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Abstract: The purpose of this study was to determine the associations between amount and type of
dietary protein intake and insulin sensitivity in late pregnancy, in normal weight and overweight
women (29.8 ± 0.2 weeks gestation, n = 173). A 100-gram oral glucose tolerance test (OGTT) was
administered following an overnight fast to estimate the metabolic clearance rate of glucose (MCR,
mg · kg-1 · min-1) using four different equations accounting for the availability of blood samples.
Total (TP), animal (AP), and plant (PP) protein intakes were assessed using a 3-day food record.
Two linear models with MCR as the response variable were fitted to the data to estimate the
relationship of protein intake to insulin sensitivity either unadjusted or adjusted for early pregnancy
body mass index (BMI) because of the potential of BMI to influence this relationship. There was a
positive association between TP (β = 1.37, p = 0.002) and PP (β = 4.44, p < 0.001) intake in the last
trimester of pregnancy and insulin sensitivity that weakened when accounting for early pregnancy
BMI. However, there was no relationship between AP intake and insulin sensitivity (β = 0.95, p =
0.08). Therefore, early pregnancy BMI may be a better predictor of insulin sensitivity than dietary
protein intake in late pregnancy.
Keywords: pregnancy; protein; insulin sensitivity; glucose; obesity; plant protein; animal protein;
glucose; insulin resistance

