16 (0.87–1.53) 1.14 (0.93–1.39)

p for trend 0.000 0.040 0.322
Model 3 4

Q1 (reference) 1 1 1
Q2 1.27 (1.09–1.50) ** 1.07 (0.82–1.39) 0.99 (0.80–1.21)
Q3 1.18 (1.00–1.40) * 1.45 (1.07–1.97) * 1.11 (0.90–1.36)
Q4 1.38 (1.17–1.62) *** 1.05 (0.79–1.41) 1.09 (0.89–1.34)

p for trend 0.001 0.971 0.569
1 High TG, high FBG, and high CRP were defined as TG ≥ 1.69 mmol/L (150 mg/dL), FBG ≥ 7.0 mmol/L
(126 mg/dL), and CRP ≥ 28.6 nmol/L (3 mg/L), respectively. 2 Model 1 was unadjusted. 3 Model 3 was
adjusted for age, body mass index, waist circumference, and waist-to-hip ratio. 4 Model 4 was adjusted for model
2 variables plus education, family income, smoking, drinking alcohol, physical activity frequency, and sleep
duration. * p < 0.05, ** p < 0.01, *** p < 0.001, significantly different from the reference group.

4. Discussion

4.1. Association between the Dietary Pattern and Cardiovascular Risk Factors

In this cross-sectional study of 5689 postmenopausal Taiwanese women, we derived
the cardiovascular risk dietary pattern and found a positive association with several CVD
risk factors such as SBP, DBP, AIP, TG, and FBG. Among the participants in the highest
quartile of the cardiovascular risk dietary pattern, 60.4% of postmenopausal women were
overweight or obese, and 64.6% were physically inactive (<150 min/week) (data not shown).
The cardiovascular risk dietary pattern was recognized by high consumption of processed
food, rice/flour products, organ meat, and sauce, but low intakes of dairy products, fruit,
whole grains, and sweet bread. The cardiovascular risk dietary pattern reflected similar
characteristics as the western dietary pattern recognized by high intakes of processed
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food, meat, organ meat, rice/flour products, but low consumption of fruit, dark-colored
vegetables, bread, and legume/soy products among Taiwanese middle-aged and elderly
with chronic kidney disease [23]. Processed food and organ meat are often rich in calories,
cholesterol, and/or saturated fat, and all of which could contribute to excessive energy
consumption [23].

Low fiber and excessive salt and/or sugar in processed food as well as unbalanced
saturated and unsaturated fats in animal food could be correlated with abnormal blood
pressure, blood lipids, and blood glucose among Taiwanese middle-aged adults and el-
derly [23]. Highly refined carbohydrate in rice/flour products, a dietary component for
high intake in the cardiovascular risk dietary pattern, could be associated with increases in
cardiovascular risk and the development of atherosclerosis among middle-aged adults [32].

Our results revealed that the cardiovascular risk dietary pattern was positively as-
sociated with blood pressure. We found that the prevalence of hypertension was only
11.3% among 5689 postmenopausal Taiwanese women. Unlike our results, the previ-
ous studies conducted among postmenopausal women reported that the prevalence of
hypertension was 31.6% and 56.0% in Brazilian and Chinese postmenopausal women,
respectively [20,33]. Weight gain and increased sensitivity to salt in the diet might occur
due to hormonal changes after menopause and age-associated metabolic changes, which
could lead to a raise in blood pressure [34]. Weight status and physical activity could
also contribute to abnormal blood pressure. Postmenopausal women aged <65 years with
overweight (33.3%) or obesity (42.9%) also had higher prevalence of high blood pressure
(130 mmHg/85 mmHg) compared to those who had normal weight (18.8%), and those
who did not do aerobic exercise tended to have higher prevalence of high blood pressure
compared to those who did aerobic exercise actively (44.0% vs. 14.3%, p = 0.06) [20].

Our findings showed that the cardiovascular risk dietary pattern was correlated with
an increase in AIP among postmenopausal women. Numerous studies demonstrated that
AIP was an important cardiovascular risk factor and a better predictor for CVD [33,35,36].
The previous studies have reported that AIP was a better predictor of the fractional ester-
ification rate of HDL-C which is a powerful predictor of CVD [35], and a more sensitive
diagnostic marker for studies of CVD [35], and a more sensitive diagnostic marker for CVD
among postmenopausal women compared to traditional lipid parameters [35,36].

Our results revealed that participants in the highest quartile (Q4) of the cardiovascular
risk dietary pattern were more likely to increase the odds of having high CRP before
adjustment, even the association between dietary pattern and CRP was not significant
after adjustment. A previous study conducted in Southern Brazil among postmenopausal
women also observed that participants with high CRP were positively correlated with BMI,
WC, body fat, TG, glucose, sedentary lifestyle, and excessive dietary carbohydrate intake
(>55% of total energy) [37].

Although the association between aberrant lipid profiles and certain nutrients or
food groups has been established, few have demonstrated the association between di-
etary pattern or quality and blood lipids in postmenopausal women [32]. We found that
the cardiovascular risk dietary pattern was positively correlated with increased odds of
high TG among postmenopausal women after full adjustment. Brazilian postmenopausal
women with a low-quality inadequate diet characterized by an excessive intake of sodium
(>2400 mg/day) had increases in the prevalence of high TC and high LDL-C known as
cardiovascular risk factors [20]. However, Tardivo and co-workers [32] showed that there
was no significant association between diet quality determined by healthy eating index
scores and blood lipids in Brazilian postmenopausal women. A study conducted among
Korean women showed that postmenopausal women who consumed the western dietary
pattern with high intakes of oil and fats, meat, eggs, fast food, and sweets but low intake of
grains were correlated with hyper LDL-C [38]. Other studies conducted among Chinese
women and Japanese women consuming a western dietary pattern with high intakes of
milk, dairy products, and fast food but a low intake of rice or vegetables revealed an
imbalance in lipid profile, especially increases in TC and LDL-C [39,40]. The abnormality
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of various serum lipids was linked to hormonal changes, such as the rise in circulating
androgen and the reduction in estrogen, during the menopausal transition period [39].

Adherence to a western type dietary pattern could be associated with the status of
being overweight or obese and having high WC, which might contribute to metabolic
alteration. The metabolic changes in postmenopausal women could explain the imbalance
of CVD-related biochemical variables [41]. Because of estrogen deficiency, postmenopausal
women could increase CVD risk factors including central obesity, elevated blood pressure,
increased blood lipids, decreased glucose tolerance, and increased vascular inflamma-
tion [42]. Compared to premenopausal women, postmenopausal women were more prone
to increase blood lipids, which could lead to increase the risk for the development of
atherogenesis [16]. In addition, the dietary components could be correlated with abnor-
mal CVD-related biochemical variables in postmenopausal women. High consumption
of energy [43], saturated fatty acids [44,45], trans fats [45], cholesterol [46], and eggs [46]
was associated with an increased risk of CVD or abnormal CVD-related biochemical vari-
ables among postmenopausal women. In contrast, a low-fat dietary pattern [45] or the
dietary pattern with high consumption of plant food such as whole grains, vegetables,
fruits, legumes, and nuts or seeds, but low intakes of processed food, red meat, sugar,
and sodium [47] were correlated with a reduced risk of CVD among postmenopausal
women. The cardiovascular risk dietary pattern identified in our study was characterized
by high intakes of processed food, rice/flour products, organ meat, and sauce which were
accompanied by a high amount of energy, saturated fats, trans fats, cholesterol, added
sugar, and sodium. Although the underlying mechanism for the effects of dietary patterns
or dietary components on CVD risk factors among postmenopausal women has not been
fully understood, changes in lipid metabolism and the increased accumulation of visceral
fat related to estrogen deficiency in postmenopausal women could partially contribute to
the effect of the dietary pattern on CVD risk factors.

4.2. Strengths and Limitations

To our knowledge, the present study is the first one to identify the cardiovascular
risk dietary pattern in postmenopausal Taiwanese women using the RRR model as a
novel and powerful method. Additionally, the RRR model gave more explanation about
the association between the dietary pattern and the disease of interest. Since the RRR-
derived dietary pattern was generated by a disease-specific response, the response variables
were correlated to the disease of concern [48]. Instead of explaining the variation in
significant biomarkers, principal component analysis only provided the explanation of
the overall variation in food group intake [48]. Meanwhile, by maximizing the explained
variation in the biomarkers for diet-related disorders, the RRR model could be able to
predict dietary pattern scores. Researchers can also determine the percentage variance
using the RRR approach from the predictor variables and response variables, and both
of which contributed to the dietary component [48]. Both the corresponding response
scores and the explained variation in the predictor variables could be used to evaluate
the extracted factor scores [48]. The large study population collected for 15 years could
be representative of postmenopausal Taiwanese women. We also included demographic,
anthropometric, clinical, biochemical, and dietary data to explore the association between
these variables. However, a number of methodological limitations need to be addressed.
First, our study was a cross-sectional study which provided features of eating habits and
other characteristics at a specific time point and could raise the possibility of reverse
causation bias. Second, the information for FFQ used to identify dietary habits could have
self-reported bias. Additionally, the FFQ could be used for an estimate of habitual food
intake but not for actual nutrient consumption. Even though the analysis was adjusted
for the majority of known confounding variables, the residual confounding bias due to
unknown or unmeasured covariates could not be completely ruled out. A longitudinal
study is needed to explore the association between dietary patterns and CVD risk factors
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among postmenopausal Taiwanese women. Further research should be conducted to
compare the association in premenopausal versus postmenopausal Taiwanese women.

5. Conclusions

The cardiovascular risk dietary pattern with a high intake of processed food, rice/flour
products, organ meat, and sauce is associated with increased odds of high blood pressure,
AIP, TG, and FBG among postmenopausal women. Our study suggests that choosing a
healthier dietary pattern with a lower intake of processed food, rice/flour products, organ
meat, and sauce could reduce the risk of CVD in postmenopausal Taiwanese women.
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Abstract: Vasomotor symptoms (VMS) are the most common symptoms among menopausal women;
these include hot flashes and night sweats, and palpitations often occur along with hot flashes. Some
studies in Mexico reported that around 50% of women presented with VMS mainly in the menopausal
transition. It has been proven that VMS are not only triggered by an estrogen deficiency, but also by
nutritional risk factors. Evidence of an association between nutritional risk factors and VMS is limited
in Mexican women. The aim of this study is to identify nutritional risk factors associated with VMS in
women aged 40–65 years. This is a comparative cross-sectional study, undertaken in a retrospective
way. A sample group (n = 406 women) was divided into four stages according to STRAW+10 (Stages
of Reproductive Aging Workshop): late reproductive, menopausal transition, early postmenopause,
and late postmenopause. Hot flashes were present mainly in the early postmenopause stage (38.1%,
p ≤ 0.001). Two or more VMS were reported in 23.2% of women in the menopausal transition stage
and 29.3% in the early postmenopause stage (p < 0.001). The presence of VMS was associated with
different nutritional risk factors (weight, fasting glucose levels, cardiorespiratory fitness, and tobacco
use) in women living in the northeast of Mexico.
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1. Introduction

Vasomotor symptoms (VMS) are the most common symptoms among menopausal
women. These symptoms are short-term menopausal disorders, which include hot flashes
and night sweats [1,2], and are often accompanied by palpitations [2]. According to
STRAW+10 (Stages of Reproductive Aging Workshop) criteria, which is a “gold standard”
that classifies women into stages of reproductive aging, VMS can appear in late menopausal
transition but are more common in the early postmenopause [3,4]. Some studies in Mexico
reported that VMS in women appear mainly in the menopausal transition, with a prevalence
of 45% in women aged 45–55 years [5] and 47.63% in women aged 51–63 years [6].

It has been proven that VMS are not only triggered by estrogen deficiency, but also by
different nutritional risk factors that can be modifiable and non-modifiable. Clinical practice
guidelines for the menopausal stage [7–9], along with several other studies, delimitate that
a body mass index higher or equal to 25, hypertension, and tobacco use are nutritional risk
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factors for VMS [10–12]. Their mechanism seems to relate to impaired heat conductance,
blood flow, and hormones [12,13]. However, there is limited evidence concerning other
factors such as fasting glucose ≥100 mg/dL, poor cardiorespiratory fitness, and excessive
total fat intake.

There is also limited evidence concerning the nutritional factors associated with
VMS in Mexican women. In Mexico, the prevalence of VMS has been reported but the
associated risk factors have not [5,6]. A previous study has evaluated the social and
nutritional factors associated with menopausal symptoms in Mexican women; however,
there was no distinction of VMS, as nine different symptoms were arranged into one
climacteric group [14]. These studies were carried out in central Mexico and there is limited
evidence for the northeast region. The aim of this study is to identify nutritional risk factors
associated with VMS in women aged 40–65 years in northeast Mexico.

2. Materials and Methods

2.1. Design and Subjects

This is a cross-sectional study which was carried out from 2015 to 2017. Women
enrolled in this study were 40–65 years of age, living in the metropolitan area of Monterrey,
in Nuevo León state, Mexico. They were apparently healthy, they voluntarily agreed
to participate, and all provided written informed consent. Exclusion criteria included
illnesses that affected their habitual eating habits and having undergone a hysterectomy.
Women with incomplete data were eliminated from the study analysis (Figure 1). A
total of n = 406 women were included in the study, representative of the study population
(560,115 women aged 40–65 years) of Nuevo León state in the year 2020. This was according
to a finite population equation, with 5% error and 95% confidence intervals, considering a
VMS proportion of 50% [15].

