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ABSTRACT
Background: Gestational diabetes mellitus (GDM) is a growing public health concern and maternal obesity and poor

dietary intakes could be implicated. Dietary polyphenols and fiber mitigate the risk of diabetes and its complications,

but little is known about their efficacy in preventing GDM.

Objectives: We examined the effects of whole blueberry and soluble fiber supplementation on primary outcomes of

cardiometabolic profiles in women at high risk of developing GDM.

Methods: Women (n = 34; mean ± SD age: 27 ± 5 y; BMI: 35.5 ± 4.0 kg/m2; previous history of GDM ∼56%; Hispanic

∼79%) were recruited in early pregnancy (<20 weeks of gestation) and randomly assigned to 1 of the following 2 groups

for 18 wk: intervention (280 g whole blueberries and 12 g soluble fiber per day) and standard prenatal care (control). Both

groups received nutrition education and maintained 24-h food recalls throughout the study. Data on anthropometrics,

blood pressure, and blood samples for biochemical analyses were collected at baseline (<20 weeks), midpoint (24–28

weeks), and end (32–36 weeks) of gestation. Diagnosis of GDM was based on a 2-step glucose challenge test (GCT).

Data were analyzed using a mixed-model ANOVA.

Results: Maternal weight gain was significantly lower in the dietary intervention than in the control group at the end

of the trial (mean ± SD: 6.8 ± 3.2 kg compared with 12.0 ± 4.1 kg, P = 0.001). C-reactive protein was also lower in the

intervention than in the control group (baseline: 6.1 ± 4.0 compared with 6.8 ± 7.2 mg/L; midpoint: 6.1 ± 3.7 compared

with 7.5 ± 7.3 mg/L; end: 5.5 ± 2.2 compared with 9.5 ± 6.6 mg/L, respectively, P = 0.002). Blood glucose based on GCT

was lower in the intervention than in the control (100 ± 33 mg/dL compared with 131 ± 40 mg/dL, P < 0.05). Conventional

lipids (total, LDL, and HDL cholesterol and triglycerides) did not differ between groups over time. No differences were

noted in infant birth weight.

Conclusions: Whole blueberry and soluble fiber supplementation may prevent excess gestational weight gain and

improve glycemic control and inflammation in women with obesity. This trial was registered at clinicaltrials.gov as

NCT03467503. J Nutr 2021;151:1128–1138.
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Introduction

Gestational diabetes mellitus (GDM), defined as diabetes with
its onset or first recognition during pregnancy, is the most
common medical complication of pregnancy and childbirth (1).
Globally, it represents a significant public health burden (2).
Estimates of its prevalence vary over time, also according to
diagnostic criteria, methods of ascertainment, and ethnicity, as

previously discussed (3) and reviewed (4). In the United States
the prevalence is ∼9% (5), but using more stringent criteria of
the International Association of Diabetes in Pregnancy Study
Group (6), prevalence has been reported to be as high as
24% in certain European countries (7). GDM is associated
with increased risk of future type 2 diabetes (T2D) not only
for the mother, but also, decades later, for the child (8, 9).
GDM also poses immediate risks to the pregnancy, including
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pre-eclampsia, complications at delivery, abnormal infant birth
weight, and impaired development (10, 11). Obesity is especially
prevalent among African Americans and Hispanics (12), and
has known associations with diabetes and GDM (13). Thus,
strategies to optimize maternal gestational weight gain and diet
hold promise for the prevention of GDM. Dietary intervention
targeting specific ethnic groups, such as African American (14,
15) and Hispanic (8) women who carry a higher burden of
GDM risk and elevated risks of future T2D, is much needed.

Diabetes medical nutrition therapy has been defined as
the use of nutrients and whole foods in the management of
the disease. It remains a cornerstone of GDM management,
although the evidence base on optimal diets and foods to reduce
risks and adverse outcomes of GDM remains inconclusive and
warrants more trials in high-risk women (16). In a meta-analysis
of 18 randomized controlled trials on dietary modifications in
GDM, low-glycemic-index diets or manipulation of dietary fats
and proteins revealed a decrease in maternal hyperglycemia
and risks of macrosomia. However, owing to large variations
in dietary exposure and participant characteristics in the
reported studies, challenges remain in reaching a consensus
on the best dietary practices to decrease risks of GDM
(17). Similarly, a larger Cochrane review of 19 clinical trials
showed protective effects of the “Dietary Approaches to Stop
Hypertension” (DASH) diet in reducing cesarean delivery rates
and identified the need for further dietary studies relating
to GDM (18). Plant-based diets and food groups have been
associated with reduced risk of GDM in observational studies
(19, 20), but clinical trials are few and inconclusive. The
“Mediterranean diet” has been shown to reduce risks of GDM
in women who are habituated to this dietary pattern, but
findings cannot be generalized to other ethnic groups (21–
23). Much of the observed benefits of plant-based diets can
be attributed to food groups such as fruits, vegetables, whole
grains, legumes, and nuts that are high in micronutrients, fiber,
and a wide array of dietary bioactive compounds including
polyphenols. Polyphenolic flavonoids that are largely present
in functional foods, such as dark-colored berries, grapes, tea,
olives, and whole grains, have been associated with decreased
risks of diabetes in observational studies (24–26) as well as
in experimental models of diabetes (27–29). These plant-based
foods deserve attention in GDM, especially in high-risk women
with low habitual consumption of fruits and vegetables and
their constituent bioactive compounds.