1. Introduction
Over half of women of child-bearing age in the United States are overweight or obese [1] and
approximately 10% of pregnant women will develop gestational diabetes mellitus (GDM) during
pregnancy [2]. More importantly, approximately 43% of GDM cases are obesity-related [3],
predicating the need to fully characterize the impact of BMI on the development of insulin resistance
throughout the gestational period.
Dietary protein recommendations during pregnancy (0.88–1.1·g kg-1·d-1) are based on factorial
estimates of current recommendations for healthy, non-pregnant populations as outlined by the
Estimated Average Requirement (EAR, 0.60 g kg-1·d-1) and the Recommended Dietary Allowance
(RDA, 0.8 g kg-1·d-1) for healthy adults. Although these national recommendations are, indeed, greater
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than the general advice for a non-pregnant population, it is likely that the demand is even greater
during pregnancy. In fact, there is a significantly elevated rate of protein deposition in late pregnancy
compared to early pregnancy [4], indicating an increased protein demand, and it has recently been
substantiated (using the indicator amino acid oxidation method) that dietary protein requirements
increase from early (11–20 weeks, 1.2 g kg-1·d-1) to late (30–38 weeks, g kg-1·d-1) pregnancy [5].
However, current national guidelines for dietary protein intake during pregnancy are uniform from
early to late pregnancy, and therefore do not reflect the increased protein demand for optimal growth
of maternal and fetal tissues. These static guidelines are potentially worrisome because adequate
protein intake during pregnancy is critical to support the increase in total protein accretion [4] and
without adequate dietary protein intake, growth and development of maternal and fetal tissues may
be compromised [6,7].
Although more protein is needed during pregnancy, two studies have indicated a potential
negative association between protein intake and insulin sensitivity, glucose regulation, or risk of
diabetes in non-pregnant adult women and in men [8,9], albeit still a controversial topic depending
on context (e.g., weight loss, dietary pattern) and some studies show no associations [10–12]. The
regulation of insulin and the metabolism of glucose may be impacted by the amount and type of
dietary protein. In non-pregnant adults, an acute high dietary protein bolus (50 g) increases insulin
secretion and reduce glycemia [13–15]. The impact of long-term higher protein diets on insulin
regulation and glucose metabolism is less clear with some studies reporting a negative effect, and
others reporting a neutral or positive effect [8,16–23]. Further, the source of the dietary protein may
impact insulin regulation and glucose metabolism with studies supporting a negative impact of
animal sources (specifically red meat and processed meat) [24,25], and a positive impact of plantbased and lean animal meat sources [25,26]. These relationships in a pregnant population are unclear
due to the limited amount of data. In a recent review published by our group [27], we concluded that
there is insufficient evidence to support the idea that total dietary protein intake associates with
maternal insulin sensitivity, and further, it is not clear whether there are divergent associations of
dietary animal protein versus plant protein intake on insulin sensitivity.
Several studies have examined the relationship of protein intake and the relative risk (RR) of
gestational diabetes mellitus (GDM) [28–31]. RR of GDM is clinically-relevant and associated with
insulin resistance [32], and as such may be suitable for comparison. In a study using the Nurses’
Health Study II cohort [28], researchers found that there was a significant increase in RR of GDM
with an increase in total protein intake across different protein intake quartiles based on median
protein intake in percentage of energy intake (EI) per day during pregnancy (multivariable RR of
GDM (95% CI); 1.17 (0.92–1.48) for 17.53% EI; 1.19 (0.91–1.55) for 19.14% EI; 1.58 (1.19–2.10) for 20.78%
EI; 1.46 (1.03–2.07) for 23.30% EI; p = 0.012), even after controlling for age, parity, race/ethnicity, family
history of diabetes, cigarette smoking, alcohol intake, physical activity, total energy intake, fat intake,
glycemic load, and dietary fiber intake. However, this relationship disappeared when adjusting for
pre-pregnancy BMI (p = 0.086). When examining the type of dietary protein eaten during pregnancy,
the same researchers found that a higher animal protein intake was significantly associated with a
greater RR of GDM (1.05 (0.82–1.34); 1.06 (0.80–1.40); 1.46 (1.08–1.99); 1.49 (1.03–2.17); p = 0.013), and
a higher plant protein intake was significantly associated with a decreased RR of GDM (0.92 (0.74–
1.15]; 0.84 (0.65–1.08); 0.83 (0.62–1.09); 0.69 (0.50–0.97); p = 0.034), even after controlling for each of the
aforementioned variables, including pre-pregnancy BMI. In particular, a greater intake of total red
meat (p < 0.001), unprocessed red meat (p < 0.001), and processed red meat (p = 0.012) were associated
with a greater RR of GDM, while higher nut intake was associated with a lower RR of GDM (p =
0.028). Pre-pregnancy BMI explained 35.7% (10.6-60.8; p = 0.005) and 31.1% (10.7-51.6; p = 0.003) of the