Figure 1. Flowchart of the recruitment of the study population.

Women were invited to participate via physical flyers and social media. They were
screened for the inclusion criteria via a telephone call and scheduled for an appointment at
the Center for Research in Nutrition and Public Health of the Facultad de Salud Pública y
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Nutrición, Universidad Autónoma de Nuevo León (School of Public Health and Nutrition,
Autonomous University of Nuevo León, translated into English).

This study followed the Declaration of Helsinki, and it was approved by the ethics com-
mittee of the Facultad de Salud Pública y Nutrición with protocol ID: 15–FaSPyN–SA–11.

2.2. Stages of Reproductive Aging (STRAW+10 Criteria)

A questionnaire was used to obtain data on menstrual cycles, including previous
menstrual period, presence of blood flow or amenorrhea, and changes in length between
cycles. According to the STRAW+10 criteria [3], women were classified into 4 stages
of reproductive aging (Figure 1). Late reproductive was defined as “the presence of
blood flow without changes or with short cycles.” Menopausal transition was defined as
“the presence of blood flow with long cycles or with at least one interval of amenorrhea
≥60 days,” “amenorrhea <60 days and without changes,” or “amenorrhea ≥60 days.”
Early postmenopause was defined as “amenorrhea ≥12 months, but ≤8 years,” and late
postmenopause was defined as “amenorrhea >8 years” [3].

2.3. Vasomotor Symptoms

Vasomotor symptoms (VMS) were reported in a questionnaire and included hot flashes
and night sweats. Palpitations were also registered, as they are often present along with
hot flashes [2]. Women had the option to answer yes (presence) or no (absence). After the
information was collected, 4 categories were established: (1) absence, (2) presence of hot
flashes, (3) presence of night sweats or palpitations, and (4) presence of 2 or more VMS,
including hot flashes, night sweats, and palpitations.

2.4. Nutrition Assessment

A nutrition assessment of participants was performed according to the Nutrition Care
Process of the Academy of Nutrition and Dietetics [16] as follows:

2.4.1. Anthropometric Measurements

Body mass index (BMI) was determined by the formula BMI = weight (kg)/height2

(m2), using a scale (Seca 874, ± 0.1 kg, Azcapotzalco, Mexico) for the weight and a digital
stadiometer (Seca 274, ± 2 mm, Azcapotzalco, Mexico) for the height. BMI was classified
as obese ≥30 kg/m2, overweight 25–29.9 kg/m2, or normal weight 18.5–24.9 kg/m2 [17].

2.4.2. Biochemical Data

Venous blood samples were collected at fast, centrifuged at 3500 rpm for 12 min, and
serum was obtained. The serum was frozen at −80 ◦C until assays were performed with the
glucose oxidase/peroxidase method. Fasting glucose was obtained using A25 autoanalyzer
(software version 4.1.1) (CV = 1.2%) (BioSystems S.A, Barcelona, Spain), according to the
Norma Oficial Mexicana NOM–253–SSA1–2012 [9]. Fasting glucose was classified as high
≥100 mg/dL or normal <100 mg/dL [18]. Women on treatments using hypoglycemic
drugs were also considered to have high fasting glucose levels.

2.4.3. Nutrition-Focused Physical Exam Findings

Systolic and diastolic blood pressure measurements were performed to the nearest
1 mmHg using a digital sphygmomanometer, according to the Norma Oficial Mexicana
NOM–030–SSA2–2009 [19]. Two readings were taken 5 min apart and the average was
calculated. Blood pressure was classified as hypertensive between ≥130 and ≥80 mmHg,
elevated between 120–129 and <80 mmHg, or normal between <120 and <80 mmHg [20].
Women on treatments using antihypertensive drugs were considered to be hypertensive.

The cardiorespiratory fitness (CF) of the women was obtained by measuring the
walking distance achieved in meters (m) during a six-minute (min) test, in a 15 m × 28 m
field. The CF value was reported as meters per minute, using the formula CF = m/6 min.
CF was determined as poor at <400 m/6 min or excellent at ≥400 m/6 min [21].
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2.4.4. Food and Nutrition-Related History

Total fat intake was assessed by a validated Food Frequency Questionnaire (FFQ) [22].
Women were asked to report the frequency and measurements of their intake of 136 items,
including foods and beverages. Total fat and energy intake was analyzed using the software
Food Processor® version 15.0 (ESHA Research, Salem, OR, USA) and was reported in grams
per day (g/day) [23].

2.4.5. Covariates

Women also reported tobacco use (yes or no), hormone use (yes or no), and date of
birth to determine age (years). Daily physical activity was obtained from the Minnesota
leisure-time physical activity (LTPA) questionnaire, in which women reported the fre-
quency and time spent in different activities. Metabolic equivalents per day (MET/d) were
calculated [24]. Intake of alcohol in milliliters per day (mL/day), and caffeine in milligrams
per day (mg/d), was also analyzed from the FFQ answers (see Section 2.4.4).

2.5. Statistical Analysis

Data were analyzed for normality using the Kolmogorov–Smirnov test. Differences
between groups (stages of reproductive aging) were determined using a chi-square test
with the Marascuilo procedure to establish the categorical variables. The Kruskal–Wallis
test with the Bonferroni adjustment was also used to determine the numerical variables
(post hoc test). The presence of VMS in the 4 categories (absence of VMS, presence of hot
flashes, presence of night sweats or palpitations, and presence of 2 or more VMS) were
reported in frequency and percentage. Differences among categories were determined
using a chi-square test with the Marascuilo procedure (post hoc test).

The dependent variable was the presence of VMS in the 4 categories (yes or no).
Independent variables included BMI (obese ≥ 30 kg/m2, overweight 25–29.9 kg/m2, and
normal 18.5–24.9 kg/m2), fasting glucose (high ≥100 mg/dL or normal <100 mg/dL), blood
pressure (hypertensive between ≥130 and ≥80 mmHg, elevated between 120–129 and
<80 mmHg, or normal between <120 and <80 mmHg), cardiorespiratory fitness (poor at
<400 m/6 min or excellent at ≥400 m/6 min), total fat intake (excessive >30% from total
kcal/d or adequate ≤30% from total kcal/d), and tobacco use (yes or no).

A multivariate logistic regression model was used to define statistical models of the
nutritional factors (independent variables) associated with VMS (dependent variable).
Odds ratios (OR) with 95% confidence intervals (95% CI) were calculated. Several models
were proposed: an unadjusted model (Model 1); an adjusted model (Model 2) including co-
variates (age (years), hormone use (yes or no), and daily physical activity (MET/day)); and
an adjusted model (Model 3) including covariates (stage of reproductive aging (late repro-
ductive, menopausal transition, early postmenopause, or late postmenopause), hormone
use (yes or no), daily physical activity (MET/d), alcohol intake (mL/day), and caffeine
intake (mg/day)) [25–27]. Model 2 was adjusted to include age as a covariate because VMS
follows a natural pattern according to lifespan [28]. Model 3 was adjusted to include the
stage of reproductive aging because VMS can be present at different stages [4].

Prevalence ratios (PR) were calculated using the following formulas, derived from cal-
culated odds ratios (OR) as previously proposed [29,30], where p1 is the prevalence of VMS
in the reference group and z is the coefficient of regression divided by its standard error.

PR =
OR

(1 + p1 ∗ [OR − 1])
(1)

95%CI = OR(1±(1.96/z)) (2)

A p value of <0.05 was considered to be statistically significant. All analyses were
performed using IBM SPSS® Statistics software, SPSS Inc., Chicago, IL, USA (version 25).
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3. Results

Table 1 compares the descriptive characteristics in women grouped by stages of repro-
ductive aging. A total of 24.4% of women were in the late reproductive stage, 23.4% were
in menopausal transition, 36.2% were in early postmenopause, and 16.0% were in late post-
menopause. The age of menopause was 48.6 years in women at the early postmenopause
stage (n = 147) and 43.4 years in women in the late postmenopause stage (n = 65), while the
average menopausal age (n = 212) was 47.0 years (data not shown).

Table 1. Descriptive characteristics of women aged 40–65 years grouped according to STRAW+10.

Late Reproductive Menopausal Transition Early Postmenopause Late Postmenopause p

Number of women, n (%) 99 (24.4) 95 (23.4) 147 (36.2) 65 (16.0)
Age, years

<0.001Mean ± SD 44.6 ± 3.3 a 47.4 ± 3.5 b 52.6 ± 4.1 c 56.4 ± 4.0 d

Median (Q1, Q3) 44.0 (42.0, 47.0) 48.0 (45.0, 50.0) 52.0 (50.0, 55.0) 53.0 (57.0, 59.0)
Drug treatment, n (%)

Hormonal 7 (7.1) 11 (11.6) 13 (8.8) 7 (10.8) 0.715
Hypoglycemic 5 (5.1) 8 (8.4) 20 (13.6) 7 (10.8) 0.159

Antihypertensive 9 (9.1) 10 (10.5) 21 (14.3) 15 (23.1) 0.057
BMI, kg/m2

Mean ± SD 27.9 ± 5.4 a 30.6 ± 6.7 b 29.5 ± 5.6 ab 30.1 ± 5.7 ab 0.018
Median (Q1, Q3) 27.6 (23.6, 31.1) 29.9 (25.2, 33.9) 28.1 (25.5, 32.8) 29.4 (25.8, 34.5)

Fasting glucose, mg/dL
0.002Mean ± SD 95.4 ± 32.4 a 97.5 ± 20.3 ab 105.1 ± 37.6 b 105.5 ± 33.3 b

Median (Q1, Q3) 91.0 (84.0, 99.0) 95.0 (85.0, 103.0) 98.0 (87.0, 108.0) 98.0 (89.0, 111.5)
Blood pressure, mmHg

Systolic
Mean ± SD

Median (Q1, Q3)
Diastolic

Mean ± SD
Median (Q1, Q3)

113.3 ± 15.0 a

110.5 (102.0, 119.5) a

72.4 ± 11.4
72.0 (65.0, 78.5)

114.9 ± 13.3 a

114.0 (103.0, 123.5)

73.5 ± 10.0
73.5 (65.5, 82.5)

118.2 ± 17.2 ab

115.0 (107.0, 126.5)

73.4 ± 12.1
73.0 (66.5, 81.5)

121.1 ± 13.7 b

122.5 (111.5, 131.5)

72.9 ± 11.0
73.0 (65.0, 80.5)

0.001

0.862

Cardiorespiratory
fitness, m/6 min

Mean ± SD
Median (Q1, Q3)

549.4 ± 69.0
544.3 (510.1, 601.5)

559.8 ± 70.0
551.9 (513.8, 596.1)

551.3 ± 85.6
559.0 (507.6, 604.1)

553.3 ± 67.9
541.5 (517.9, 603.4)

0.877

Total fat intake, %/d
0.039Mean ± SD 36.9 ± 6.5 a 36.6 ± 5.6 ab 36.2 ± 5.9 ab 34.3 ± 5.8 b

Median (Q1, Q3) 37.1 (33.0, 39.5) 35.9 (32.6, 40.2) 36.1 (32.0, 39.8) 33.4 (30.2, 38.3)
Tobacco use, n (%) 6 (6.1) 10 (10.5) 12 (8.2) 8 (12.3) 0.507

BMI: body mass index; SD: standard deviation. Numerical data were analyzed using the Kruskal–Wallis test with
the Bonferroni adjustment, and expressed as mean and standard deviation, and median and quartiles (Q1, Q3).
Categorical data were analyzed using a chi-square test with the Marascuilo procedure, and expressed as cases and
percentages, n (%). Superscripts a, b, c, d denote differences among groups. p < 0.05 denotes statistical significance.

There was a significant difference between stages of reproductive aging in terms of BMI
(0.018), fasting glucose (p = 0.002), systolic blood pressure (p = 0.001), and total fat intake
(p = 0.039). There were no differences between groups in cardiorespiratory fitness (p = 0.877)
and tobacco use (p = 0.507). Women in the late reproductive stage showed a lower BMI
(27.9 kg/m2), while women in menopausal transition presented a higher BMI (30.6 kg/m2).
Fasting glucose was lower in women in the late reproductive stage (95.4 mg/dL) and
highest in women in the late postmenopause stage (105.5 mg/dL). Women in the late
postmenopause stage showed the highest systolic blood pressure (121.1 mmHg). Total fat
intake was higher in women in the late reproductive stage (36.9%), and all groups had
intakes above the recommendation of 30% of total energy from fat.
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Prevalence of symptoms are reported as four categories (absence, hot flashes, night
sweats or palpitations, and 2 or more VMS) (Figure 2). The study reveals that of all
participants (n = 406), 41.4% experienced an absence of VMS and 29.6% presented with hot
flashes only. An absence of VMS prevailed in women in the late reproductive stage (67.7%).
Hot flashes were mainly reported in the early postmenopause stage (38.1%) followed
by late postmenopause (33.8%). The presence of either night sweats or palpitations was
reported mainly in women in the late reproductive stage (11.1%), although the presence of
this category did not differ between different stages (p = 0.202). A combination of two or
more VMS was reported by 23.2% of women in menopausal transition and 29.3% in early
postmenopause; only 6.1% of women in the late reproductive stage presented with two or
more VMS.

Figure 2. Prevalence of vasomotor symptoms. Data were analyzed using a chi-square test with the
Marascuilo procedure (post hoc test). They are expressed as percentages (%). * p < 0.01, ** p < 0.001.