An assessment of nutritional status in pregnant women
based on the US NHANES revealed a significant percentage of
women do not meet the dietary recommendations for several
micronutrients, such as vitamins A, C, and E, folate, iron,
calcium, and magnesium, even with the use of dietary sup-
plements (30). In another population-based study of pregnant
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women in the United States, dietary quality was shown to be
significantly inadequate, and this was especially so among non-
Hispanic black and Hispanic women (31). Furthermore, based
on reported data from US cohorts, it has become urgent to
address the low intake of whole fruits, and the high intake of
fruit juice, among pregnant women—factors that increase risks
of hyperglycemia, weight gain, and consequent GDM (31, 32).
Our group has previously reported studies on the beneficial
metabolic effects of dietary whole berries, such as blueberries
(33), cranberries (34), and strawberries (35), in nonpregnant
adults with metabolic syndrome or T2D. Berries are a rich
source of several polyphenols, fiber, and vitamins, and have low
glycemic indexes (36–39). Blueberries are among the commonly
consumed berries: they can improve insulin sensitivity and
reduce risk of diabetes in human and animal studies, through
effects attributed to their high polyphenol content (39–41).
Dietary fiber, especially soluble fiber, can also reduce risk of
diabetes (42, 43). Thus, based on a clear need of dietary research
in GDM, we aimed to examine the effects of combined dietary
supplementation of whole blueberries and soluble fiber on
cardiometabolic profiles in minority women at high risk of
GDM. Our intervention was implemented in early pregnancy
(<20 weeks of gestation), and women were then studied at
2 additional visits in middle (24–28 weeks of gestation) and
late pregnancy (32–36 weeks of gestation). We examined the
hypothesis that dietary blueberry and fiber supplementation
prevents excess gestational weight gain and improves risk of
GDM in obese women.

Methods
Participants and criteria
We conducted a randomized controlled trial (NCT03467503) between
April 2018 and March 2020 at the prenatal care clinic of the
Department of Obstetrics and Gynecology at the University of Nevada
at Las Vegas (UNLV) School of Medicine. All participants were
consented and enrolled in the study by the nurse practitioner in early
gestation (<20 weeks of gestation) and were followed for a mean ± SD
of 18 ± 3 wk, i.e., until late pregnancy or delivery. The study was
approved by the UNLV Institutional Review Board. Adult women at
high risk of GDM were enrolled in the study if they had BMI (in kg/m2)
≥30 and singleton pregnancy with the following options: previous
history of GDM and/or family history of diabetes. Exclusion criteria
were multiple pregnancy, current use of medications that may influence
glucose metabolism (metformin, glucocorticoids, immunosuppressants,
antipsychotics), major fetal abnormality on the 11- to 13-wk ultrasound
scan, unwillingness or inability to provide written informed consent,
or significant underlying medical disorder as assessed by the study
physician (e.g., anemia, renal disorders, pregestational hypertension, or
diabetes). Women were also excluded if they were allergic to berries and
dietary fiber supplements, or were unwilling to make dietary changes,
or were vegetarian or consuming any other special diet not consumed
habitually. Randomization was performed using a sequence of randomly
generated numbers using SAS version 9.4 (SAS Institute Inc.). Health
and medical history, anthropometric measurements, blood pressure
recordings, and blood draws were conducted at baseline (<20 weeks
of gestation), and at 2 follow-up visits in the second (24–28 weeks of
gestation) and third trimesters (32–36 weeks of gestation) at the clinic.
In addition to these visits, participants made biweekly short visits to the
clinic when they met the registered dietitian (RD) and nurse practitioner,
received food supplies and nutrition education, and submitted 24-h diet
recalls.

Intervention and control groups
Participants in the dietary intervention group were provided with
biweekly supplies of frozen blueberries in cooler bags and soluble fiber
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as partially hydrolyzed guar gum (Nutrisource® Fiber, Nestlé Heath
Science) weighed out in individual Ziplock bags, with instructions to
consume 2 cups (280 g) of frozen blueberries as a snack and 12 g
soluble fiber daily. Participants were instructed not to consume fruit
juice during the study, to add the blueberries to their diet as a mid-
morning, afternoon, or evening snack to be consumed by itself and
not in combination with any other food items, and to add the fiber to
their meals in soups, gravies, and shakes. The 2 cups (280 g) of frozen
blueberries purchased from the local grocery store in Las Vegas in bulk
packages provided the following daily nutrients: 160 kcal, 38 g total
carbohydrates, 8 g total fiber, 8 mg vitamin C, 3 mg sodium, 168 mg
K, 1600 mg total polyphenols, and 700 mg anthocyanins (44, 45). The
fiber supplement provided a total of 12 g soluble fiber only. The control
group were also seen biweekly by the study nurse and RD to receive
standard prenatal care. Both groups received handouts on nutrition
education based on the USDA Dietary Guidelines for Americans
(DGA) for pregnant women (46), and recommendations were based
on a balance of carbohydrates, fat, and protein, and 5 food groups
(46).

Habitual dietary intake and physical activity
assessment
All study participants were asked to maintain a 24-h food recall which
they submitted to the RD during their biweekly visits and discussed
any changes they made in their habitual diet. All participants were
otherwise required to maintain their usual diet and level of physical
activity throughout the study. Dietary analyses were conducted by the
study RD or a trained dietetic assistant using ESHA’s Food Processor®
Nutrition Analysis software for energy, nutrients, and food group
intakes for each participant. Each participant was asked whether they
exercised regularly and for how many minutes. To be classed as
“physically active,” participants needed to perform habitual exercises
such as regular walks, jogging, total body workout at a gym, swimming,
yoga, pilates, fitness, exercise ball workouts, or home gymnastics as
recommended by the American College of Obstetrics and Gynecology
(ACOG) (47). Exercises had to be done regularly (at least twice a
week) and 1 training should last for ≥15 min. Participants who did
not regularly perform any of the aforementioned activities or did not
exercise at all were classed as “physically inactive.”