effect of total protein intake and animal protein intake on RR of GDM, respectively. Thus, there may
be a difference in the handling of dietary proteins or amino acids coming from animal sources or
differences in the non-protein contents of the food and the development of glucose-regulating
disorders between BMI classifications. It is imperative to note that these relationships are associations
and are not reflective of causation.
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To our knowledge, no study has assessed the effects of the amount and type of maternal protein
intake on maternal insulin sensitivity measures in late pregnancy. Considering that: 1) late pregnancy
is characterized by an increase in both insulin resistance and the dietary protein requirement; 2) there
is a potential positive relationship between the dietary protein intake, specifically animal protein
intake, and insulin resistance; and 3) it is of critical importance to satisfy protein requirements for
adequate maternal and fetal tissue growth; determining optimal dietary protein intake during late
pregnancy that will satisfy the needs of the growing maternal and fetal tissues, but will not
compromise metabolic health, is paramount. Therefore, the purpose of this study was to determine
associations between the amount and type of protein intake and insulin sensitivity in late pregnancy.
Stumvoll et al. [33,34] estimated metabolic clearance rate of glucose (MCR) based on results from an
oral glucose tolerance test (OGTT) and collection of blood samples over a two hour period postdose, as validated against the euglycemic-hyperinsulinemic clamp and the hyperglycemic clamp in
non-diabetic, non-pregnant individual. They also established three additional modified MCR
equations that did not require as many blood samples and/or included shorter sampling periods
after an OGTT [34]. In order to get a better picture of the associations between protein intake and
insulin sensitivity, we calculated MCR using all these four alternative equations. We hypothesized
that there would be a negative relationship between total and animal protein and insulin
sensitivity, and a positive association between insulin sensitivity and plant protein.2. Materials and
Methods
This study took advantage of a large clinical dataset from the Glowing cohort (ClinicalTrials.gov
identifier: NCT01131117) at the Arkansas Children’s Nutrition Center. The Glowing study was
designed to assess the maternal programming of offspring obesity. All experimental procedures were
approved by the Institutional Review Board at the University of Arkansas for Medical Sciences and
written informed consent was provided by each participant.
Participants were recruited early in pregnancy (<10 weeks) and were classified based on
measured BMI criteria: normal weight (18.5–24.9 kg/m2, NW; n = 72), overweight (25.0–29.9 kg/m2,
OW; n = 71), or obese (≥ 30 kg/m2, OB, n = 30). Participants were included if they were second parity,
singleton pregnancy, ≥21 years of age, and conceived without assisted fertility treatments.
Participants were excluded if they met any of the following criteria: preexisting medical conditions
(e.g., GDM, chronic renal failure, hypertension, malignancies, seizure disorder, lupus, tobacco usage,
drug or alcohol abuse, serious psychiatric disorders), sexually transmitted diseases, medical
complications during pregnancy (e.g., GDM, pre-eclampsia), use of medications during pregnancy
known to influence fetal growth (e.g., thyroid hormone, glucocorticoids, insulin, oral hypoglycemic
agents), and excessive physical activity which could affect the outcome of interest (defined as being
an athlete or participating in a professional sport activity during pregnancy). To prevent excessive
gestational weight gain (GWG), extensive nutritional coaching and presentation of nationallyrecognized dietary and GWG guidelines were provided by trained staff [35]. This coaching
intervention was designed to help participants follow the Institute of Medicine GWG
recommendations for GWG [36]. At 30 weeks of pregnancy, participants visited the laboratory for
measurements and a full medical history questionnaire was administered.
2.1. Anthropometrics
At the early pregnancy visit, weight was measured in minimal clothing to the nearest 0.1 kg
using a standing digital scale (Perspective Enterprises, Portage, MI). Height was measured to the
nearest 0.1 cm standing against a wall-mounted stadiometer (Tanita Corp., Tokyo, Japan). Body mass
index (BMI) was calculated using a standardized equation (BMI = weight [kg] / height [meters]2).
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2.2. Energy Expenditure
A metabolic cart (Moxus, AEI technologies, IL) was used to evaluate resting energy expenditure
(basal metabolic rate) of the participants. The instrument measures the rate of oxygen consumed and
the rate of carbon dioxide produced. An adult canopy was used and measurements were performed
in a quiet, temperature-monitored room. Participants were required to lie still without falling asleep
during the length of the measurement. Oxygen consumption and carbon dioxide production was
measured and recorded, and resting energy expenditure was calculated (using eq 5 in [37]):
Resting Energy Expenditure = [(3.94·V̇O2) + (1.106·V̇CO2)] × 1.44