The association between nutritional risk factors and VMS is shown in Table 2 for
unadjusted and adjusted models. In Model 1 (unadjusted model), an overweight BMI
(25–29.9 kg/m2) denoted a risk for the presence of hot flashes (PR 2.92, 95% CI: 1.66–6.32)
(OR 3.24, 95% CI: 1.66–6.33, p = 0.001). The presence of either night sweats or palpitations
was associated with high levels of fasting glucose (≥100 mg/dL) (OR 2.63, 95% CI: 1.09–6.37,
p = 0.031) (PR 2.49, 95% CI: 1.09–6.33) and poor cardiorespiratory fitness (OR 15.01, 95% CI:
1.94–115.62, p = 0.009) (PR 8.03, 95% CI: 1.95–115.62). In addition, the presence of two or
more VMS was associated with high fasting glucose levels (≥100 mg/dL) (OR 2.27, 95% CI:
1.29–3.99, p = 0.004) (PR 1.98, 95% CI: 1.29–3.98) and tobacco use (OR 3.19, 95% CI: 1.25–8.11,
p = 0.015) (PR 2.25, 95% CI: 1.26–8.10).
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After adjusting for age, hormone use, and physical activity level, Model 2 showed
very similar results to Model 1 (unadjusted). Excessive weight (BMI 25–29.9 kg/m2) was
a nutritional risk for the presence of hot flashes (PR 2.93, 95% CI: 1.63–6.51) (OR 3.26,
95% CI: 1.63–6.52, p = 0.001). Women were at risk of presenting with either night sweats or
palpitations if fasting glucose levels were ≥100 mg/dL (PR 2.38, 95% CI: 1.02–6.11) (OR
2.50, 95% CI: 1.02–6.11, p = 0.045) and if they had poor cardiorespiratory fitness levels (PR
7.63, 95% CI: 1.63–112.92) (OR 13.57, 95% CI: 1.63–113.01, p = 0.016). Presence of two or
more VMS was also associated with high fasting glucose levels (≥100 mg/dL) (PR 1.81,
95% CI: 1.13–3.63) (OR 2.03, 95% CI: 1.13–3.63, p = 0.017) and smoking habits (PR 2.12,
95% CI: 1.11–7.55) (OR 2.89, 95% CI: 1.10–7.57, p = 0.030).

Model 3 was adjusted to include the stage of reproductive aging, hormone use, phys-
ical activity level, alcohol intake, and caffeine intake (Table 2), denoting consistency in
results from Models 1 and 2. The presence of hot flashes was associated with an overweight
BMI (25–29.9 kg/m2) (PR 2.93, 95% CI: 1.63–6.52) (OR 3.26, 95% CI: 1.63–6.54, p = 0.001).
Levels of fasting glucose ≥100 mg/dL (PR 2.53, 95% CI: 1.05–6.80) (OR 2.67, 95% CI:
1.04–6.84, p = 0.039) and poor cardiorespiratory fitness (PR 8.33, 95% CI: 2.03–129.05) (OR
16.17, 95% CI: 2.02–129.11, p = 0.009) are risk factors associated with the presence of night
sweats or palpitations. High fasting glucose ≥100 mg/dL (PR 1.75, 95% CI: 1.08–3.48) (OR
1.94, 95% CI: 1.08–3.50, p = 0.027) and tobacco use (PR 2.19, 95% CI: 1.15–8.11) (OR 3.05,
95% CI: 1.14–8.13, p = 0.025) denoted a risk for the presence of two or more VMS.

There was no association between blood pressure and total fat intake and the presence
of VMS in any proposed model (unadjusted or adjusted).

4. Discussion

This observational study in women aged 40–65 years from Nuevo León state, in
northeast Mexico, determined the association between nutritional risk factors and the
presence of vasomotor symptoms. Menopausal onset was at 47.0 years; this is younger
than women living in central Mexico, as previous studies have found that women from
Queretaro started menopause at 49.1 years [5] and those from Mexico City at 50.0 years [6].
The onset of menopause at earlier ages, defined as early menopause (<45 years old), [31]
could be due to some of the trigger factors that women reported in this study, such as
tobacco use and an overweight or obese BMI [32]. Moreover, it has been demonstrated that
menopause at early ages is related to a higher risk of cardiovascular disease and mortality,
especially in women aged 50–78 years [33].

The experience of VMS is similar among Mexican women and follows a pattern that
predominates in the early postmenopause stage. In this study, 29.6% of all women showed
hot flashes, while 38.1% of women in the early postmenopause stage reported having this
specific VMS. In a previous study in central Mexico, 21.3% of women aged 40–60 years
reported having hot flashes, mainly during menopausal transition [34]. In other countries,
such as India, the United Kingdom, Australia, and the United States of America, hot flashes
were more frequently reported during the postmenopausal stage [35,36].

The presence of two or more VMS was reported in 22.2% of all women in the current
study and was most frequently reported by early postmenopausal women (29.3%). How-
ever, previous studies have shown greater incidence of two VMS (hot flashes and night
sweats) at the postmenopausal stage; this was found in 50.0% of women aged 24–44 years
from the United States of America [11] and in 53.3% of women aged 40–65 years from
India [35]. Therefore, in this study, the higher frequency of two or more VMS agrees with
the STRAW+10 criteria, which suggests greater a likelihood of symptoms occurring during
the early postmenopausal stage [3].

In this study, several women in the late reproductive stage also reported the presence
of VMS; 15.2% had hot flashes and 11.1% had either night sweats or palpitations. Previous
studies have reported night sweats in 40.0% and hot flashes in 29.0% of late reproductive
women aged 35–55 years [37]. It is important to note that VMS can begin at earlier stages,
such as the late reproductive stage, although in a low proportion due to estrogen reduction
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through constant aging and death of follicles [38]. Thus, assessment and diagnosis of VMS
is relevant at earlier stages.

The association between nutritional factors and the presence of VMS was analyzed
using three regression models to obtain the odds ratio (OR), and a formula using OR values
to obtain the prevalence ratio (PR). These demonstrate the risks of women being overweight,
having fasting glucose levels above 100 mg/mL, having a cardiorespiratory fitness below
400 m/6 min, and being a smoker. Adjustment of Models 2 and 3 for covariates did not
affect the association. Poor cardiorespiratory fitness was the only risk factor with subtle
changes in Model 3 that resulted in slightly higher risk and a wider 95% CI.

Hot flashes were associated with being overweight in this study population (BMI
25–29.9 kg/m2) at PR 2.92–2.93 and OR 3.24–3.26 (p = 0.001 in all models). Overweight
and obese BMIs have previously been associated with the presence of VMS, as reported
in the clinical practice guidelines [7,8] and in some studies from Scotland [10], North
America [27,39], Australia [40], and South Korea [26]. Women showing a higher BMI tend
to have an excess of body fat; visceral fat increases by up to 20% during the postmenopausal
stage [41]. In this study, obesity was not associated with hot flashes, which may be because
more obese women were at later stages, such as the late postmenopause stage, in which
hot flashes were less frequently reported, similar to a previous study [39]. Excessive fat
does not allow heat conduction through the skin; therefore, the body tries to release it
by maximizing vasodilation, which increases the central body temperature beyond the
sweating threshold [13,42]. However, our findings may also suggest that the mechanisms
of estrone, associated with a decrease in hot flashes, are naturally occurring in our study of
postmenopausal women [39,43].

Fasting glucose levels above 100 mg/dL were associated with either night sweats or
palpitations and with two or more VMS. A Swedish study in women aged 50–64 years
reported night sweats as the only VMS associated with high glucose levels (p < 0.05) [44].
In a longitudinal study of Australian women aged 45–50 years, it was stated that there was
a significant association between night sweats and diabetes (OR 1.91, 99% CI: 1.08–3.35,
p < 0.001) in an adjusted model including similar covariates as this study: age, educational
level, length of time, BMI, physical activity level, tobacco use, alcohol intake, menopausal
status, and hormone use [45]. Therefore, chronic hyperglycemia could be a strong asso-
ciated factor. High levels of glucose have been associated with insomnia, because the
hypothalamic-pituitary-adrenal axis is altered [46]. This axis also regulates steroid and
adrenal secretions [47], so its alteration impacts VMS occurrence.

The association between high blood pressure and VMS could be due to the increased
activity of the sympathetic nervous system [48], and thus the increased activity of the
adrenalin and sweat glands [49]. Although models in this study showed non-significant
results when systolic and diastolic blood pressures were elevated or at hypertension levels,
other authors have reported significant associations [44,50]. A study from Sweden in
postmenopausal women, aged 50–64 years, reported an association between the presence
of night sweats and systolic blood pressure (OR 2.07, p < 0.001) [44]. In addition, women in
the United States of America aged 45–54 years who were under antihypertensive treatment
had 1.80 times greater risk of presenting with hot flashes (p <0.05) [50].

Fat intake was not associated with the presence of VMS in any model (unadjusted
or adjusted). Intake of foods high in fat, especially saturated fat obtained from animal
sources such as red or white meat, can increase levels of LDL cholesterol (low-density
lipoprotein) [51], and therefore increase the presence of VMS [44]. This is supported by
findings of studies in Australian women aged 45–50 years, in which those who followed
a high-fat diet presented a significant risk for the presence of both hot flashes and night
sweats (unadjusted model, OR 1.16, p = 0.002) [52]. Additionally, a study of women aged
40–85 years in the United States of America, who were in menopausal transition and
postmenopause, VMS were higher among those who consumed more red and white meat,
seafood, and dairy, while an absence of VMS was presented among women consuming a
plant-based diet [53].
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It has been suggested that a decrease in VMS may be observed with improving
cardiorespiratory fitness [54,55]. Cardiorespiratory fitness was associated with improved
health (p < 0.001), emotions (p = 0.05), and occupational quality of life (p = 0.03), suggesting
a positive effect on reduced menopausal symptoms in women aged 45–60 years in the
United States of America [55]. However, there has been no reported association with hot
flashes and night sweats in Spanish women aged 45–60 years [56]. In the present study,
poor cardiorespiratory fitness was the nutritional factor with the highest association to
either night sweats or palpitations (PR 7.63–8.33; OR 13.57–16.17, p < 0.05). Women who
had been physically active since menopausal transition had more protection from VMS. A
higher cardiorespiratory fitness level decreases the activation of the sympathetic nervous
system, which narrows the blood vessels of the body; in turn, the thermoneutral zone
maintains homeostasis [57].

Tobacco use has been reported by different studies as a nutritional risk factor for
VMS. Cigarettes are composed of different metals that serve as endocrine disruptors which
alter the hormonal balance, so estrogens can be affected until they trigger VMS [12,58].
Women that have been smoking for many years may be at increased risk of having VMS.
In a longitudinal study, current smokers aged 24–44 years showed 2.5 times greater risk
of having hot flashes and night sweats (95% CI: 1.5–5.3, p <0.05) after adjusting for age,
hormone level, BMI, hormone use, marital status, and parity [11]. A study of women in
the late reproductive stage and the menopausal transition stage from the United States
of America, aged 42–52 years, showed an association between the presence of VMS (hot
flashes and night sweats), the number of cigarettes smoked (unadjusted model, OR 1.6,
95% CI: 1.3–1.9, p < 0.05), and passive smoke exposure (unadjusted model, OR 1.3, 95% CI:
1.2–1.4, 0.05) [59].

Strengths and Limitations

The main strength of the current study is that it has determined the association be-
tween nutritional risk factors and the presence of vasomotor symptoms in women aged
40–65 years from Nuevo León state, in northeast Mexico. The analysis of prevalence and
risk is also a strength of this study as it avoids over- or underestimation of this associ-
ation; however, data could not be compared against other publications. A limitation of
this study is the lack of precision in the responses of presence of VMS, as women were
questioned in a dichotomous way (yes or no) without considering frequency or intensity.
The analysis of some nutritional variables, such as blood pressure and cardiorespiratory
function, was limited due to an insufficient number of cases when assessing the categories
of VMS. Intakes of subtypes of fat were not analyzed. For future research, it is recom-
mended that women present a similar intake of alcohol and caffeine for more uniformity
in those covariates, which may achieve greater precision in adjusted models. In addition,
longitudinal studies are needed to infer specific causes or to determine strong risk factors
for this specific population.

5. Conclusions

The presence of VMS was associated with different nutritional risk factors (weight,
fasting glucose levels, cardiorespiratory fitness, and tobacco use) in women living in
northeast Mexico. This association was independent of covariates including age, stage of
reproductive aging, hormone use, reported physical activity, alcohol intake, and caffeine
intake. This evidence supports the need for updating these nutritional risk factors in clinical
practice guidelines and its application as an instrument in primary health care services,
which assist women at different stages of reproductive aging, at local and national levels.
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60-637 Poznań, Poland; anna.lukomska@up.poznan.pl

* Correspondence: joanna.bajerska@up.poznan.pl; Tel.: +48-61-8487335

Abstract: This study aims to investigate the effects of a high-fat, high-fructose (HF/HFr) diet on
metabolic/endocrine dysregulations associated with letrozole (LET)-induced Polycystic Ovarian
Syndrome (PCOS) in prepubertal female mice. Thirty-two prepubertal C57BL/6 mice were ran-
domly divided into four groups of eight and implanted with LET or a placebo, with simultaneous
administration of an HF/HFr/standard diet for five weeks. After sacrifice, the liver and blood were
collected for selected biochemical analyses. The ovaries were taken for histopathological examina-
tion. The LET+HF/HFr group gained significantly more weight than the LET-treated mice. Both
the LET+HF/HFr and the placebo-treated mice on the HF/HFr diet developed polycystic ovaries.
Moreover the LET+HF/HFr group had significantly elevated testosterone levels, worsened lipid
profile and indices of insulin sensitivity. In turn, the HF/HFr diet alone led to similar changes in the
LET-treated group, except for the indices of insulin sensitivity. Hepatic steatosis also occurred in
both HF/HFr groups. The LET-treated group did not develop endocrine or metabolic abnormali-
ties, but polycystic ovaries were seen. Since the HF/HFr diet can cause substantial metabolic and
reproductive dysregulation in both LET-treated and placebo mice, food items rich in simple sugar—
particularly fructose—and saturated fat, which have the potential to lead to PCOS progression, should
be eliminated from the diet of young females.