Compliance
Each participant received weekly phone calls from the study team to
ensure the timely consumption of blueberries and fiber in the dietary
intervention group and to discuss general dietary concerns in the control
group. Participants in both groups were reminded to maintain their
biweekly 24-h food recalls. In addition, participants in the intervention
group were asked to store and return any unused blueberries and fiber
supplements. Plasma chlorogenic acid was measured in the intervention
group as a marker of blueberry consumption using published methods
(48). The incidence and persistence of any side effects in the intervention
group, such as gastrointestinal symptoms and headaches, were recorded.

Glucose challenge test and GDM diagnosis
Women were screened between 24 and 28 weeks of gestation using the
2-step criteria: first step, nonfasting 50-g oral glucose challenge test
(GCT); then, if positive: second step, 100-g GCT administered in the
fasting state. GDM diagnosis was confirmed if a participant exceeded
threshold levels in both criteria. This screening protocol is widely used
in US institutions and recommended by the ACOG (49, 50).

Anthropometric measures and blood pressure
Maternal body weight (kg) and systolic and diastolic blood pressure
(mm Hg) were measured at baseline, and at 24–28 and 32–36 weeks of
gestation during the trial, by the study nurse. Body weight was measured
using a digital scale in light clothing and no shoes. Systolic and diastolic
blood pressure were measured using a Spot Vital Signs Device (Welch
Allyn). At each visit, participants were asked to lie down and relax for
∼8–10 min, after which 3 blood pressure measurements were recorded
at intervals of 5–8 min; mean values were recorded.

Biochemical analyses
At each visit (baseline, midpoint, and end) freshly drawn blood
samples were sent to Quest Diagnostics (Las Vegas) for analyses
of serum glucose and conventional lipid profiles, and insulin, liver,
and kidney function tests using automated diagnostic equipment
(Abbott Architect Instruments) via enzymatic colorimetric methods
that used commercially available kits according to the manufacturer’s
protocols. C-reactive protein (CRP) was assayed by ultrasensitive
nephelometry (Dade Behring). Serum glycated hemoglobin (HbA1c)
was analyzed with the use of a DCA 2000+ Analyzer (Bayer).
Insulin resistance was evaluated by HOMA-IR and was calculated as
follows: [fasting insulin (mU/L) × fasting glucose (mmol/L)]/22.5 (51).
NMR-determined lipoprotein subclass profile was performed in first-
thaw plasma specimens using a 400-MHz proton NMR analyzer at
LipoScience Inc. as described previously (52). In addition, sera were
stored at −80◦C for the subsequent analyses of IL-6 and adiponectin
using a quantitative sandwich enzyme immunoassay technique (R&D
Systems), and of plasma chlorogenic acid as a marker of blueberry
compliance. The average intra-assay CVs for IL-6 and adiponectin were
3.5% and 4.8%, respectively.

Statistical analyses
For each measure, descriptive statistics were examined to identify
outliers: none were found. For baseline demographics and charac-
teristics, continuous variables were expressed as means ± SDs and
discrete variables as percentages. Our primary objective was to examine
differences in maternal body weight and cardiometabolic profiles
between the intervention and control groups at baseline (<20 weeks
of gestation), 24–28 weeks of gestation (when a GCT was completed),
and between 32 and 36 weeks of gestation. We employed a 2 × 3-factor
repeated-measures ANOVA (MIXED procedure; group: intervention,
control; time: baseline, midpoint, and end) to examine the main effects
of group, time, and whether overall changes in time differed between the
2 groups (interaction). Baseline values were included as covariates for
each outcome variable. In addition, differences in final maternal weight
gain between the 2 groups at the end of the trial were determined by an
independent-samples t test, and the differences in the likelihood of GDM
between the 2 groups were assessed by a χ2 test. We also examined
differences in our secondary variables of habitual dietary nutrients
and food group intakes using a mixed-model ANOVA for main and
interaction effects. Effect size measures for primary outcome variables
were calculated using partial η2. We further adjusted for familywise
Type I error based on the procedures described by Benjamini and
Hochberg (53) and results are presented with and without adjustments
for multiple hypotheses. Because this is an exploratory and feasibility
study in pregnant women with obesity, the assumptions used in the
sample size calculation were based on our previously published report
on the effects of green tea on body weight in obese nonpregnant adults
(54). From our previous dietary intervention study in adults with the
metabolic syndrome, we expected a mean ± SD difference in maternal
body weight of 2.36 ± 0.6 kg with a sample size of 12 in each group
within 8 wk in the present study to achieve 80% power at an α level
of 0.05. Sensitivity analysis was conducted for maternal body weight
data by imputing the missing data of subjects lost to follow-up (n = 11)
using the multiple imputation method (number of simulations = 10)
and redoing the mixed-model ANOVA (55). All P values were 2-tailed
and main effects and interaction effects were considered if P was <0.05.
Analyses were performed using SPSS version 26.0 (SPSS).

Results
Enrollment and baseline characteristics

Of the 52 women who were contacted based on initial
interest in the study, 45 provided consent. Of these, 9 changed
providers and did not attend for follow-up visits after screening,
2 experienced miscarriage, and 34 completed all study visits
(Figure 1). As Table 1 shows, at baseline all women had
high risk of GDM for reasons as follows: all participants had
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Assessed for eligibility (n = 52)
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Excluded (n = 7)
- Did not qualify based on BMI 
(n = 4)

- Not willing to make biweekly
visits (n = 3)

Consented and 
randomly assigned 

(n = 45)

Allocated to 
intervention (n = 22)

Lost to follow-up (n = 5)
- Did not make follow-up visits at 

the clinic (n = 4)
- Experienced miscarriage (n = 1)

Completed and analyzed 
(n = 17)

Completed and analyzed 
(n = 17)

Lost to follow-up (n = 6)
- Did not make follow-up visits at 

the clinic (n = 5)
- Experienced miscarriage (n = 1)