(1)

2.3. Insulin Sensitivity Analysis
At the 30-week pregnancy visit, following an overnight fast, a 100-gram oral glucose tolerance
test (OGTT) was used to measure insulin sensitivity by estimating the metabolic clearance rate of
glucose (MCR) and to determine insulin resistance by calculating the Homeostatic Model Assessment
of Insulin Resistance (HOMA-IR). Blood samples were collected from the antecubital vein by a
trained phlebotomist using standard procedures at baseline and 30, 60, 90, and 120 minutes postdose. Blood samples were collected in EDTA-coated plasma vacutainers for analysis of insulin
(Mesoscale Discovery Platform Multi-Array Assay System, Gaithersburg, MD), and serum
vacutainers for analysis of glucose (Randox Daytona Clinical Analyzer, Randox Daytona, Crumlin,
United Kingdom). Concentrations were measured in duplicate.
The estimated MCR of glucose (mg · kg-1 · min-1) was calculated from the OGTT described above,
using eqs 1–4 [33,34]. The calculation of MCR1 requires availability of 90 and 120 minutes post dose
blood samples. These blood samples were not available for all participants, and therefore, we also
calculated MCR2, MCR3, and MCR4 as alternatives to achieve a more complete picture. It is not
uncommon that MCR1 gives negative values, and thus is not optimal for all participants. MCR1 (r =
0.80) [33], and MCR2, MCR3, and MCR4 (MCR2 = 0.68; MCR3 = 0.59; MCR4 = 0.62) [34] have been validated
against the euglycemic-hyperinsulinemic clamp in non-diabetic, non-pregnant subjects, whereas, none
of these equations have been validated in pregnancy.
MCR1 = 18.8 − (0.271·BMI) – (0.0052·INS120) – (0.27·GLU90)

(2)

MCR2 = 13.273 − (0.00384·INS120) − (0.0232·INS0) − (0.463·GLU120)

(3)

MCR3 = 15.841 − (0.0341·INS0) − (1.262·GLU0)

(4)

MCR4 = 12.464 − (0.0357·INS0) − (0.376·GLU60)