Keywords: polycystic ovary syndrome; pre-pubertal mice; high-fat and high-fructose diet; metabolic
disorders; endocrine disorders

1. Introduction

Polycystic ovary syndrome (PCOS) is one of the most common hormonal disorders
among women of reproductive age. It significantly impairs their fertility and increases the
risk of obesity, type 2 diabetes, hyperlipidemia, and cardiovascular disease [1]. Although
the exact cause of PCOS is unknown, recent reviews of the PCOS research have found that
genetic susceptibility is associated with PCOS and that environmental factors—such as
endocrine disruptors and poor diet—are likely to play an important role in the expression
of those genetic traits [2]. PCOS often manifests in the early reproductive years; puberty has
been suggested as a critical developmental time period for the development and pathology
of PCOS [3]. One factor commonly believed to be a risk factor for the development
of adolescent PCOS is excess body weight [4]. With normal body weight, the level of
total testosterone physiologically increases and the concentration of sex hormone binding
globulin (SHBG) decreases, leading to an increase in the concentration of free testosterone;
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in obese girls, these changes are much more pronounced, leading to hyperandrogenemia [5].
This occurs because excessively developed adipose tissue is unable to properly secrete
leptin and adiponectin, which are responsible for regulating androgen concentrations [6].
Moreover, excessive body weight is often associated with the development of insulin
resistance (IR), where higher insulin concentrations stimulate the ovaries to secrete more
androgens [7].

At present, young people are increasingly subjected to significant exposure to diets
rich in saturated fat, sugar, and fructose in particular [8]. Soft drinks, energy drinks, fruit
juices and nectars, and more generally, free sugars in liquid form represent the main source
of fructose consumed by today’s young generation, especially obese individuals. Of course,
fructose is also contained in fruit, but in minimal quantities compared to the weight of
the fruit itself [9]. This type of dietary environment has undoubtedly contributed to the
alarming increased prevalence of childhood obesity [10]. The results of the survey by
Pathak and Nichter imply that the childhood exposure of girls to a diet high in saturated
fat and simple sugars may also cause hormone disturbances during the prepubescent re-
productive maturation period, leading to lifelong ovarian dysfunction and the progression
of PCOS [11].

Many animal models have been developed with the aim of coming to a fuller un-
derstanding of the potential mechanisms underlying PCOS. Prepubertal exposure to the
aromatase inhibitor letrozole (LET) has been used for this purpose [12]. Although there are
inconclusive data on metabolic disorders resulting from exposure to LET [13–15], polycystic
changes in ovaries have occurred and disturbed endocrine parameters have been observed;
these include elevated levels of testosterone and luteinizing hormone and reduced levels
of estradiol, progesterone, and follicle-stimulating hormone [16,17]. The results of earlier
studies indicate that the addition of high-fat diet to the LET model affords good metabolic
aberrations, along with ovarian cysts [1,18,19]. However, all these studies were conducted
among adult female rodents. Pilot studies employing chronic, mild elevation of androgen
in prepubertal rhesus macaques maintained through young adulthood demonstrated that
these female monkeys developed metabolic and ovarian dysfunction when they were
exposed to a high-fat, calorie-dense diet [20,21]. These findings revealed for the first time
that diet can directly modulate the reproductive and metabolic symptoms associated with
hyperandrogenemia. A similar effect is caused by high-fat and high-sugar (HF/HS) diets
administered in the prepubertal period. However, it has been suggested that polycys-
tic ovaries and hyperandrogenism develop secondarily to the IR induced by the tested
diet [22].

Although the increased consumption of highly processed food, rich in simple sugar
particularly fructose and saturated fat, has been associated with obesity and metabolic
disorders in young people, the effects of this diet on the symptoms of PCOS around the
time of puberty are not clear. This study aims to investigate the effects of a HF/HFr
diet on metabolic/endocrine dysregulations associated with letrozole-induced PCOS in
prepubertal female mice.

2. Materials and Methods

2.1. Experimental Animals and Treatment

Every effort was made to minimize both the number of animals used and their suf-
fering. We calculated the sample size using G*Power software (RRID:SCR_013726); the
sample size of the mice was also determined in accordance with Zheng et al. [23]. The
effect size was calculated to be 2.05 on the basis of the differences in HOMA-IR between
the control HFD (high fat diet) group and the PCOS+HFD group. With an alpha value of
0.05, a sample size of eight mice per group would yield a power of 0.95.

Thirty-two (32) prepubertal C57BL/6 mice (average body weight 13.5 g) with an age
of three weeks were involved in the experiment. The animals were purchased from the
Mossakowski Institute of Experimental and Clinical Medicine, Polish Academy of Sciences,
Warsaw, Poland, and were housed in the vivarium at the Department of Physiology,
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Biochemistry and Animal Biostructure, part of the Faculty of Veterinary Medicine and
Animal Sciences at Poznań University of Life Sciences. They were allowed to adapt to the
laboratory environment for ten days. All animals were housed in standard polycarbonate
cages and maintained in a controlled environment, with a temperature of 21 ± 1 ◦C,
humidity of 55–65%, and a twelve-hour light–dark cycle. After acclimatization, at four
weeks of age, the mice were randomly assigned to four groups: (1) mice receiving placebo
pellet fed a standard diet (n = 8); (2) mice receiving placebo pellet fed the HF/HFr diet
(n = 8); (3) mice receiving LET pellet fed a standard diet (n = 8); and (4) mice receiving
LET pellet fed the HF/HFr diet (n = 8). Subcutaneous implantation of continuous release
letrozole (3 mg, 50 μg/day) or the placebo pellet was performed to induce PCOS or form a
control group, respectively. Letrozole was purchased from Innovative Research of America.

Such young animals were used because PCOS should be induced in the prepubertal
period [13]. Two groups of mice were fed with a standard laboratory diet (3.8 kcal/g,
energy supply ratio: protein 18%, carbohydrate 66%, fat 16%). In turn, the other two groups
were fed the HF/HFr diet (4.7 kcal/g, energy supply ratio: protein 17%, carbohydrate
37.5% (mainly fructose), fat 45.5%). The experimental diets were bought from Morawski
Animal Feed (Kcynia, Poland).

The animals had unlimited access to water and food throughout the experimental
period. Once a week, the animals were weighed with a Sartorius MSE2202S-100-D0 (Ger-
many) precision balance. During the fourth week of the experiment, dietary consumption
was assessed by randomly selecting four mice from each group and placing them in a semi-
metabolic cage for 3 days. For this purpose, the diet provided and the diet that remained
uneaten were weighted, and the difference was calculated to give the weight consumed.
The study was approved by the Local Ethical Commission under permission No. 51/2021
and was performed in line with the ARRIVE 2.0 guidelines for animal research [24].

2.2. Sample Collection

The animals were sacrificed after five weeks of the experiment by decapitation. Blood
was collected into nonheparinized sample bottles. The blood was centrifuged (3500× g,
15 min, 4 ◦C) to obtain serum samples, which were subsequently kept frozen at −80 ◦C
until needed for biochemical assays. The liver was collected and frozen in liquid nitrogen.

Immediately after the last blood draw, ovary samples were rapidly removed from
the animals. Ovaries from each mouse were fixed in 10% formalin (formaldehyde in
saline). The ovaries were stored at 4 ◦C in 50 mL of 20% sucrose in PBS for 24 h before
sectioning. Ovary sections of 4–5 μm thickness were obtained using a cryostat (CM1860 Ag
Protect; Leica Biosystems, Warsaw, Poland) and collected on microscopic slides (Menzel-
Glaser, SuperFrost Ultra Plus, Thermo Scientific, Budapest, Hungary). Subsequently, the
sections were stained with hematoxylin-eosin (Sigma-Aldrich, Madrid, Spain) in line with
the standard histological procedures; they were cover-slipped with DPX Mountant for
Histology (Sigma-Aldrich, Madrid, Spain). Slides were examined under a light microscope
(Leica, DM500, Leica Biosystems) and analyzed with LAS 4.9 software (Leica Biosystems).
The ovarian preparations were analyzed in terms of the number of follicles and their
diameters, the corpus luteum, and the thickness of the theca layer and the follicular wall.

2.3. Serum Biochemical Analysis

Serum glucose (GLU), triglycerides (TG), total cholesterol (TC), HDL-C, LDL-C,
C-reactive protein (CRP), and total antioxidant capacity (TAC) were measured using com-
mercially available colorimetric and enzymatic assays from Pointe Scientific (Lincoln Park,
MI, USA). The concentration of non-esterified fatty acids (NEFA) was determined using
an enzymatic test from Wako (Oxoid, Dardilly, France). Concentrations of insulin in blood
serum were measured using an immunoassay (ELISA) kit obtained from Sunlong Biotech
(Hangzhou, Zhejiang, China). The level of testosterone was analyzed using an immunoas-
say (ELISA) kit from LDN (Nordhorn, Germany). Liver cholesterol and triglycerides were
analyzed after lipid extraction using a cholesterol and triglycerides kit (Pointe Scientific,
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Lincoln Park, MI, USA), as described by Folch et al. [25]. The total antioxidant capacity was
measured using the TCA method with a TBARS Assay Kit. (Cayman Chemical, Ann Arbor,
MI, USA). The optical density of the samples was measured using a Synergy 2 microplate
reader (Biotek, Winooski, VT, USA).

2.4. Calculation of the HOMA-IR, HOMA-β, and QUICKI Indices

Insulin resistance and β-cell function were evaluated using the Homeostasis Model
Assessment Method. The HOMA-IR was calculated using the following formula:

HOMA − IR = fasting glucose [mmol/L] × fasting insulin [μIU/mL]/22.5

HOMA-βwas calculated using the following equation: HOMA − β = FI × 20/(FG − 3.5),
where FI is fasting insulin (in μU/mL) and FG is fasting glucose (in mmol/L).

The quantitative insulin sensitivity check index (QUICKI) was calculated using the
following formula:

QUICKI = 1 log (fasting glucose [mg/dL]) + log (fasting insulin [μIU/mL])

Non-HDL was calculated using the following formula: Non-HDL = total cholesterol
(mg/dL) − HDL (mg/dL).

2.5. Statistical Analysis

The results were statistically evaluated using Statistica 13.3.0 (TIBCO Software, Palo
Alto, CA, USA; 2017). The results are presented in the tables and figures as arithmetic
means ± standard deviations (SD), and the data in some figures are presented as medians
with boxes and whiskers representing the interquartile range and the 5th–95th percentiles
(GraphPad Prism 9.3.1. (471), GraphPad Software, San Diego, CA, USA). One-way analysis
of variance (ANOVA) was used to compare the mean values of variables among the groups.
Tukey’s post hoc test was used to identify the significance of pairwise comparison of mean
values among the groups. Values with different letters (a, b) show statistically significant
differences (p < 0.05, a < b).

3. Results

There were no significant differences in body weight at the beginning of the experiment
(placebo-treated mice: 14.6 ± 1.2 g; placebo-treated mice on HF/HFr diet: 15.0 ± 1.5 g;
LET-treated mice: 14.7 ± 1.5 g; and LET-treated mice on HF/HFr diet 14.5 ± 0.6 g; data
not shown).

Both the placebo and the LET-treated group of mice on the HF/HFr diet showed
significantly higher diet consumption than the corresponding controls (p < 0.05). More-
over, the LET+HF/HFr group ate significantly more than mice receiving the placebo
(p < 0.05). On the other hand, placebo-treated mice on the HF/HFr diet ate significantly
more (p < 0.05) than LET-treated mice (Figure 1A). After 35 days of the experiment, mice
from the LET+HF/HFr group had gained significantly more weight (by a factor of 1.3;
p < 0.05) than the related control. Moreover, this group of mice showed a significantly
higher weight gain than placebo-treated mice either on the control diet (p < 0.05) or on the
HF/HFr diet (p < 0.05; Figure 1B).