Allocated to control 
(n = 23)

FIGURE 1 Summary of the flow of participants.

obesity (BMI ≥30), >50% had a history of prior GDM, >25%
had a family history of diabetes, and a high proportion of
participants were of Hispanic origin (self-reported; >75%).
Baseline characteristics did not significantly differ between the
dietary intervention and control groups. Overall, compliance
was 95% in the intervention group based on the unused supply
of blueberries and soluble fiber. All participants were 100%
compliant to biweekly visits throughout the study which did not
differ between the 2 groups. The intervention was well tolerated
with no reported side effects. Plasma chlorogenic acid (3-
chlorogenic acid) was detectable as a biomarker of compliance
in all participants in the intervention group. Mean ± SD
plasma chlorogenic acid concentrations observed at baseline,

midpoint, and end of the trial, ∼12 h after the last blueberry
dose (except baseline), were <8.0 nmol/L, 15.9 ± 5.1 nmol/L,
and 16.5 ± 5.4 nmol/L, respectively, and concentrations were
nondetectable in control samples at these visits (<8.0 nmol/L).

Body weight and blood pressure

Maternal body weight increased throughout the 18-wk trial but,
overall, women in the intervention group gained less weight
than those in the control group (Table 2). Final weight gained
(end minus baseline weight) measured at a mean gestational
age of between 33 and 34 weeks of gestation was also
significantly lower in the intervention (mean ± SD: 6.8 ± 3.2 kg)
than in the control group (12.0 ± 4.1 kg) (Supplemental

TABLE 1 Baseline maternal characteristics1

Variable
Intervention

(blueberry + soluble fiber)
Control

(standard prenatal care)

Age, y 27 ± 5.3 27 ± 5.0
Gestational age at start of intervention, wk 16.0 ± 3.8 14.5 ± 4.4
Body weight at start of intervention, kg 88 ± 10 92 ± 12
BMI at start of intervention, kg/m2 35 ± 4.2 36 ± 4.2
Hemoglobin, g/dL 12.7 ± 1.0 12.6 ± 1.0
Hematocrit, % 38 ± 3.6 37 ± 3.3
RBC, 106/μL 4.3 ± 0.4 4.2 ± 0.3
Platelets, 103/μL 307 ± 62 288 ± 58
Plasma total protein, g/dL 6.7 ± 0.5 6.8 ± 0.3
Plasma albumin, g/dL 3.8 ± 0.3 3.7 ± 0.3
Plasma ALT, U/L 15 ± 6.2 21 ± 19.3
Plasma AST, U/L 20 ± 7.3 23 ± 14.0
Race

African American, % 18 23
Hispanic, % 82 76

Prenatal vitamin users, % 29 41
History of GDM, % 59 53
Family history of diabetes, % 35 27
Nulliparous, % 29 24

1n = 17 in each group. Values are mean ± SD unless otherwise indicated. ALT, alanine transaminase; AST, aspartate transaminase;
GDM, gestational diabetes mellitus.
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TABLE 2 Cardiometabolic variables in pregnant women with obesity at risk of gestational diabetes that were or were not
supplemented with blueberries and soluble fiber for 18 wk of pregnancy1

Variable by group Baseline2 Midpoint3 End4

P value5

(group)
P value5

(time)
P value5

(interaction)

Body weight, kg 0.13 <0.001 0.001
Intervention 88 ± 10 92 ± 10 95 ± 11
Control 92 ± 12 97 ± 12 103 ± 11

Systolic blood pressure, mm Hg 0.16 0.30 0.30
Intervention 124 ± 11 120 ± 14 116 ± 16
Control 122 ± 14 127 ± 9 123 ± 11

Diastolic blood pressure, mm Hg 0.01 0.04 0.47
Intervention 74 ± 10 76 ± 7 73 ± 8
Control 74 ± 9 81 ± 5 78 ± 7

Serum glucose, mg/dL 0.13 0.02 0.27
Intervention 81 ± 10 85 ± 10 84 ± 19
Control 82 ± 15 95 ± 22 95 ± 25

Serum HbA1c, % 0.05 0.03 0.01
Intervention 4.6 ± 0.5 4.3 ± 0.7 4.5 ± 0.8
Control 4.5 ± 0.5 5.0 ± 0.6 5.2 ± 0.7

Serum insulin, μIU/mL 0.92 0.003 0.37
Intervention 23.1 ± 17.4 29.4 ± 20.1 35.1 ± 20.5
Control 20.2 ± 17.5 33.7 ± 18.9 32.1 ± 17.4

HOMA-IR 0.88 0.04 0.96
Intervention 4.4 ± 3.8 5.9 ± 5.8 6.6 ± 5.8
Control 4.3 ± 4.2 6.3 ± 4.1 7.0 ± 3.3

Serum total cholesterol, mg/dL 0.11 <0.001 0.14
Intervention 202 ± 47 220 ± 45 227 ± 43
Control 175 ± 30 198 ± 30 216 ± 28

Serum LDL cholesterol, mg/dL 0.14 <0.001 0.86
Intervention 111 ± 37 123 ± 35 129 ± 35
Control 95 ± 20 108 ± 19 117 ± 23

Serum HDL cholesterol, mg/dL 0.37 0.07 0.18
Intervention 62 ± 16 64 ± 15 62 ± 15
Control 56 ± 10 58 ± 10 61 ± 13

Serum triglycerides, mg/dL 0.12 0.005 0.81
Intervention 183 ± 78 212 ± 69 221 ± 71
Control 157 ± 42 177 ± 39 196 ± 61

Serum CRP, mg/L 0.27 0.08 0.002
Intervention 6.1 ± 4.0 6.1 ± 3.7 5.5 ± 2.2
Control 6.8 ± 7.2 7.5 ± 7.3 9.5 ± 6.6