(5)

where INS = plasma insulin concentration, GLU = plasma glucose concentration, and the subscript
number after these abbreviations indicates the sample collection time post-dose.
2.4. Dietary Intake
Participants were asked to maintain their normal dietary habits throughout the study. Habitual
dietary intake was assessed at the time of the late-pregnancy visit, using 3-day food records (two
week days, one weekend day) and analyzed with the Nutrition Data System for Research (NDSR,
Nutrition Coordinating Center, University of Minnesota, MN) software. Both absolute (g/day) and
relative to body mass (g kg-1·d-1) total (TP), animal (AP), and plant (PP) protein intakes were
estimated.
Because of the high incidence of under-reporting dietary energy intake even in the most
controlled studies [38,39], the Goldberg cutoff of <1.35 [40] based on the reported energy intake to the
basal metabolic rate ratio (EI/BMR, BMR determined from the indirect calorimetry method described
above) was used to eliminate dietary logs of participants that under-reported.
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2.5. Statistical Analysis
Two linear models with MCR as the response variable were fitted to the data to estimate 1) the
unadjusted relationship of protein to insulin sensitivity and 2) the relationship of protein intake to
insulin sensitivity adjusted for early pregnancy BMI status. Additionally, the Tukey Multiple
Comparison procedure with a familywise error of 5% was performed on the adjusted MCR means
among the early pregnancy BMI status groups. Data were analyzed using R (R 3.6.0, R Foundation
for Statistical Computing, Vienna, Austria), with significance set at p < 0.05. Data are presented as
mean ± SE.
3. Results
A total of 300 participants were recruited for the parent study (Glowing), and 243 participants
completed the 30-week study visit and had a successful OGTT. Of these, 58 participants were
excluded for under-reporting energy intake according to the Goldberg cutoff [40], and 12 participants
had incomplete data (either dietary data or missed blood sample, therefore 173 participants were
included in the current analyses (NW, n = 72; OW, n = 71; OB, n = 30). Although we did not separate
participants based on early pregnancy BMI status for statistical analysis, we used early pregnancy
BMI as a confounder; therefore, Table 1 shows the descriptive data of the participants both combined
and based on early pregnancy BMI. BMI, fasting insulin, fasting glucose, and HOMA2-IR were higher
in OW and OB compared to NW. MCR1, MCR2, MCR3, MCR4, relative TP, relative AP, and relative
PP were lower in OW and OB compared to NW. Absolute PP was lower in OB compared to NW.
Table 1. Descriptive Characteristics.

Age (years)
Early Pregnancy BMI (kg/m2)
GWG (kg)
Resting Energy Expenditure
(kcal/day)
Fasting Insulin (µIU/mL)
Fasting Glucose (mmol/L)
MCR1 (mg·kg-1·min-1)
MCR2 (mg·kg-1·min-1)
MCR3 (mg·kg-1·min-1)
MCR4 (mg·kg-1·min-1)
HOMA2-IR
TP (g/day)
TP (g·kg-1·day-1)
AP (g/day)
AP (g·kg-1·day-1)
PP (g/day)
PP (g·kg-1·day-1)

Combined
n = 173
29.7 ± 0.3
25.8 ± 0.3
8.6 ± 0.2

NW
n = 72
30.0 ± 0.4
21.9 ± 0.2
9.2 ± 0.2

OW
n = 71
29.8 ± 0.4
26.8 ± 0.2 *
8.7 ± 0.3

OB
n = 30
29.2 ± 0.7
32.2 ± 0.3 * ‡
7.1 ± 0.5 * ‡

1629 ± 16

1525 ± 21

1671 ± 24 *

1794 ± 48 * ‡

8.87 ± 0.40
4.48 ± 0.3
5.53 ± 0.21
5.31 ± 0.19
8.07 ± 0.12
7.36 ± 0.12
1.12 ± 0.05
74.28 ± 1.44
0.96 ± 0.02
47.99 ± 1.29
0.62 ± 0.02
26.68 ± 0.58
0.35 ± 0.01

6.23 ± 0.42
4.35 ± 0.4
6.96 ± 0.26
6.15 ± 0.27
8.86 ± 0.13
8.10 ± 0.14
0.78 ± 0.05
74.48 ± 2.37
1.07 ± 0.03
47.14 ± 1.99
0.68 ± 0.03
27.85 ± 0.94
0.40 ± 0.01

10.24 ± 0.65 *
4.57 ± 0.04 *
4.46 ± 0.27 *
4.55 ± 0.29 *
7.57 ± 0.20 *
6.92 ± 0.18 *
1.29 ± 0.08 *
74.35 ± 2.19
0.93 ± 0.03 *
48.66 ± 2.03
0.61 ± 0.03 *
26.19 ± 0.91
0.33 ± 0.01 *