Both placebo- and LET-treated mice on the HF/HFr diet showed significantly (p < 0.05)
higher cholesterol concentrations than the corresponding controls. Moreover, the latter
group had a significantly (p < 0.05) higher cholesterol concentration than the placebo-
treated mice. In turn, the placebo-treated mice on the HF/HFr diet had substantially higher
cholesterol levels than the LET-treated mice (p < 0.05; Table 1). Exactly the same depen-
dencies were observed for the concentrations of HDL cholesterol, non-HDL cholesterol,
and LDL cholesterol. TG concentration and TC/HDL ratio fluctuated at the same level in
all four groups, and no significant differences were observed here. Substantially higher
levels of plasma NEFA were seen in the HF/HFr placebo-treated mice than in the related
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controls (p < 0.05). This parameter in the placebo-treated mice on the HF/HFr diet was
also considerably higher (p < 0.05) than in the LET-treated group and even than in the
LET+HF/HFr group. HF/HFr feeding also disturbed the hepatic lipid metabolism of the
experimental mice. The hepatic concentrations of both TC and TG increased remarkably
compared to the control (p < 0.05) after the placebo mice had fed on the HF/HFr diet.
The hepatic concentrations of TG in this group were also significantly higher than in the
LET-treated group (p < 0.05). Additionally, the hepatic concentrations of TG were also
significantly higher (p < 0.05) in the LET+HF/HFr group than in the related control. In
this group of mice, the hepatic concentrations of both TC and TG were also significantly
higher than in placebo mice fed a standard diet (Figure 2A,B). Plasma glucose levels were
significantly higher (p < 0.05) by a factor of 1.2 in the placebo-treated mice on the HF/HFr
diet than in the LET-treated mice. The LET+HF/HFr group of mice had significantly
higher values (p < 0.05) of the HOMA-IR and QUICKI indices than the related controls. No
significant differences in HOMA-β and CRP levels were observed between groups, while
the placebo-treated mice fed the standard diet had a significantly higher TAC, by a factor
or 4.9, than the LET+HF/HFr group.

Figure 1. Effects of HF/HFr (high fat/high fructose) diet on food intake (A) and changes in body
weight (B) in placebo or LET-treated (letrozole-treated) mice. The data are presented as medians,
with boxes and whiskers representing the interquartile range and the 5th–95th percentiles (n = 8 per
group), analyzed using one-way ANOVA followed by Tukey’s post hoc test. Values with different
letters show statistically significant differences (p < 0.05).
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Table 1. Effects of the HF/HFr diet on metabolic parameters in placebo and LET-treated mice.

Variables
Placebo Letrozole

Control HF/HFr Control HF/HFr

Total cholesterol (mg/dL) 131.9 ± 21.8 a 188.4 ± 26.0 b 137.6 ± 23.0 a 191.7 ± 39.8 b

LDL cholesterol (mg/dL) 51.6 ± 5.9 a 77.1 ± 4.9 b 49.5 ± 2.5 a 74.5 ± 6.2 b

HDL cholesterol (mg/dL) 30.8 ± 4.1 a 40.0 ± 3.2 b 28.9 ± 1.8 a 38.3 ± 1.6 b

Non-HDL cholesterol (mg/dL) 101.2 ± 22.0 a 148.4 ± 28.3 b 108.7 ± 23.7 a 153.4 ± 40.6 b

Triglycerides (mg/dL) 141.2 ± 16.4 135.9 ± 21.3 136.2 ± 16.6 128.7 ± 12.9
TC/HDL ratio 4.4 ± 0.9 4.8 ± 1.0 4.8 ± 0.9 5.0 ± 1.2

NEFA (mmol/L) 1.09 ± 0.05 a 1.24 ± 0.06 b 1.14 ± 0.11 a 1.12 ± 0.06 a

Glucose (mg/dL) 119.9 ± 14.0 ab 140.1 ± 23.0 b 113.9 ± 12.0 a 136.3 ± 18.4 ab

Insulin (mU/L) 2.9 ± 0.8 3.4 ± 1.5 2.6 ± 0.7 3.4 ± 0.7
HOMA-IR 0.9 ± 0.3 ab 1.0 ± 0.2 ab 0.7 ± 0.2 a 1.2 ± 0.3 b

HOMA-β 18.5 ± 2.9 17.7 ± 10.9 20.3 ± 9.3 20.0 ± 8.0
QUICKI 0.8 ± 0.1 ab 0.7 ± 0.1 ab 0.8 ± 0.1 a 0.7 ± 0.1 b

CRP (mg/L) 25.4 ± 4.2 27.2 ± 1.5 27.5 ± 2.9 29.4 ± 3.0
TAC (μmol/L) 6.5 ± 5.6 a 2.8 ± 1.1 ab 4.9 ± 3.5 ab 1.6 ± 0.5 b

Results are expressed as mean ± SD (n = 8 per group). Values with different letters (a,b) show statistically
significant differences (p < 0.05, Tukey’s post hoc test). NEFA: non-esterified fatty acids; TC: total cholesterol;
HDL: high-density lipoprotein; LDL: low-density lipoprotein; HOMA-β: homeostasis model assessment of β-cell
function; HOMA-IR: homeostasis model assessment of insulin resistance; QUICKI: quantitative insulin sensitivity
check index; CRP: C-reactive protein; TAC: total antioxidant capacity; HF/HFr: high fat, high fructose.

Figure 2. Terminal changes in the liver cholesterol (A) and triglycerides (B). The data are presented as
medians, with boxes and whiskers representing the interquartile range and the 5th−95th percentiles
(n = 8 per group), analyzed using one−way ANOVA followed by Tukey’s post hoc test. Values with
different letters show statistically significant differences (p < 0.05).
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Serum testosterone concentration was robustly higher by a factor of 1.6 in the LET+HF/HFr
group of mice (p < 0.05, Figure 3) compared to the control. Moreover, testosterone levels in
the placebo mice on the HF/HFr diet were significantly higher (p < 0.05) than in the LET-
treated group. In the LET-treated group, the LET+ HF/HFr group, and the placebo mice
on the HF/HFr diet, an increased number of corpus luteum were observed compared to
the placebo-treated mice on the standard diet. Moreover, the placebo mice on the HF/HFr
diet had the largest number of ovarian follicles of the four groups. This group also had the
thickest granulosa layer in the follicle, while in both the LET-treated and the LED+HF/HFr
groups, this layer’s thickness was visibly reduced. Furthermore, the LET+HF/HFr group
had the greatest follicle diameter and the thickest theca folliculi. Follicular atresia and the
presence of cysts were observed not only in both the LET-treated groups but also in the
group of placebo-treated mice on the HF/HFr diet. Interestingly, the changes in ovarian
morphology in the LET-treated mice were milder than in the LET+HF/HFr group, at least
partly due to the smaller number of cysts and lesser degradation of the granular cell layer
(Figures 4–9).

Figure 3. Effects of HF/HFr diet on testosterone levels in placebo or letrozole-treated mice. The
data are presented as medians, with boxes and whiskers representing the interquartile range and the
5th−95th percentiles (n = 8 per group), analyzed using one-way ANOVA followed by Tukey’s post
hoc test. Values with different letters show statistically significant differences (p < 0.05).

 
Figure 4. Histological sections of the ovaries of intact mice: tertiary follicle. O: oocyte; GL: granulosa
layer; A: antrium; LPF: late primary follicle; PrF: primodial follicle; IT: interstitial tissue; TF: theca
folliculi; TE: theca externa; TI: theca interna (H&E; power 100×(A)/400×(B)).
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Figure 5. Histological sections of the ovaries with atretic follicles (AF) in intact mice on the HF/HFr
diet. TF: tertiary follicle; PF: primary follicle; SF: secondary follicle; CL: corpus luteum; IT: interstitial
tissue; O: oocyte; GL: granulosa cells in the process of degradation (H&E; power 100×(A)/200×(B)).

Figure 6. Histological sections of ovaries with hemorrhagic cysts (HC) in LET-treated mice. LPF: late
primary follicle; IT: interstitial tissue (H&E; power 100×).

Figure 7. Histological sections of ovaries with follicular cysts (FC) in LET-treated mice. GL: granulosa
cells; CL: corpus luteum; IT: interstitial tissue (H&E; power 200×).

154



Nutrients 2022, 14, 2478

Figure 8. Histological sections of ovaries with follicular cysts (FC) in LET-treated mice on the HF/HFr diet.
TF: tertiary follicle; O: oocyte; GL: irregular granulosa layer; CO: cumulus oophorus; A: antrium; LPF: late
primary follicle; SF: secondary follicle; ZP: zona pellucida; IT: interstitial tissue (H&E; power 100×).

Figure 9. Histological sections of ovaries with corpus luteum cysts (CLc) in LET-treated mice on the
HF/HFr diet. Cw: cyst wall; CL: cyst lumen (H&E; power 400×).

4. Discussion

Since PCOS often manifests in the early reproductive years, puberty is considered to
be a critical time period for the development of PCOS. Indeed, our study demonstrated that
five weeks of HF/HFr feeding initiated at the prepubertal age provoked some reproductive
and metabolic features of PCOS in LET-treated female mice. More specifically, in the
LET+HF/HFr group of mice, elevated testosterone levels and morphological changes in
the ovaries were seen, suggesting PCOS. Indeed as was shown previously, elevated serum
testosterone levels are related to endocrine imbalances and contribute to PCOS symptoms
such as ovarian dysfunction and irregular ovarian or estrous cycles [26]. The LET+HF/HFr
group of mice also had a worsened lipid profile (TC, LDL-C, HDL-C and non-HDL, except
of TG) and insulin sensitivity indices (HOMA-IR and QUICKI). Hepatic steatosis also
occurred in this group of mice. Our findings are in line with those of previous studies
showing that the use of letrozole with a high-fat diet may induce or worsen the symptoms
of PCOS [1,25]. More specifically, Xu et al. noted that twelve weeks of administration of
LET with a high-fat diet in female Sprague–Dawley rats induced anovulatory cycles and
polycystic ovary morphology, body weight gain, elevated testosterone levels, abnormal
glucose and lipid metabolism, as well as insulin resistance [27]. Begum et al. indicated that
twelve weeks of administration of the LET+HF diet in Wistar female rats induced additional
glucose intolerance [1]. It should, however, be highlighted that all PCOS symptoms seen
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in our study developed as early as week five of the experiment when LET+HF/HFr was
administrated; moreover, hepatic steatosis also occurred. Worsened insulin sensitivity
indices, as observed in the LET-treated mice on the HF/HFr diet, seem to be associated
with the excess body weight of mice. Indeed, obesity is associated with inflammation
and the generation of reactive oxygen species that have a potent role in inducing insulin
resistance [15]. In line with this, in our LET-treated mice on the HF/HFr diet, we observed
substantial decreases in total antioxidant capacity (TAC) compared to placebo-treated mice
on a standard diet. This indicates that the occurrence of PCOS is associated with oxidative
stress in PCOS women, which may even contribute to the pathogenesis of this disorder [28].
Agreeing with this, a case-control study showed statistically significant decreases in the
TAC levels of women with PCOS as compared to the control group [29].

Interestingly, it was seen in our study that LET itself did not lead to the development of
any endocrine or metabolic abnormalities in experimental mice, but polycystic ovaries were
observed. In contrast, Arroyo et al. and Skarra et al. demonstrated that five weeks of LET
treatment resulted in the hallmarks of PCOS, including elevated testosterone and luteinizing
hormone (LH) levels, acyclicity, and the appearance of cystic ovarian follicles [13,30].
However, despite the hormonal variations shown in different animal studies, letrozole
in general manifests good reproducibility for PCOS-like features in rodents [15] and is
believed to cause the lean reproductive phenotype of PCOS [31].

The HF/HFr diet itself may also lead to some features of PCOS. As was observed
in our study, five weeks of exposure to the HF/HFr diet significantly elevated serum
testosterone of the female mice and also disturbed some lipid parameters (TC, LDL-C,
HDL-C and non-HDL, except of TG). Elevated levels of glucose and polycystic changes
in ovaries were also observed. However, worsened insulin sensitivity was not observed
in this model. Roberts et al. indicated that a high-fat, high-sugar diet given for eleven
weeks led to hyperinsulinemia but not to hyperandrogenemia in experimental rats [22].
However, elevated testosterone levels in that study were predictive of a high number of
ovarian cysts [22]. In our study, the elevated testosterone levels seen in a group of mice on
an HF/HFr diet seem to be the effect of higher levels (though not statistically significant
levels) of insulin. Indeed, insulin acts directly through its own receptor in PCO theca
cells to increase androgen production [32]. Interestingly, metabolic disturbances in the
placebo-treated mice fed the HF/HFr diet were seen even when the body weight of those
mice did not increase significantly. It was also surprising that, despite the equally high
consumption of the HF/HFr diet, only the LET-treated mice gained significantly more
weight, while the body weight of the placebo mice did not differ from that of the other
groups. Similar results were obtained by Patel and Shah, but this was associated with a
reduction in food intake, which was not observed in our experiment [33]. Huang et al.
explained that female rodents are relatively resistant to hyperphagia and weight gain in
response to a high-fat diet, in part due to the effects of estrogen, which suppress food intake
and increase energy expenditure [34].