Serum adiponectin, μg/mL 0.42 0.06 0.70
Intervention 9.3 ± 5.2 9.9 ± 5.3 10.7 ± 6.3
Control 8.2 ± 3.9 8.8 ± 3.7 8.9 ± 4.2

Serum IL-6, pg/mL 0.37 <0.001 0.08
Intervention 22.4 ± 7.4 23.5 ± 5.3 25.1 ± 6.5
Control 18.8 ± 7.3 20.5 ± 6.3 26.0 ± 7.2

1n = 17 in each group. Values are mean ± SD unless otherwise indicated. Intervention: blueberry + soluble fiber; control: standard prenatal care. CRP, C-reactive protein;
HbA1c, glycated hemoglobin.
2Gestational week 16.0 ± 3.8 for intervention and 14.5 ± 4.4 for control.
3Gestational week 26.5 ± 1.3 for intervention and 26.0 ± 1.2 for control.
4Gestational week 34.0 ± 1.3 for intervention and 33.0 ± 2.3 for control.
5P from mixed-model ANOVA.

Figure 1) (all P < 0.05). Systolic blood pressure did not differ
significantly between the groups with increasing gestational
age, whereas mean diastolic blood pressure was significantly
lower in the intervention than in the control group (Table 2)
(P < 0.05).

Serum glucose, insulin, HbA1c, and lipids

Serum glucose and insulin and the HOMA-IR increased during
pregnancy but did not differ between the groups. GCT measured
between 24 and 28 weeks of gestation revealed a significantly

lower 1-h postprandial blood glucose with a 50-g oral glucose
load in the intervention (mean ± SD: 100 ± 33 mg/dL) than
in the control (131 ± 40 mg/dL) (all P < 0.05). Based on
subsequent positive tests in the 2-step GCT, 3 (18%) and
5 (29%) GDM diagnoses occurred in the intervention and
control, respectively, but this difference was not significant
between the 2 groups (P = 0.42). HbA1c changed over time
and there was an interaction with treatment such that the
concentration was lower in the intervention than in the control
group over the course of the study (Table 2) (P < 0.05).
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Serum total and LDL cholesterol, and triglycerides, increased
significantly with gestational age but did not differ between the
groups, whereas serum HDL cholesterol revealed no significant
changes between the groups over time.

Biomarkers of inflammation

Serum CRP revealed an interaction with treatment such that the
concentration was lower in the intervention than in the control
group over the course of the study (Table 2) (P < 0.05). Serum
IL-6 increased significantly over time, but no significant group
effect was noted. Serum adiponectin revealed no significant
changes between the groups over time. Effect size data are
reported for maternal body weight, blood pressure, markers
of glycemic control and inflammation, and conventional lipids
(serum total, LDL, and HDL cholesterol and triglycerides)
(Supplemental Table 1).

NMR-derived lipid profiles

Among the NMR-derived lipoprotein subclasses, concentra-
tions of total and small VLDL particles were significantly lower
in the intervention than in the control group but did not change
over time (Table 3) (P < 0.05). Among LDL subclasses, the
concentration of total LDL particles increased significantly over
the course of the study. Small LDL particle concentration did
not change but was lower in the intervention than in the
control group (Table 3) (P < 0.05). Among HDL subclasses,
concentration of total HDL particles significantly decreased
with gestational age in both groups (Table 3) (P < 0.05), and no
changes were noted in large, medium, and small HDL particles.
Finally, the mean size of VLDL, LDL, and HDL particles did
not differ over time or between the groups. Effect size data are
reported for all NMR variables (Supplemental Table 2).

Habitual dietary intake and physical activity

Dietary caloric intake significantly increased with gestational
age, but did not differ significantly between the groups; however,
intake of carbohydrates was significantly lower, and intake of
proteins was significantly higher, in the intervention than in
the control group over time (Table 4) (all P < 0.05). Total
fat intake increased significantly with gestational age in both
groups, but overall did not differ between them. Among the
micronutrients, dietary intakes of vitamins E and C and calcium,
but not iron, significantly increased with gestational age, but
none of these differed between the intervention and control
groups (Table 4) (all P < 0.05). No significant differences
were noted in habitual intake of dietary fiber, as distinct
from the fiber supplement, and total servings of fruits and
vegetables remained similar over time and between the 2 groups.
Also, based on self-reported physical activity data, all the
women were classified as “physically inactive” and the status
did not differ with increasing gestational age or by group
allocation.

Infant birth weight and mode of delivery

Infant birth weight was not significantly different between the
intervention and control groups (3407 ± 552 g compared with
3740 ± 580 g, respectively, P = 0.11). The number of vaginal
deliveries was significantly higher in the intervention than in the
control (n = 14 compared with n = 7, respectively), whereas
cesarean delivery rates were lower (n = 3 compared with n = 10,
respectively, overall P = 0.03).

In the final, most rigorous analysis, accounting for multiple
comparisons for familywise type I error and adjusting the α

level to 0.003 for the cardiometabolic and NMR variables,

maternal body weight and serum CRP remained significantly
lower in the intervention than in the control group with
advancing gestational age (interaction effect). Sensitivity anal-
ysis of maternal body weight following the multiple imputation
method revealed results similar to the main analysis: significant
time and interaction effects (P < 0.001).