11.82 ± 0.99 * ‡
4.57 ± 0.07 *
3.36 ± 0.37 * ‡
4.64 ± 0.47 *
7.33 ± 0.30 *
6.57 ± 0.32 *
1.49 ± 0.12 *
73.72 ± 3.21
0.79 ± 0.04 *‡
48.48 ± 3.07
0.52 ± 0.03 * ‡
25.17 ± 1.14 *
0.27 ± 0.01 *

Mean ± SE; * significantly different compared to NW, p < 0.05; ‡ significantly different compared to
OW, p < 0.05; NW: normal weight; OW: overweight; OB: obese; BMI: body mass index; GWG:
gestational weight gain at gestational week 30; MCR: estimated metabolic clearance rate of glucose;
HOMA2-IR: homeostatic model assessment of insulin resistance; TP: total dietary protein intake; AP:
total dietary animal protein intake; PP: total dietary plant protein intake.
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3.1. The Prediction of MCR Based on Dietary Protein using Regressions
Multiple linear regressions were calculated to predict MCR1, MCR2, MCR3, and MCR4 based on
total protein, AP, PP, and early pregnancy BMI status (Table 2). Figure 1 highlights the unadjusted
correlations of protein intake relative to MCR4. The unadjusted model showed a significant
association using a regression equation including TP and MCR1 (β = 3.59, p = 0.006), MCR3 (β = 1.52, p
= 0.001), and MCR4 (β = 1.37, p = 0.002), respectively. The relationship between TP and MCR4 remained
even after accounting for early pregnancy BMI (β = 0.64, p = 0.014). There was a significant association
between AP and MCR3 (β = 1.11, p = 0.04) that disappeared when accounting for early pregnancy BMI
(p > 0.05). In the unadjusted model, there was a significant association between PP and all MCR
equations (MCR1: β = 13.09, p < 0.001; MCR2: β = 8.50, p = 0.002; MCR3: β = 4.61, p < 0.001; MCR4: β =
4.44, p < 0.001). After adjusting for early pregnancy BMI, these relationships remained for MCR3 (β =
2.51, p = 0.03) and MCR4 (β = 2.39, p = 0.03), but disappeared for MCR2 (p > 0.05).
Table 2. Regression Analyses Comparing MCR Equations and Protein Intake.
TP
n

AP

No Adj.
β

p

Adj.
β

PP

No Adj.
p

β

p

2.03

0.19

Adj.
β

No Adj.
p

β

p

13.09

<0.001

Adj.
β

p

MCR1

145

3.59

0.006

MCR2

134

1.91

0.09

−0.07

0.95

0.70

0.61

−0.74

0.57

8.50

0.002

2.88

0.32

MCR3

151

1.52

0.001

0.82

0.06

1.11

0.04

0.60

0.23

4.61

<0.001

2.51

0.03

MCR4

152

1.37

0.002

0.64

0.01

0.95

0.08

0.39

0.43

4.44

<0.001

2.39

0.03

Mean ± SE; MCR1 is not adjusted for BMI because BMI is a part of the equation. MCR: estimated
metabolic clearance rate of glucose; TP: total dietary protein intake; AP: total dietary animal protein
intake; PP: total dietary plant protein intake; No Adj.: regression analysis without adjusting for early
pregnancy BMI; Adj.: regression analysis adjusting for early pregnancy BMI.

4. Discussion
To our knowledge, this is the first study to assess the association between amount and type of
protein intake on maternal insulin sensitivity measures in late pregnancy in humans. The relationship
between TP and insulin sensitivity during pregnancy is of importance because: 1) the known
progressive increase in insulin resistance throughout gestation [41]; 2) the increased dietary protein
requirements in the latter stages of pregnancy [5], and; 3) the putative, yet still controversial, negative
associations between higher dietary protein intakes and insulin resistance [20]. Clarifying these
relationships will contribute to future research by allowing studies to determine optimal protein
requirements for adequate maternal and fetal tissue growth without compromising the metabolic
health of the pregnant woman or her growing offspring. Several MCR equations were used for
analysis to get a more complete picture of the associations, since the original equation [33] requires
the successful collection of multiple blood samples Similar to the follow-up study by the same group
[34], our measured MCR values correlated well with HOMA2-IR values, especially for MCR3 and
MCR4 (MCR1 = –0.44; MCR2 = –0.55; MCR3 = –0.97; MCR4 = –0.93). The main findings of the current
study were that there was a positive relationship between TP and PP consumption and insulin
sensitivity in pregnant women in late pregnancy, yet no relationship existed between AP and insulin
sensitivity. Despite these interesting findings, early pregnancy BMI may have been the primary
driver of these relationships because the associations between TP or PP consumption and insulin
sensitivity were weakened when adjusting for early pregnancy BMI status. Of importance, the
current data do not support the concept that higher dietary protein intake is related to impaired
insulin sensitivity, although none of the groups consumed “high” protein intake relative to current
recommendations (EAR: 0.88 g·kg-1·day-1; RDA: 1.1 g·kg-1·day-1) for healthy pregnant women: NW:
1.07; OW: 0.93; OB: 0.79 g·kg-1·day-1.
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Figure 1. The unadjusted correlations of protein intake relative to the estimated metabolic clearance
rate of glucose (MCR4). After adjustment for BMI, the relationship between MCR4 and protein intake
weakened (TP: β = 0.64, p = 0.01; AP: β = 0.39, p = 0.43; PP: β = 2.39, p = 0.03). TP: total dietary protein
intake; AP: total dietary animal protein intake; PP: total dietary plant protein intake.