Since increased prevalence of NAFLD has been reported in women with PCOS [35],
we also assessed the hepatic accumulation of TC and TG in our experimental mice. More
specifically, the hepatic accumulation of both TC and TG increased remarkably after the
placebo-treated mice were fed the HF/HFr diet, as compared with control. In LET-treated
mice on the HF/HFr diet, only the TG level was significantly higher than that of the
related control. The accumulation of excess triglycerides in hepatocytes is generally the
result of the increased delivery of non-esterified fatty acids (NEFAs), increased synthesis of
NEFAs, impaired intracellular catabolism of NEFAs, impaired secretion as triglyceride, or a
combination of these abnormalities [36]. In our study, only higher levels of the plasma NEFA
in the mice fed a HF/HFr diet compared to placebo-treated mice was seen. Interestingly,
despite the visible NAFLD, we did not observe significant differences in serum triglyceride
concentration, as hypertriglyceridemia develops secondarily to hepatic steatosis [37] and
the period of 5 weeks was likely insufficient for its full appearance [38].
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5. Conclusions

Our findings reveal for the first time that HF/HFr feeding given around puberty may
directly stimulate reproductive and metabolic symptoms, not only in LET-treated mice but
also in placebo-treated mice. These findings indicate that a diet that is highly processed,
high in simple sugars (particularly fructose), and high in saturated fats may, if eaten every
day, have a great impact on PCOS progression in young females. Food products that are
rich in these ingredients should therefore be eliminated from the diets of women with
PCOS, especially younger women. Furthermore, the combination of the HF/HFr diet with
LET causes visible metabolic disorders, comparable to those found in women with PCOS.
Moreover, hepatic steatosis also occurred. Thus, this animal model can be used to the test
various options for PCOS treatment. In turn, the model based on letrozole alone was not
sufficient to induce the above-mentioned disorders, although it caused visible changes in
the morphological structure of the ovaries.
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Abstract: An analysis of the literature generated within the past 20 year-span concerning risks of
uterine fibroids (UFs) occurrence and dietary factors was carried out. A link between Vitamin D
deficiency and UFs formation is strongly indicated, making it a potent compound in leiomyoma ther-
apy. Analogs of the 25-hydroxyvitamin D3, not susceptible to degradation by tissue 24-hydroxylase,
appear to be especially promising and tend to show better therapeutic results. Although research on
the role of Vitamin A in the formation of fibroids is contradictory, Vitamin A-enriched diet, as well as
synthetic retinoid analogues, may be preventative or limit the growth of fibroids. Unambiguous con-
clusions cannot be drawn regarding Vitamin E and C supplementation, except for alpha-tocopherol.
Alpha-tocopherol as a phytoestrogen taking part in the modulation of estrogen receptors (ERs)
involved in UF etiology, should be particularly avoided in therapy. A diet enriched in fruits and veg-
etables, as sources of carotenoids, polyphenols, quercetin, and indole-3-carbinol, constitutes an easily
modifiable lifestyle element with beneficial results in patients with UFs. Other natural substances,
such as curcumin, can reduce the oxidative stress and protect against inflammation in leiomyoma.
Although the exact effect of probiotics on uterine fibroids has not yet been thoroughly evaluated at
this point, the protective role of dairy products, i.e., yogurt consumption, has been indicated. Trace
elements such as selenium can also contribute to antioxidative and anti-inflammatory properties of a
recommended diet. In contrast, heavy metals, endocrine disrupting chemicals, cigarette smoking,
and a diet low in antioxidants and fiber were, alongside genetic predispositions, associated with
UFs formation.

Keywords: uterine fibroids; diet; green tea; curcumin; vitamin A, C, D, E; selenium; trace elements

1. Introduction

Uterine leiomyomas are the most frequent tumors in women at reproductive age.
The origin of these benign neoplasms is multifactorial. Genetic, inflammatory, hormonal,
and other associated factors play an important role in uterine fibroids (UFs) develop-
ment. Molecular analysis of this type of tumors points towards the mediator complex
subunit 12 (MED12) mutations and high mobility group AT-hook 2 (HMGA2). The above
genetic variants have different gene expression profiles [1–3]. The diversity of metabolic
processes and reduced levels of specific vitamins and other co-factor metabolites enable
tumor growth and formation. This process is conditioned by alterations in enzyme func-
tion and signaling pathways [4]. MED12 mutations are associated with the induction of
gene expression of wingless-type mouse mammary tumor virus integration site family,
member 4 (Wnt4), and activation of β-catenin signaling in UFs [5]. The activation of
mammalian target of rapamycin (mTOR) pathway can also be responsible for the growth
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of fibroids [6]. Oxidative stress has also been indicated as a potential factor [7]. Profi-
brotic tumors can form a result of the imbalance between connective tissue production
and degradation. Oxidative stress is involved in the deposition of extracellular matrix
(ECM) components in myoma, such as collagen, proteoglycan, and fibronectin [8]. Local
and general inflammatory status may also present as a possible mechanism underlying the
onset of myomas [9–11]. There is a growing body of knowledge on the management and
conservative treatment of UFs. Dietary components can alter various factors associated
with uterine myoma formation and have both promoting and inhibiting effects on tumor
formation and growth [12–21].

The most popular, that is hormonal and surgical treatment of myoma, can have many
potential side effects and complications. Thus, the trend of finding less invasive and
more natural methods of managing leiomyoma appears to be very important in the era
of postponement of patients’ procreation plans and the growing problem of infertility. In
the era of increased interest in organics, environmentalism, and ever changing patient
expectations, natural substances represent a promising strategy of action in the prevention,
treatment, and management of fibroids and, as such, may provide complementary therapy
for this common pathology.

1.1. Nutrients and Their Deficiencies

A recent study by Makwe et al. revealed lower serum levels of vitamin C, vitamin
D, and calcium in black women with uterine fibroids [22]. The hypothesis was that these
vitamins and minerals played a role in etiopathogenesis, progression, and growth of
UFs. In a study by Orta et al., the effect of frequent dairy consumption was highlighted
as a factor that might influence the incidence of uterine leiomyoma [13]. Despite no
straightforward correlation between dairy consumption and fibroid formation, the authors
noticed that a greater intake of yogurt and calcium-rich dairy could inversely reduce the risk
of fibroids occurrence. Similar observations were made by Shen et al. and Zhou et al. who
claim that dairy consumption may indeed have preventative effects when it comes to UFs
formation [15,17]. Wise et al. observed an inverse association between dairy consumption
and uterine leiomyomata development in African American women [20,21]. Since the dairy
consumption is significantly lower among Black Americans than White Americans, they
attributed dietary habits as a possible factor contributing to the frequency of the disease
prevalence by race [21]. This may be related to the microflora of dairy products and sources
of calcium in food alike. Dairy can be considered not only as a food source supporting the
development of normal bacterial flora (probiotics, prebiotics, intestinal passage support),
but also as the supplier of compounds and antioxidants.

Fruit and Vegetables are rich in dietary fibers, phytochemicals, vitamins and minerals,
and antioxidants. These phytochemicals have well-known anti-inflammatory, antiprolifera-
tion, antifibrotic, and anti-vascular properties [23], thus in light of current knowledge, a
diet based on a large amount of plant and dairy products seems to be a favorable recom-
mendation. The focus of our study was on natural compounds that protect against the risk
of UFs and can be useful in treatment of these tumors. After an extensive review of the
available Literature on the effects of dietary components on the occurrence of UFs (past
two decades), we hypothesized that foods with proven antioxidant, anti-inflammatory,
antiproliferative, and antifibrotic properties might be considered a potential treatment for
patients with uterine myomas. All the studies discussed in the review are presented in
Supplementary Table S1.

1.2. The Influence of Intestinal Dysbiosis

Dysbiosis, or dysregulation of the gut microbiota, may play a role in the pathogenesis
and perpetuation of inflammatory processes [24]. Dairy products, as a source of vitamins
and minerals, may potentially reduce the inflammation and tumor growth and thus have
a beneficial effect on leiomyoma occurrence and growth. Some of these products, pro-
duced by bacterial fermentation of milk, i.e., yogurts, may change intestinal microbiota
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in consumers. Short chain fatty acids (SCFA) are produced in the gut as bacterial metabo-
lites [25]. Butyric acid (BA), one of SCFAs, can induce differentiation and apoptosis and
inhibit proliferation and angiogenesis [26]. Dysbiosis may stimulate the pro-inflammatory
cytokines or growth factors. Growth factors and cytokines interact through the estrogen
and progesterone action, which plays an important role in uterine leiomyoma growth [27].
A beneficial gut microbial environment can potentially affect the uterus environment and
reduce the risk of uterine leiomyoma formation [28]. The gut microbiota covers the entire
population of microorganisms: bacteria, fungi, viruses, and protozoa that exist in symbiosis
with the human gut. Probiotics are living microorganisms that have a positive effect on
gut microbiota. Changes in gut microbiota associated with probiotics intake have been
shown to have positive effects in a number of diseases, mainly associated with chronic
inflammation and oxidative stress [29–34], but to date, there have not been many studies
on probiotic impact on uterine leiomyoma—only an indirect role of intestinal microflora
changes resulting from yoghurt consumption and their effect on myoma formation has
been observed [13,17,20,21].

2. Vitamins

Particular attention should be paid to carotenoids and Vitamin A derivatives. Carotenoids
sourced directly from diet actively decrease reactive oxygen species and thus the oxidative
stress response in tissues. Carotenoids are a major source of vitamin A in a diet. Lycopene,
for instance, displays antioxidant properties and provitamin A activity, and is contained
in many yellow, orange, and red fruits and vegetables [12,14,15,35,36]. In other words,
carotenoids may play a role in diminishing the number and size of leiomyomas by its an-
tioxidant effect. They cause suppression of cell proliferation and induce cells differentiation
and apoptosis [16]. Vitamins C and E, as antioxidants, protect cell membranes and the DNA
from oxidative stress, and vitamin A is essential for cell differentiation and proliferation
control and may help reduce fibroid growth [18].

Retinoids, as derivatives of Vitamin A, have structural or functional similarity to
vitamin A. Retinoids can be natural or synthetic. The proven effects of retinoids include
reduction in inflammation, regulation of cell growth and proliferation, and inhibition of
carcinogenesis. Studies confirm that retinoids inhibit the growth of primary cultures of
human uterine myomas [37–41]. Tomatoes and tomato-based products are particularly high
in lycopene, folate, vitamin C, vitamin A, and flavonoids. These bioactive compounds, as
potent antioxidants, can be used with therapeutic effects in leiomyoma treatment. Changes
in diet may have more beneficial effects than selective supplementation.

2.1. Carotenoids, such as Lycopene

Carotenoids as antioxidants can potentially reduce the risk of uterine leiomyoma.
He et al. argued that a consumption of fruit and vegetable products rich in fibers and
lycopene, significantly decreased the risk of fibroids in premenopausal women, while in
postmenopausal women that correlation was insignificant [14]. This was confirmed in Shen
Y. et al. 2016 study [15]. They revealed that a vegetarian diet, with greater intake of fresh
fruits (i.e., apples) and vegetables (i.e., cruciferous vegetables, especially cabbage, Chinese
cabbage, broccoli, and tomatoes rich in lycopene) was likely to significantly reduce the
incidence of UFs. Similarly, Sahin et al. observed in their animal model study that high
doses of lycopene supplementation in a form of tomato powder could prevent development
and/or cause shrinkage of fibroids [35,36]. The doses of lycopene used by Sahin et al. were
however much higher than in a typical human diet. Zhou et al. noticed that the risk of UFs
formation could be significantly decreased with increased nut and vegetable consumption
(especially legumes, seaweed, and carrots). Their study found no significant correlation
with fruit intake (except for kiwi), which was inversely associated with the risk of UFs [17].
In contrast, Wise et al. showed that citrus fruit consumption was inversely associated with
fibroid risk among Black American women [16]. Martin et al. suggested a positive but
not statistically significant association between b-carotene and UFs [18]. Some studies do
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not support the hypothesis of an exclusively beneficial role of carotenoids in the risk of
myoma. No association was found between UF risk and dietary intake of carotenoids (e.g.,
α- and β-carotene, lycopene: tomato juice, spaghetti, watermelon, salad greens, carrots,
spinach, sweet potatoes, greens) in the 2021 study by Wise et al., confirming previous
results published in 2011 [12,16]. Terry et al. observed a similar lack of correlation, stressing
that cigarette smoking combined with high β-carotene intake exacerbated the risk of fibroid
formation [19]. Czeczuga-Semeniuk analyzed the presence of different types of carotenoids
(β-carotene, β-cryptoxanthin, lutein, neoxanthin, violaxanthin, and mutatoxanthin) in
tissue of a healthy uterus and various uterine tumors, including myomas [42]. Lutein
epoxide and mutatoxanthin were predominant in myomas. This points toward the fact that
carotenoids with provitamin A activity may induce fibroid growth.

Dietary intake of carotenoids raises many questions with regard to their effects on
fibrotic tumors, especially in female patients who smoke cigarettes, and as such requires
further study.

2.2. Vitamin A. Retinoids

A 2020 study by Wise et al. found no association of UF incidence with dietary Vitamin
A intake (i.e., salad greens, carrots, spinach, sweet potatoes, eggs, cheese, and cereal
products) [12]. These results were generated within a particular racial group of women and
as such might be worth exploring in the remaining population. Previously, in 2011, Wise
et al. observed an inverse correlation between dietary intake of Vitamin A and the risk of
UFs. They noted that it was predominantly conditioned by preformed Vitamin A derived
from animal sources (i.e., liver and milk), but not by provitamin A from fruit and vegetable
sources (i.e., carrots, sweet potatoes/yams, and collard greens) [16]. These findings may
complement the molecular study of Heinonen et al. who showed that levels of vitamin
A were specifically reduced in leiomyomas of the MED12 subtype [4], yet appeared to
be contradictory to conclusions drawn by Martin et al. who noted positive, statistically
significant, and dose-dependent association between vitamin A and uterine fibroid risk,
except for the population of Hispanic women [18].