Discussion

In women at high risk of GDM, we observed multiple beneficial
effects of dietary supplementation with combined blueberries
and soluble fiber, beginning mid-pregnancy. Gestational weight
gain was normalized: women in the intervention group gained
15 lb, which is within the recommended range of the Institute
of Medicine (IOM) (11–20 lb for obese women), whereas those
in the control group gained 26 lb, substantially exceeding
IOM recommendations (56). Women in the intervention group
also experienced a reduction in blood glucose after a standard
glucose challenge compared with the control group, and
significant reductions in atherogenic NMR-based lipoprotein
subclasses, specifically total and small VLDL particles and small
LDL particles. Maternal serum CRP concentrations increased
significantly in the control group with advancing gestational
age compared with the intervention. All these changes represent
improved metabolic health and a reduction in risk factors
for GDM, and for other adverse outcomes of pregnancy such
as pre-eclampsia, among the intervention group. This food-
based strategy is safe, simple, and may be more feasible than
interventions involving nutrition education or dietary advice,
measures that have yielded largely null or modest results in
previous studies of GDM (18).

Gestational weight gain, especially in obese women, is
one of the main modifiable risk factors for GDM, mediated
by concomitant impaired glycemia, insulin resistance, and
inflammation (57). Among the fruits and vegetables that merit
investigation in the prevention of diabetes and GDM, blue-
berries stand out as a rich source of polyphenolic flavonoids,
phenolic acids, several micronutrients, and fiber; they are
also low in total calories (58). Prior observational studies
have shown that habitual blueberry consumption is inversely
associated with development of T2D in nonpregnant adults (25,
59). Of special relevance to our study are the findings of a
meta-analysis by Guo et al. (60) in which habitual intake of
dietary berries in prospective cohorts was associated with an
18% risk reduction of T2D in nonpregnant adults. Keeping in
view the high risk of developing T2D in later life among women
with GDM (8), dietary supplementation of blueberries in the
gestational phase may offer some protection.

Clinical trials have revealed that blueberries can improve
insulin resistance and normalize postprandial hyperglycemia
in adults at elevated risk of cardiometabolic disease (40, 61).
Our findings of improved gestational weight gain, glycemic
control, lipid profiles, and CRP in women with high-risk
pregnancies are consistent with those of clinical trials showing
that the DASH diet (62, 63) and the Mediterranean diet (21,
23) were beneficial in GDM. In a 4-wk feeding trial reported
from Iran, the DASH diet was shown to decrease HbA1c and
improve conventional lipid profiles in overweight and obese
women diagnosed with GDM (63). In addition, the diet was
associated with improvements in biomarkers of oxidative stress,
but not in CRP (62). Neither article reported any difference in
maternal body weight after the DASH intervention. A larger
study of normal and overweight women in early gestation,
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TABLE 3 Plasma NMR-derived lipid particle concentrations and size in pregnant women with obesity at risk of gestational diabetes
that were or were not supplemented with blueberries and soluble fiber for 18 wk of pregnancy1

Variable by group Baseline2 Midpoint3 End4

P value5

(group)
P value5

(time)
P value5

(interaction)

Plasma total VLDL and chylomicron particles, nmol/L 0.04 0.09 0.25
Intervention 39.2 ± 22.5 44.2 ± 20.4 54.4 ± 43.4
Control 52.2 ± 18.4 52.9 ± 19.9 55.0 ± 23.3

Plasma large VLDL and chylomicron particles, nmol/L 0.78 0.62 0.68
Intervention 4.7 ± 4.4 3.8 ± 3.0 4.5 ± 3.5
Control 4.2 ± 1.8 4.3 ± 2.5 4.7 ± 2.7

Plasma medium VLDL particles, nmol/L 0.31 0.34 0.62
Intervention 16.0 ± 11.7 16.3 ± 11.7 21.1 ± 16.0
Control 21.7 ± 12.4 18.7 ± 9.5 24.5 ± 16.6

Plasma small VLDL particles, nmol/L 0.02 0.78 0.15
Intervention 20.2 ± 11.1 25.5 ± 14.8 24.1 ± 17.0
Control 29.6 ± 12.5 27.7 ± 12.4 25.8 ± 12.6

Plasma total LDL particles, nmol/L 0.69 0.004 0.48
Intervention 1220 ± 325 1300 ± 361 1390 ± 386
Control 1120 ± 323 1150 ± 326 1260 ± 345

Plasma IDL particles, nmol/L 0.38 0.07 0.78
Intervention 173 ± 132 194 ± 145 217 ± 147
Control 124 ± 62 147 ± 104 157 ± 97

Plasma large LDL particles, nmol/L 0.14 0.49 0.75
Intervention 673 ± 396 736 ± 247 710 ± 308
Control 408 ± 283 473 ± 358 527 ± 405

Plasma total small LDL particles, nmol/L 0.03 0.07 0.56
Intervention 348 ± 452 417 ± 476 517 ± 496
Control 722 ± 390 690 ± 463 826 ± 463

Plasma total HDL particles, μmol/L 0.48 0.03 0.41
Intervention 34.5 ± 7.0 33.5 ± 7.2 31.8 ± 8.1
Control 33.5 ± 6.7 32.7 ± 7.7 32.2 ± 5.8

Plasma large HDL particles, μmol/L 0.83 0.60 0.76
Intervention 13.2 ± 4.3 14.5 ± 3.3 14.2 ± 3.7
Control 13.5 ± 3.9 13.1 ± 3.4 12.9 ± 3.3

Plasma medium HDL particles, μmol/L 0.62 0.21 0.22
Intervention 4.9 ± 5.4 4.5 ± 3.8 5.3 ± 3.2
Control 5.5 ± 5.9 5.5 ± 6.2 2.9 ± 1.9

Plasma small HDL particles, μmol/L 0.76 0.44 0.32
Intervention 16.1 ± 5.5 15.7 ± 6.1 14.5 ± 5.3
Control 16.0 ± 5.7 14.3 ± 5.1 16.2 ± 4.5

Plasma VLDL size, nm 0.48 0.83 0.73
Intervention 53.0 ± 6.2 53.4 ± 6.3 53.0 ± 6.8
Control 51.6 ± 4.3 52.7 ± 5.6 52.3 ± 5.8