The current study split total dietary protein intake into AP and PP intake. Contrary to other
reports of an increased risk of GDM in a pregnant population [9,12,42–44], and increased insulin
resistance in a non-pregnant population [24], we did not find any prominent relationship between
maternal AP intake and insulin sensitivity. It is notable that in spite of lack of such a relationship,
there still was a positive connection between TP and PP intake and insulin sensitivity. These
contrasting findings may elude to the potency of the association between PP intake and glucose
regulation. Several studies have used either a modeling approach [28] or an intervention [45] to
substitute AP with PP sources and have reported a mitigation of the development of GDM and
improvement in insulin sensitivity. For example, the association between the relative risk of GDM
and AP was decreased by 51% by simply substituting 5% of the total energy intake from AP with PP.
In non-pregnant, diabetic populations, a recent systematic review and meta-analysis of randomized
controlled trials found that there is a modest improvement in glycemic control when animal sources
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of protein are replaced with plant sources [26]. However, a recently-published randomized control
trial found no impact of an isocaloric diet consisting of PP when provided as 30% of energy intake
compared to AP intake on insulin sensitivity in a population with type 2 diabetes mellitus (T2DM)
[46].
Our finding of a positive association between PP and insulin sensitivity in late pregnancy may
indicate that the more PP that is consumed, the better the clearance of glucose and the more insulin
sensitive the pregnant woman will be. However, similar to the relationship with TP, when BMI was
accounted for, this relationship disappeared (Table 2). Of interest, both absolute (NW: 27.85 ± 0.94;
OW: 26.19 ± 0.91; OB: 25.17 ± 1.14 g/day) and relative to body mass (NW: 0.40 ± 0.01; OW: 0.33 ± 0.01;
OB: 0.27 ± 0.014 g·kg-1·day-1) PP intake was lower in the OW and OB group compared to the NW
group. It may be difficult for OW and OB women compared to NW pregnant women to consume the
same amount of PP relative to body mass that would be required to elicit glucose regulatory effects.
For example, if a 60 kg woman (NW) consumes 0.40 g·kg-1·day-1, it would equate to 24 g of PP.
Consuming the same amount of relative PP, a 90 kg woman (OW/OB) would need to consume 36 g
of PP, which is 12 g more than her NW counterpart (approximately 7 ounces tofu, 1 cup black beans).
It also may be posited that individuals that consume more PP generally have a healthier lifestyle.
Indeed, consuming more PP, by way of vegetable-based salads, is associated with better diet quality
and higher nutrient intake of several important nutrients such as dietary fiber, total fat, unsaturated
fatty acids, vitamins A, B6, C, E, K, folate, choline, magnesium, potassium, and sodium [47]. Increased
consumption or supplementation of many of these nutrients, including, but not limited to fiber
[48,49], unsaturated fatty acids [50], vitamin A [51], vitamin B6 [52], and magnesium [53] may
contribute to improved insulin sensitivity, decreased insulin resistance, and the prevention of T2DM.
Although in the present study we did not compare dietary patterns of the participants, in the future,
it would be beneficial to break down protein quality even further. For example, using dietary patterns
(e.g., western, prudent) or breaking down AP and PP further (e.g., red meat, processed meats,
legumes, nuts) may provide further insightful information.
There are several limitations to the current study. As mentioned, the data only show associations
and no causal relationships. Randomized controlled dietary interventions are needed in order to
conclude about causality. Further, we were not able to include the full Glowing cohort but instead
only data from women that had successfully completed the study visit, reported dietary intake
accurately, and who had a complete data set, including successful blood draws and glucose/insulin
quantifications. Finally, we did not analyze the dietary patterns of the participants, but instead
focused on dietary protein intake. Dietary pattern analysis examines the impact of the overall diet,
rather than focusing exclusively on one nutrient [54], and can be done in future analyses.
5. Conclusions
There seems to be a positive association between PP intake in the last trimester of pregnancy
and insulin sensitivity that disappears/weakens when accounting for early pregnancy BMI status.
However, contrary to most reports in non-pregnant populations that have noted positive
relationships between AP and insulin resistance or T2DM, there does not seem to be a relationship
between AP intake and insulin sensitivity in this cohort of pregnant women. Therefore, BMI is likely
a better predictor of insulin sensitivity than dietary protein intake in late pregnancy. We conclude
that obesity status affects the relationship between protein intake and insulin sensitivity in late
pregnancy.
Author Contributions: Methodology, data curation, writing—original draft preparation, B.R.A.; formal
analysis, D.K.W., E.D.F., D.E.T.; conceptualization, B.R.A., A.A., E.B.; supervision, E.B; investigation, B.R.A.,
A.A. All authors reviewed, edited, and approved the final version of the manuscript.
Funding: This research was funded by USDA/ARS Project# 6026-51000-012-06S.
Acknowledgments: The participants are acknowledged for their participation. The authors would like to thank
the ACNC Clinical Research Core team members for the data collection. The authors would also like to thank
ACNC data managers Lindsey Fullen and Jennifer Ford for data acquisition and preparation, and Jessica