A possible explanation for the positive association between Vitamin A and the risk
of UFs is that exposure to high levels of Vitamin A can activate peroxisome proliferator-
activated receptors (PPARs). These nuclear receptors, in combination with retinoid X
receptors, can activate gene expression, and thus simultaneously increase the risk of UFs
in some women [18]. Retinoids are small molecule derivatives of Vitamin A. Studies
have shown that the retinoid pathway is significantly altered in fibroids compared to
normal myometrium. Retinol requires conversion to retinoic acid (RA), which requires
the activity of specific enzymes. In fibroid fibroblasts, aldehyde dehydrogenase (ALDH1)
has been specifically identified as one of them. Studies concluded that alterations in the
retinoid pathway could lead to abnormal RA production and signaling, which might
be important in fibroid development [38,39,43,44]. Zaitseva reports that transcription
factor II (known as NR2F2) and CTNNB1(b-catenin) genes are potentially causal factors
in the development of UFs [45]. According to her research, the combination of RA and
progesterone regulates NR2F2 expression and thus affects fibroid growth. This suggests
that retinoids, by causing these molecular alternations, may be useful in the treatment of
UFs. In their in vitro studies, Ben-Sasson et al. and Malik et al. demonstrated decreased cell
proliferation, ECM formation, RA metabolism, transforming growth factor beta (TGF- β)
regulation, and increased apoptosis in human leiomyoma treated with retinoic acid (ATRA-
all-trans-retinoic acid) [40,41]. Broaddus et al. showed, again in vitro, that treatment with
4-(N-hydroxyphenyl)-retinamide (4-HPR) or a-difluoromethylornithine (DFMO) resulted
in growth inhibition of primary cultures of human uterine leiomyoma [37]. 4-HPR is a
synthetic retinoid analog that, in comparison to other retinoids, has a reduced toxicity
potential. It promotes apoptosis and induces growth inhibition through induction of p53,
p21, and p16, and modulation of extracellular matrix in human uterine leiomyomas. It
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was noted that the mechanisms of growth inhibition and apoptosis induction could be
independent of binding to nuclear retinoid receptors [37].

The above results suggest that a diet rich in Vitamin A and retinoids can prevent
fibroids and inhibit tumor growth. Synthetic retinoid analogues can also be effective.

2.3. Vitamin E

Vitamin E is a potent antioxidant that acts by scavenging lipid hydroperoxyl radicals
and so can protect cells from the effects of free radicals [46]. Food sources of Vitamin E
include canola oil, olive oil, almonds and peanuts, meat, dairy, leafy greens, and fortified
cereals. It is also available in oral supplements. Little data is available on Vitamin E and
its effects on UFs. Wise et al. found no associated risks with consumption of diet-derived
Vitamin E [16]. Martin et al. highlighted a positive, dose-dependent link between vitamin
E and the incidence of UFs; the findings were, however, not statistically significant [18].
Ciebiera et al. showed higher serum concentration levels of α-tocopherol (the most common
form of vitamin E) in Caucasian women, which may be an important factor in fibroid
development [47].

Vitamin E, despite its antioxidant properties, appears not to demonstrate proven
beneficial effects in terms of leiomyoma prevention and management.

2.4. Vitamin D

Vitamin D is obtained mainly from sun exposure (skin synthesis), food (oily fish
such as trout, salmon, tuna, mackerel, and fish liver oils), and vitamin supplements. Pro-
hormonal forms of vitamin D require hydroxylation in the liver to 25-hydroxyvitamin
D (25(OH)D) and in the kidney to their active form, that is 1,25-dihydroxyvitamin D
(1,25(OH)2D3). Vitamin D3 exerts its biological functions by interacting with and activating
the nuclear vitamin D receptor (VDR). In vitro studies point toward uterine myoma cells ex-
hibiting lower levels of VDR expression [48,49]. In addition, a negative correlation between
decreased levels of vitamin D receptor (VDR) and increased levels of estrogen and proges-
terone receptors (ER-α, PR-A, PR-B) was observed in myoma tumors [50]. It is estimated
that Vitamin D deficiency affects 25–50% (possibly more) of patients [51]. Several studies
found that insubstantial levels of Vitamin D can contribute to the development of UFs
in African American, Caucasian, and Asian women alike [52–60]. Vitamin D3 deficiency
activates fibroid cell growth, exacerbates DNA damage, and reduces DNA repairability; it
promotes uncontrolled proliferation and fibrosis, and increases chronic inflammation. In
combination, these processes are highly tumorogenic [61,62]. Othman et al. demonstrated
that, in comparison to normal myometrium, myoma tissue contains significantly lower
concentrations of 1,25(OH)2D3. Additionally, an overexpression of 24-hydroxylase was
found in myoma, which may further suppress the anti-tumor effect of 1,25(OH)2D3 and
exacerbate vitamin D deficiency in the tissue [63]. A recent study by Ciebiera et al. revealed
an inverse correlation between lower 25(OH)D serum concentrations and increased serum
transforming growth factor β3 (TGF-β3) concentrations in women affected by fibroids [64].
This growth factor can be associated with increased fibrosis and ECM accumulation in
myoma [65,66]. Findings on inverse correlation between serum levels of 25(OH)D and
fibroid volume vary, ranging from significant to insignificant association [52,67,68]. No cor-
relation was however observed between 25(OH)D serum levels and number of fibroids [67].
Some data suggest that Vitamin D supplementation reduces leiomyoma cell proliferation
and thus prevents leiomyoma growth [56,69–71]. A significant downregulation of ER-α,
PR-A, PR-B, and steroid receptor coactivators in human myoma cells may be one of the
mechanisms—an effect similar to that observed during the course of hormone therapy with
GnRH analogues and ulipristal acetate (UPA) [50,72,73]. Halder et al. and Li et al. point to
the antifibrotic activity of Vitamin D [74,75]. Vitamin D3 inhibited TGF-β3-induced protein
expression and all TGF-β3-mediated effects involved in the fibrotic processes in leiomyoma.
Other studies indicate that increasing Vitamin D levels by one unit can reduce the risk
of developing UFs by 4–8% [59,64]. Hajhashemi et al. confirmed a significant decrease
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in leiomyoma size after 10 weeks of vitamin D administration [76]. A slight, statistically
insignificant reduction in fibroid volume after a short-term Vitamin D supplementation
was observed by Arjeh et al. [77], Davari Tanha et al. [78], and Suneja et al. [79] in patients
with hypovitaminosis D (12, 16, and 8 weeks, respectively). Ciavattini et al. reported a
similar effect after 12 months of Vitamin D3 supplementation [67]. Vitamin D3 supplemen-
tation may inhibit the growth of UFs, reduce fibroid-related symptoms, and reduce the
need for surgical or medical treatment for progression of fibroids [67,78,79]. Especially, a
long-term course of treatment can have antiproliferative, antifibrotic, and proapoptotic
effects in leiomyoma, as demonstrated by Corachán et al. [80], a finding consistent with
other studies in vitro [61,74,75]. Beside apoptosis induction, Vitamin D suppresses catechol-
O-methyltransferase (COMT) expression and activity in myoma cells—an enzyme that
plays a vital role in myoma formation [74]. In fact, physiological concentrations of vitamin
D can effectively inhibit the growth of myoma cells [61]. 1,25(OH)2D3 can significantly
reduce the expression of ECM-associated proteins and structural actin fibers in human
leiomyoma cells, as observed by Halder et al. [48]. This effect was a consequence of previ-
ous significant induction of nuclear vitamin D receptor (VDR) expression by 1,25(OH)2D3
in a concentration-dependent manner. In another study, Halder et al. observed a significant
reduction in MMP-2 and MMP-9 mRNA levels, as well as a reduction in MMP-2 and
MMP-9 protein levels in uterine fibroid cells in a concentration-dependent manner and
concluded that through this mechanism, 1,25(OH)2D3 might limit fibroid growth and ECM
deposition [81]. Al-Hendy et al. observed that 1,25(OH)2D3 spontaneously induced its
own VDR, while significantly downregulating the expression of sex steroid receptors (ERs
and PRs) and receptor coactivators, which affected myoma formation and growth; hence,
1,25(OH)2D3 suppressed estrogen-induced proliferation in leiomyoma cells [50]. Cell pro-
liferation and extracellular matrix production in myoma tumors can be affected by Vitamin
D as it can suppress tumor-promoting Wnt4/β-catenin expression and reduce activation of
mTOR signaling in human UF cells [82]. As observed by Corachán et al., Vitamin D inhibits
the Wnt/β-catenin and TGFβ pathways, reducing proliferation and extracellular matrix
formation, in different molecular subtypes of uterine myomas (MED12-mutated and wild-
type human tumors) [83]. Ali et al. hypothesized that myoma tumor progression might be
inhibited by recovering the damaged DNA repair system [84]. They showed in vitro that
vitamin D3 treatment significantly reduces DNA damage, restores the normal DNA damage
response, and is accompanied by induction of VDR in fibroid cells [84]. DNA repair in
cells exposed to classic DNA damage inducers in UF pathogenesis (endocrine-disrupting
chemicals -EDCs) was achieved by a 1,25(OH)2D3 treatment of myoma cells in animal mod-
els [85]. Clinical trials show promising results in patients with UFs and hypovitaminosis D
treated with Vitamin D3 supplementation, revealing a significant decrease in tumor size
and numbers [76,86]. At the time of the review, search results pointed to a randomized
trial (RCT) being conducted in women at reproductive age affected with uterine myoma,
aiming to evaluate whether supplementation with Vitamin D3 could reduce the risk and
inhibit the growth of fibroids [87]. Results of the evaluation of Vitamin D3 effects in this
particular group of women can be of value in everyday gynecological practice.

Paricalcitol, an analog of 1,25(OH)2D3, has less calcemic activity and, therefore, ap-
pears to be safer in long-term use than 1,25(OH)2D3. Halder et al. study indicates that
treatment with paricalcitol has an inhibitory effect on uterine fibroid cell proliferation [69].
On a murine model, both paricalcitol and 1,25(OH)2D3 significantly reduced fibroid size,
but paricalcitol was more potent. Porcaro et al. observed a significant reduction in myoma
volume and overall improvement in quality of life in patients treated with a combination
of Vitamin D, EGCG, and vitamin B6 [88]. This combined supplementation treatment
presents as quite an innovative approach to treating leiomyoma with oral supplementation.
Shen et al., on the other hand, arrived at contrary conclusions. In their study, Vitamin D
supplementation had no effects on the risk of UFs [15].

A study by Güleç et al. determined the association between Vitamin D receptor
polymorphisms and the occurrence of uterine myomas [89]. It shows that among the fok1
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polymorphisms of the vitamin D receptor, the presence of the CC fok1 genotype may be a
risk-reducing factor, and the T allele may increase the risk of uterine myomas. A recent
study by Fazeli et al. evaluated CYP24A1 gene expression in uterine myoma tissue [90].
CYP24A1 is a mitochondrial enzyme that catalyzes the degradation of 1,25(OH)2D3 to
its less active 25-D3 form and regulates the amount of active Vitamin D in tissues. The
expression of CYP24A1 in leiomyoma suggests that local degradation of 1,25(OH)2D3 may
also have a role in fibroma development.

Overall, Vitamin D3 may be a promising option in prevention and treatment of UFs.
The majority of presented studies consider treatment with Vitamin D3 as safe and effective.

2.5. Vitamin C

Vitamin C (ascorbic acid) is an antioxidative nutrient that prevents against the effects
of oxidative stress and has anti-inflammatory properties [22,46]. It cannot however be
biosynthesized by the human organism [91]. The best source of this vitamin is a diet rich
in fruits (currants, acerola, cherries, and citrus fruits) and vegetables (tomatoes, peppers,
cabbage, broccoli, and spinach). Vitamin C supplements are also available in a variety of
forms. Pleiotropic effects of vitamin C (antioxidant, anti-inflammatory, immune system
support, cofactor in hormone biosynthesis, and microcirculation protector) may suggest its
use in treatment of myomas. Sadly, there is not much data regarding this matter.

Martin et al. noted that the risk of UFs increased with higher Vitamin C levels, but the
association was not significant [18]. A study by Heinonen et al. demonstrated dysregula-
tion of Vitamin C metabolism in leiomyoma of the MED12 subtype—a common type of
mutation in UFs [4]. Ascorbic acid was also used as bleeding prevention in surgical myoma
treatments, but the conclusions were contradictory [92,93]. Pourmatroud et al. observed
that Vitamin C administration can reduce blood loss during abdominal myomectomy;
Lee et al. did not confirm that in women undergoing laparoscopic myomectomy.

To conclude, there is very little data on Vitamin C supplementation in terms of its
effects on leiomyoma, but higher consumption of fruits and vegetables may reduce the risk
of myoma incidence.

2.6. Other Vitamins

Apart from two studies, there is virtually no data on the effects of other vitamins
on the formation and management of UFs. The literature showed no clear associations
between Vitamin B6, Vitamin B12, folate, and the occurrence of UFs [16,18].