Plasma LDL size, nm 0.07 0.18 0.46
Intervention 20.0 ± 1.5 20.8 ± 0.5 20.8 ± 0.8
Control 20.3 ± 1.3 20.4 ± 0.5 20.5 ± 0.6

Plasma HDL size, nm 0.98 0.26 0.73
Intervention 10.0 ± 0.6 10.2 ± 0.4 10.2 ± 0.3
Control 10.5 ± 1.5 10.0 ± 0.3 10.0 ± 0.3

1n = 17 for each group. Values are mean ± SD unless otherwise indicated. Intervention: blueberry + soluble fiber; control: standard prenatal care.
2Gestational week 16.0 ± 3.8 for intervention and 14.5 ± 4.4 for control.
3Gestational week 26.5 ± 1.3 for intervention and 26.0 ± 1.2 for control.
4Gestational week 34.0 ± 1.3 for intervention and 33.0 ± 2.3 for control.
5P from mixed-model ANOVA.

randomly assigned to the Mediterranean diet (with pistachio
nuts and olive oil) or a control diet, revealed a significant
decrease in GDM incidence and gestational weight gain with
the intervention (21).

Interventions targeting early pregnancy as implemented
by Assaf-Balut et al. (21) based on the Mediterranean diet
and by our group may be more effective in preventing than
reversing or treating GDM. Beneficial effects observed with

blueberries have been attributed to antioxidant and anti-
inflammatory effects of constituents, to effects on glucose and
lipid metabolism including inhibition of enzymes such as α-
glucosidase and maltase, and to effects on glucose transporters,
all contributing to improved glycemic control (60). Berries and
their anthocyanins have also been shown to increase expression
of adenosine monophosphate–activated protein kinase which
decreases insulin resistance and hepatic synthesis of cholesterol
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TABLE 4 Background daily dietary nutrient and food group intakes in pregnant women with obesity at risk of gestational diabetes
that were or were not supplemented with blueberries and soluble fiber for 18 wk of pregnancy1

Variable by group Baseline2 Midpoint3 End4 P value5 (group) P value5 (time)
P value5

(interaction)

Energy, kcal/d 0.06 <0.001 0.46
Intervention 2060 ± 155 2190 ± 183 2470 ± 186
Control 2130 ± 179 2320 ± 174 2590 ± 159

Carbohydrate, g/d 0.005 <0.001 0.005
Intervention 255 ± 21 259 ± 22 285 ± 26
Control 265 ± 27 286 ± 26 321 ± 29

Fat, g/d <0.001 <0.001 0.23
Intervention 82 ± 9 78 ± 9 88 ± 10
Control 75 ± 7 90 ± 8 100 ± 8

Protein, g/d 0.38 <0.001 0.01
Intervention 92 ± 20 108 ± 21 133 ± 14
Control 82 ± 13 89 ± 11 105 ± 15

Vitamin E, mg/d 0.06 0.001 0.49
Intervention 9 ± 2 10 ± 3 11 ± 2
Control 11 ± 3 11 ± 2 12 ± 4

Vitamin C, mg/d 0.33 0.01 0.61
Intervention 45 ± 13 46 ± 12 49 ± 12
Control 41 ± 11 43 ± 10 46 ± 10

Iron, mg/d 0.46 0.15 0.88
Intervention 20 ± 3 20 ± 2 21 ± 3
Control 19 ± 5 19 ± 5 20 ± 4

Calcium, mg/d 0.19 0.01 0.22
Intervention 869 ± 103 897 ± 70 902 ± 75
Control 829 ± 116 846 ± 90 879 ± 70

Fiber,6 g/d 0.21 0.05 0.46
Intervention 16 ± 4 16 ± 3 19 ± 4
Control 19 ± 6 18 ± 6 20 ± 3

Fruits,7 cups/d 0.23 0.18 0.45
Intervention 0.8 ± 0.6 0.8 ± 0.5 1.1 ± 0.5
Control 1.0 ± 0.3 1.0 ± 0.2 1.3 ± 0.7

Vegetables, cups/d 0.18 0.23 0.53
Intervention 1.2 ± 0.7 1.3 ± 0.8 1.0 ± 0.5
Control 1.1 ± 0.3 1.4 ± 1.2 1.5 ± 0.8

1n = 17 for each group. Values are means ± SDs unless otherwise indicated. Intervention: blueberry + soluble fiber; control: standard prenatal care.
2Gestational week 16.0 ± 3.8 for intervention and 14.5 ± 4.4 for control.
3Gestational week 26.5 ± 1.3 for intervention and 26.0 ± 1.2 for control.
4Gestational week 34.0 ± 1.3 for intervention and 33.0 ± 2.3 for control.
5P from mixed-model ANOVA.
6Excluding supplemental fiber in the intervention group.
7Excluding supplemental blueberries in the intervention group.

and triglycerides (64). Another important mechanism underly-
ing the antiobesity effects of blueberry polyphenols is their role
as a prebiotic in enhancing the growth of specific beneficial
bacteria, such as Bifidobacterium and Muribaculaceae species
as reported in high-fat diet–induced obese mice (65, 66). Similar
gut microbiome modulation effects have also been observed
with soluble fiber supplementation in reducing weight gain in
obese mice (67, 68). Further clinical trials are needed to examine
the effects of blueberries on the gut microbiome as a potential
mechanism in reducing obesity and GDM risk.

Dietary fiber, especially soluble fiber, has been associated
with improved glycemic control in randomized controlled trials
in nonpregnant adults (69), as well as in observational studies
of habitual fiber-rich food intakes in GDM (70). In their
prospective cohort study, Zhang et al. (70) reported that a
habitual dietary fiber supplement of 10 g/d was associated with
a 26% risk reduction of GDM, and an increase of 5 g/d of
cereal or fruit fiber was associated with a 23% decreased risk

of GDM. However, clinical data on fiber supplementation in
GDM are scarce. In a 12-wk intervention focusing on increasing
habitual fiber intake as well as providing 12 g supplemental
fiber in overweight and obese pregnant women, gestational
weight gain was significantly lower in the fiber group than
in the usual prenatal care group (71). However, this study
did not report any data on maternal glycemic control. We
report the role of 12 g/d of soluble fiber, together with ∼8 g
total fiber from whole blueberries, in improving gestational
weight gain, glycemic control, and CRP concentrations in obese
women. Adding this amount of fiber supplementation to the
habitually low fiber intake of our study participants helped
them meet the USDA DGA fiber guidelines for optimal health
and prevention of diseases (46). Dietary fiber has been shown
to decrease appetite and energy intake and thereby facilitate
weight loss, delay gastric emptying, slow glucose absorption,
and exert beneficial effects on glucose homeostasis (72, 73).
These mechanisms may contribute to the overall lower amount
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of gestational weight gained and better glycemic control in
our intervention than in the control group, although caloric
intake over time was not significantly different between the
2 groups.

Dyslipidemia, especially elevated NMR-derived VLDL sub-
classes, has been associated with GDM risks in obese pregnant
women (74), and elevated NMR-derived LDL subclasses have
been previously reported to be associated with pre-eclampsia
by our group (75). We noted no incidence of pre-eclampsia
in our study. NMR-derived lipid profiles reveal atherogenic
properties of lipids in greater detail that are often not detectable
in conventional lipid assays as observed in our study. Elevated
triglyceride-rich lipoprotein subclasses in GDM in obese women
have been linked to insulin resistance, and a subsequent
decrease in lipoprotein lipase activity and reduced clearance
(76). Our findings that blueberries and fiber improve these
atherogenic lipoprotein subclasses in obese insulin-resistant
pregnant women are of clinical utility and merit further
attention in dietary studies of GDM.

Our study has several strengths. Firstly, we administered a
prospective intervention early in gestation that was continued
for the next 18–20 wk; in comparison, most other reported
studies of dietary intervention began after GDM diagnosis
at 24–28 weeks of gestation. Early pregnancy intervention is
critical for favorable modification of maternal weight gain and
glycemia and may promote sustained compliance as observed
in our study. Secondly, we recruited minority women at high
risk of GDM, with obesity, previous history of GDM, and/or
family history of diabetes, thereby supporting the efficacy
of our intervention among those who carry the greatest
burden of GDM in the US population. Thirdly, we measured
biomarkers of inflammation, such as maternal CRP, IL-6, and
adiponectin, at 3 different time points, and these have not been
reported in other dietary studies of GDM. Fourthly, we assessed
habitual maternal diet throughout the study, and whereas intake
of macronutrients, especially carbohydrates, changed with
gestational age, overall caloric intake did not differ between
the groups over time, thereby attributing our main findings
to the effects of the blueberry and fiber intervention. Finally,
our intervention of dietary blueberries and soluble fiber was
shown to be safe with no adverse effects in the mother, as well
as no significant effects on infant birth weight. These findings
are of special relevance to Hispanic and African American
women with low intakes of fruits and vegetables mostly due
to low purchasing power and home availability or inadequate
access to fresh foods (77, 78). Nutrition therapy in high-risk
pregnancies in these women must consider supplementation of
foods, such as fiber and polyphenol-rich blueberries and other
berries which may elicit favorable compliance as seen in our
study. These findings may also be extended to food assistance
programs for women, infants, and children that must emphasize
the consumption of berries and fiber and work closely with
primary care physicians in integrating these dietary strategies
into effective prenatal care for the prevention and management
of GDM.

Our study also has certain limitations. Firstly, we recorded
maternal variables of interest at 3 time points corresponding to
<20 weeks of gestation, between 24 and 28, and between 32
and 36 weeks of gestation, but did not account for any change
in maternal weight gained or changes in biochemical measures
beyond 36 weeks of gestation until delivery. Secondly, our study
did not carry the power to detect differences in GDM incidence
between the 2 groups, although we observed a lower number of
GDM cases in the intervention than in the control, indicating

a positive aspect of the intervention. Thirdly, our findings in
obese minority women with high-risk pregnancies may not be
applicable to women of optimal weight and other ethnicities
who also carry GDM risks. Fourthly, based on the nature of
our food-based intervention, participants were not completely
blinded, and we addressed this issue by administering group-
specific consent forms to minimize bias. All study personnel
were otherwise blinded during the analyses of blood samples
and dietary data. Fifthly, we used a combined intervention,
blueberries and supplemental fiber, and cannot disentangle their
individual contributions. We did not account for prepregnancy
or postpartum maternal weight and health status that also
play an important role in diabetes risks in the mother and
infant.

After adjustments for familywise type I error and based on an
adjusted P < 0.003, maternal body weight and CRP remained
significant whereas other variables did not meet this threshold.
We consider this stringent level of significance to be quite
conservative because many of the cardiometabolic markers are
interdependent. For this reason, we presented data in the tables
without formal α-level adjustment. We also emphasize that our
findings are biologically plausible and identify maternal indexes
responsive to a feasible dietary intervention.

In conclusion, our study shows that blueberry and soluble
fiber supplementation was well tolerated and improved classical
risk factors for GDM, especially excess maternal weight gain
and CRP, in obese women. Although nutrition education was
provided to both groups as part of standard prenatal care, the
specific food supplementation appeared to be more effective in
improving maternal risks. These findings warrant investigation
in larger trials that must also include women with pregestational
diabetes and postpartum hyperglycemia to address the role
of bioactive-rich foods in reducing diabetes complications of
pregnancy.
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