3. The Active Compounds from Plants

3.1. Green Tea—Polyphenols

Green tea is widely known for its antioxidant activity and is extensively consumed,
especially in Asian countries. Compared to other beverages, it has a much higher catechin
content. Components of green tea include polyphenols (epigallocatechin-3-gallate—EGCG,
epigallocatechin—EGC, epicatechin-3-gallate—ECG, epicatechin—EC), flavones, and fla-
vanols (kaempferol, myricetin, quercetin). The average daily intake of EGCG from green
tea consumption in the EU ranges from 90 to 300 mg/day, while high-level consumers
intake even up to 860 mg EGCG/day. In vitro studies showed that EGCG, consumed in the
form of a green tea extract, inhibited proliferation and growth and promoted apoptosis in
cultures of human uterine leiomyoma cells in a dose-dependent manner [94,95]. Antiprolif-
erative and gene-modulating effects of EGCG were partially mediated through the effect
on catechol-O-methyltransferase (COMT) enzyme activity. Similar EGCG action effects
were observed in vivo in animal models [96,97]. Ozercan et al. observed that EGCG extract
decreased tumor necrosis factor α (TNFα) levels, a cytokine associated with leiomyoma
pathophysiology [97]. It appears that EGCG supplementation, by modulating multiple cel-
lular signaling pathways, reduces tumor size and may be an alternative therapeutic option
in treatment of UFs. Roshdy et al. evaluated green tea extract (EGCG) taken orally as safe
and effective treatment for symptomatic UFs [98]. EGCG intake at a dose of 800 mg/day
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resulted not only in a significant reduction in tumor volume but also in a reduction of
fibroid-specific symptoms, and many treated patients experienced improved health-related
quality of life. However, the European Food Safety Authority (EFSA) notes the potential
adverse hepatotoxic effects of green tea catechins at intakes ≥ 800 mg EGCG/day taken as a
dietary supplement [99]. Grandi et al. observed that EGCG at a daily dose of 300 mg, when
vitamin B6 and vitamin D were added, significantly reduced the volume of intramural
(mainly) and subserosal UFs [100]. The 90-day treatment resulted in a significant reduction
in the length of menstrual bleeding, but not significant changes in health-related quality of
life or an improved comfort of sex-life. Grandi et al. suggest EGCG supplementation as
an alternative method of treatment for women in late reproductive age, when hormone
therapy is not optional. Similar results were observed by Porcaro et al. for a dose of 150 mg
EGCG with 25 μg vitamin D and 5 mg vitamin B6 intake in women at reproductive age
with symptomatic myomas [88]. Young women at childbearing age can also benefit from
EGCG supplementation. Miriello et al. noted that combined daily supplementation of
EGCG (300 mg), vitamin D (50 μg), and vitamin B6 (10 mg) can, with no side effects, reduce
myoma volume and related symptoms and improve patients’ quality of life [101].

EGCG under normal, physiological conditions is characterized by low stability, poor
bioavailability, and high metabolic changes. Therefore, methods are being sought to
improve the stability of EGCG as a drug. Ahmed et al. studied the biological properties of
pro-drug EGCG analogs (pro-EGCG analogs) in human leiomyoma cell lines [102]. They
found that these drugs, with improved stability, bioavailability, and biological activity,
exhibited potent antiproliferative, antiangiogenic, proapoptotic, and antifibrotic activities
in UFs. Pro-drugs EGCG analogs share the same molecular targets as natural EGCG in
inhibiting enzymatic activity and could potentially be more effective than natural EGCG
therapeutic agent in a long-term use in women with symptomatic UFs. Contrary results
were reported in an observational study by Biro et al. [103]. They found that consumption
of green tea extract (GTE) capsules resulted only in a significant improvement in physical
quality of life (QoL) score. No changes were observed in myoma size or myoma-related
complaints or in global QoL score after GTE supplementation. Shen et al. arrived at the
same conclusion: that drinking green tea had no effect on the risk of leiomyoma [15].

To sum up, the effects of UFs treatment with polyphenols can depend on dose, duration
of treatment, and patient selection.

3.2. Curcumin/Turmeric

Curcumin is one of the three major curcuminoids in turmeric plant (Curcuma longa).
Numerous studies have highlighted its antioxidant, anti-inflammatory, anti-carcinogenic
and immunoregulatory activity at the molecular level [104–106]. By suppressing anti-
apoptotic proteins, curcumin can protect against the formation and growth of tumors,
including uterine myomas.

Malik et al. demonstrated in vitro that curcumin inhibited the proliferation of uterine
leiomyoma cells [107]. The curcumin compound caused upregulation of the apoptotic
pathway and inhibited fibronectin production, a component of ECM [107]. Tsuiji et al.
noted the effect of curcumin on peroxisome proliferator-activated receptor-gamma (PPARγ)
activation [108]. Feng et al. demonstrated in an animal model that Rhizoma Curcumae
(RC) and Rhizoma Sparganii (RS), used in traditional Chinese medicine, were effective in
preventing and treating UFs in rats [109]. The combination of RC and RS effectively reduced
the expression of extracellular matrix component collagen, fibroblast activating protein,
and transforming growth factor beta (TGF-β), simultaneously decreasing the expression
level of signaling factors (AKT, ERK and MEK) in cell proliferation [109]. Similar effects
were observed by Yu et al. [110]. They noted that RC/RS herbs regulated key pathways in
UF cell proliferation and ECM formation, such as MAPK, PPAR, Notch, and TGF-β/Smad.
Curcumin can thus reduce the oxidative stress and protect against inflammation. This
activity is expressed through modulation of proinflammatory cytokines and signaling
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pathways, including beforementioned peroxisome proliferator-activated receptor gamma
(PPAR-γ) [105].

In conclusion, turmeric appears to be a desirable dietary component for women at risk
of developing uterine myomas and those already affected by this disease.

3.3. Quercetin and Indole-3-Carbinol

Indole-3-carbinol (I3C) and quercetin, as plant- derived components, were also of inter-
est in a potential treatment of UFs. The former one can be sourced mainly from cruciferous
vegetables, the latter is an active compound of onion. A recent in-vitro study revealed
anti-fibrotic and anti-migratory effects of quercetin and I3C for uterine leiomyomas, but
with no impact on myoma cell proliferation [111].

4. Micro- and Macro Elements

4.1. Selenium

Selenium (Se) plays an integral part of ROS detoxifying selenoenzymes such as glu-
tathione peroxidases and thioredoxin reductases, and that is why its antioxidant function
can potentially have an effect on uterine leiomyomas [112]. The expression of selenium-
binding protein 1 was found to be decreased in uterine leiomyomas. The role this protein
plays in tumorigenesis was highlighted, and selenium intake was indicated for the pre-
vention and treatment of uterine leiomyomas. Tuzcu et al. showed in animal models that
dietary selenium supplementation reduces the size of spontaneously occurring leiomy-
oma [113]. The selenium-rich diet had no effect on the number of tumors.

4.2. Other Trace Elements

There appears to be only very few studies concerning the effects of trace elements on
uterine myomas. In Nasiadek et al.’s study, cadmium (Cd) concentration was significantly
lower in myoma than in the surrounding muscle. A significant increase in magnesium (Mg)
and magnesium/calcium (Mg/Ca) ratio, with simultaneous decrease in iron (Fe) were also
found in tumor tissue [114]. This may be associated with dairy consumption. Makwe et al.
found that in African women at reproductive age suffering from leiomyoma, serum levels
of magnesium (Mg) and phosphorus (P) were not significantly different when compared
with healthy women at reproductive age [22]. Johnstone et al. showed that higher blood
concentrations of cadmium (Cd) and lead (Pb) combined with higher urinary levels of
cobalt (Co) could be positively associated with the higher risk of myoma incidence. They
argued that increased exposure to these trace elements may stimulate fibroid growth and
that fibroid tumors may act as a tissue reservoir for these elements [115].

In summary, of the dietary trace elements, only selenium has proven efficacy in
preventing and treating uterine myomas. Heavy metals that can be transferred to food
(i.e., from food containers) increase the risk of myoma and stimulate fibroid growth.

5. Endocrine-Disrupting Chemicals

It may be worth noting that some environmental contaminants can interfere with
the beneficial effects of certain foodstuffs. These contaminants are known as endocrine-
disrupting chemicals (EDC). By binding to hormone receptors, EDCs can stimulate these
receptors and alter the function or production of natural hormones. Induction of both
genomic and non-genomic signaling and pro-inflammatory effects of EDCs increase the risk
of UFs [116]. Butylated hydroxytoluene (BHT), one of the most widely used antioxidant
additives, can improve the stability of fat-soluble vitamins and prevent food spoilage.
Results of recent in vitro studies suggest detrimental effects of BHT exposure on uterine
myoma progression: increased cell proliferation, colony formation, and ECM accumula-
tion [117]. Polychlorinated biphenyls (PCBs), a class of environmental pollutants found
in fruits and vegetables, are also known to be endocrine disruptors. The potential risks of
PCBs are associated with the consequences of PCBs binding to estrogen receptors. In their
in vitro study, Wang et al. showed that Bisphenol A (BPA) in particular could increase cell
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proliferation and colony formation, and thus promote tumor growth [118]. Other studies,
however, found no correlation between exposure to PCBs and UFs [119,120].

Despite the beneficial effects of food on myoma, the additives contained in food may
nullify its positive impact and promote the formation and growth of fibroids.

6. Conclusions

Fibroids are fibrotic tumors with extracellular matrix deposition. Oxidative stress
affects the formation and growth of these tumors [8]. The quality of diet can impact the
formation and progression of fibroids and, as such, offer an innovative approach to treating
these tumors. The micronutrient-uterine fibroids correlation may potentially be modified
by ethnicity. Positive and negative nutritional effects on myoma are presented below
in Figure 1.

Figure 1. Effects of nutrients and environmental factors on leiomyoma. Legend: MED 12 mutations—
mediator complex subunit 12; HMGA2—high mobility group AT-hook 2.; BHT—butylated hydroxy-
toluene; PCB—polychlorinated biphenyls; BPA—bisphenol A; Co—cobalt; Cd—cadmium; Pb—lead.
(Created with BioRender.com https://app.biorender.com/, accessed on 30 November 2021).

The link between Vitamin D deficiency and the risk of UFs was strongly indicated.
Vitamin D deficiency can stimulate cell proliferation and leiomyoma growth [61]. Phys-
iological vitamin D concentrations effectively inhibit fibroid cell growth, especially in
patients with hypovitaminosis D. The active form of Vitamin D has an affinity for binding
to Vitamin D receptors (VDR) expressed in uterine myoma tissue. In fact, Vitamin D3
appears to be an ideal, inexpensive therapeutic agent for non-invasive treatment of UFs, or
at least fibroid growth stabilization, without contraindications and side effects of hormone
therapy. So far, the combination of ulipristal acetate and vitamin D3 treatment for UFs has
not been extensively explored in the literature [121,122]. The use of Vitamin D3 analogues
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can eliminate the degradation of Vitamin D3 by tissue 24-hydroxylase, while maintaining
the beneficial effects of Vitamin D3 on UFs [69]. Vitamin D3 can also promote a healthier
composition of the intestinal microbiota, which improves the gut barrier function [123].

The literature findings about the role Vitamin A plays in uterine myoma are contradic-
tory. It has been, however, indicated that treatment with retinoids reduces cell proliferation
and ECM formation and increases apoptosis in fibroids [37,40,41]. A diet rich in Vitamin A,
as well as the use of synthetic retinoid analogs, can prevent the development of fibroids and
limit their growth. A diet rich in carotenoids, such as lycopene, can reduce the incidence of
UFs and promote decrease in volume [14–17,35,36].

Based on the available studies, no clear conclusions can be drawn regarding vitamin E
and C supplementation. Researchers emphasize the role of alpha-tocopherol, as phytoe-
strogen, in the modulation of estrogen receptors (ERs) [47]. ERs and estrogens are proven
to be involved in the etiology of fibroids.

A daily diet enriched in fruits and vegetables, which are known sources of carotenoids,
quercetin, and indole-3-carbinol, may be one of the simplest and modifiable lifestyle
changes with beneficial effects in patients affected by leiomyoma. EGCG and green tea
extract may also have applications in the prevention and treatment of UFs [15,94,96,98,123].
A combination of natural substances and vitamins i.e., Vitamin D and EGCG, has been
evaluated as useful and effective in reducing fibroid-related symptoms and improving
quality of life [88,100]. It can be applicable in patients with contraindications to hormonal
treatment or those who wish to avoid surgical treatment altogether. Curcumin, another
natural substance with proven therapeutic effects on UFs, can reduce oxidative stress and
protect against inflammation in leiomyoma. Its action is expressed through modulation of
pro-inflammatory cytokines and signaling pathways, including peroxisome proliferator-
activated receptor-gamma (PPAR-γ) [105,107–110].

Very few studies considered the effects of probiotics on UFs. However, a protective role
of dairy products, including yogurt consumption, has been pointed out [13,15,17,20,21].

To date, there have been only few studies evaluating the potential effects of trace
elements on UFs [22,112,113,115]. Selenium, in particular, has shown to have protective
properties against oxidative damage and inflammation and has been indicated for supplan-
tation in leiomyoma [112,113].

Using natural compounds in treatment of UFs appears to be a worthwhile endeavor.
Natural compounds present as an alternative route in UF treatment, especially in patients
with contraindications for hormonal therapy. In women treated conventionally, natural
compounds can strengthen therapeutic effects.

7. Methods

Search Strategy

This study is based on an analysis of available studies focusing on correlations between
uterine fibroid risk and treatment and diet. The aim of the review was to evaluate data
on natural, non-hormonal, effective, and safe therapeutic options for treatment of this
disease. An extensive search of PubMed and Medline resources was conducted, aiming at
literature published between 2000 and 2021. A combination of the following phrases was
used: “uterine fibroids”; “uterine myoma”; “leiomyomata”; “diet”, “fruits”; “vegetables”;
“plants”; “dairy products”; “curcumin”; “turmeric”; “green tea”; “selenium”; “carotenoids”;
“vitamin D”; “Vitamin C”; “Vitamin E”; “Vitamin A”; “dysbiosis”; and “gut microbiota”.
All retrieved articles (n = 272), collected through the e-search process, were then reviewed
by two researchers. Publications were limited to the English language. Literature unrelated
to the review theme or replicated in database and conference abstracts were excluded from
the analysis. Only full-text studies fulfilling the relevant, above-outlined criteria were
included in the review. Approximately 120 publications were evaluated.
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