Nutrients 2019, 11, 2190

9 of 12

Bulmanski, Elizabeth Hayes, Matthew Keene, Tonja Nolen, Sarah Hankins, and Jennifer Ford for dietary data
analysis.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.

4.
5.

6.
7.

8.

9.

10.

11.

12.
13.
14.
15.
16.

17.

18.

Flegal, K.M.; Carroll, M.D.; Ogden, C.L.; Curtin, L.R. Prevalence and Trends in Obesity Among US Adults,
1999–2008. JAMA 2010, 303, 235, doi:10.1001/jama.2009.2014.
DeSisto, C.L.; Kim, S.Y.; Sharma, A.J. Prevalence Estimates of Gestational Diabetes Mellitus in the United
States, Pregnancy Risk Assessment Monitoring System (PRAMS), 2007–2010. Prev. Chronic Dis. 2014, 11,
130415, doi:10.5888/pcd11.130415.
Kim, S.Y.; England, L.; Wilson, H.G.; Bish, C.; Satten, G.A.; Dietz, P. Percentage of gestational diabetes
mellitus attributable to overweight and obesity. Am. J. Public Health 2010, 100, 1047–1052,
doi:10.2105/AJPH.2009.172890.
Hytten, F.; Chamberlain, G. Clinical Physiology in Obstetrics; Blackwell Scientific Publications: Oxford, UK,
1991.
Stephens, T. V.; Payne, M.; Ball, R.O.; Pencharz, P.B.; Elango, R. Protein Requirements of Healthy Pregnant
Women during Early and Late Gestation Are Higher than Current Recommendations. J. Nutr. 2015, 145,
73–78, doi:10.3945/jn.114.198622.
Herring, C.M.; Bazer, F.W.; Johnson, G.A.; Wu, G. Impacts of maternal dietary protein intake on fetal
survival, growth, and development. Exp. Biol. Med. 2018, 243, 525–533, doi:10.1177/1535370218758275.
Morisaki, N.; Nagata, C.; Yasuo, S.; Morokuma, S.; Kato, K.; Sanefuji, M.; Shibata, E.; Tsuji, M.; Senju, A.;
Kawamoto, T.; et al. Japan Environment and Children’s Study Group Optimal protein intake during
pregnancy for reducing the risk of fetal growth restriction: The Japan Environment and Children’s Study.
Br. J. Nutr. 2018, 1–9, doi:10.1017/S000711451800291X.
Te Morenga, L.; Docherty, P.; Williams, S.; Mann, J. The Effect of a Diet Moderately High in Protein and
Fiber on Insulin Sensitivity Measured Using the Dynamic Insulin Sensitivity and Secretion Test (DISST).
Nutrients 2017, 9, doi:10.3390/nu9121291.
Zhao, L.-G.; Zhang, Q.-L.; Liu, X.-L.; Wu, H.; Zheng, J.-L.; Xiang, Y.-B. Dietary protein intake and risk of
type 2 diabetes: A dose–response meta-analysis of prospective studies. Eur. J. Nutr. 2018,
doi:10.1007/s00394-018-1737-7.
Smith, G.I.; Yoshino, J.; Kelly, S.C.; Reeds, D.N.; Okunade, A.; Patterson, B.W.; Klein, S.; Mittendorfer, B.
High-Protein Intake during Weight Loss Therapy Eliminates the Weight-Loss-Induced Improvement in
Insulin
Action
in
Obese
Postmenopausal
Women.
Cell
Rep.
2016,
17,
849–861,
doi:10.1016/j.celrep.2016.09.047.
Gannon, M.C.; Nuttall, F.Q.; Saeed, A.; Jordan, K.; Hoover, H. An increase in dietary protein improves the
blood glucose response in persons with type 2 diabetes. Am. J. Clin. Nutr. 2003, 78, 734–741,
doi:10.1093/ajcn/78.4.734.
Ke, Q.; Chen, C.; He, F.; Ye, Y.; Bai, X.; Cai, L.; Xia, M. Association between dietary protein intake and type
2 diabetes varies by dietary pattern. Diabetol. Metab. Syndr. 2018, 10, 48, doi:10.1186/s13098-018-0350-5.
Spiller, G.A.; Jensen, C.D.; Pattison, T.S.; Chuck, C.S.; Whittam, J.H.; Scala, J. Effect of protein dose on serum
glucose and insulin response to sugars. Am. J. Clin. Nutr. 1987, 46, 474–480, doi:10.1093/ajcn/46.3.474.
Lieberman, M.; Marks, A.D. Marks Basic Medical Biochemistry, 4th ed.; Lippincott Williams & Wilkens:
Baltimore, MA, USA, 2013.
Pal, S.; Ellis, V.; Dhaliwal, S. Effects of whey protein isolate on body composition, lipids, insulin and glucose
in overweight and obese individuals. Br. J. Nutr. 2010, 104, 716–723, doi:10.1017/S0007114510000991.
Linn, T.; Santosa, B.; Grönemeyer, D.; Aygen, S.; Scholz, N.; Busch, M.; Bretzel, R.G. Effect of long-term
dietary protein intake on glucose metabolism in humans. Diabetologia 2000, 43, 1257–1265,
doi:10.1007/s001250051521.
Ricci, G.; Canducci, E.; Pasini, V.; Rossi, A.; Bersani, G.; Ricci, E.; Alvisi, V. Nutrient intake in Italian obese
patients: Relationships with insulin resistance and markers of non-alcoholic fatty liver disease. Nutrition
2011, 27, 672–676, doi:10.1016/j.nut.2010.07.014.
Pounis, G.D.; Tyrovolas, S.; Antonopoulou, M.; Zeimbekis, A.; Anastasiou, F.; Bountztiouka, V.; Metallinos,
G.; Gotsis, E.; Lioliou, E.; Polychronopoulos, E.; et al. Long-term animal-protein consumption is associated

Nutrients 2019, 11, 2190

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

10 of 12

with an increased prevalence of diabetes among the elderly: The Mediterranean islands (MEDIS) study.
Diabetes Metab. 2010, 36, 484–490, doi:10.1016/j.diabet.2010.06.007.
Morenga, L.T.; Williams, S.; Brown, R.; Mann, J. Effect of a relatively high-protein, high-fiber diet on body
composition and metabolic risk factors in overweight women. Eur. J. Clin. Nutr. 2010, 64, 1323–1331,
doi:10.1038/ejcn.2010.163.
Rietman, A.; Schwarz, J.; Tomé, D.; Kok, F.J.; Mensink, M. High dietary protein intake, reducing or eliciting
insulin resistance? Eur. J. Clin. Nutr. 2014, 68, 973–979, doi:10.1038/ejcn.2014.123.
Walrand, S.; Short, K.R.; Bigelow, M.L.; Sweatt, A.J.; Hutson, S.M.; Nair, K.S. Functional impact of high
protein intake on healthy elderly people. Am. J. Physiol. Metab. 2008, 295, E921–E928,
doi:10.1152/ajpendo.90536.2008.
Tura, A.; Conte, B.; Caparrotto, C.; Spinella, P.; Maestrelli, P.; Valerio, A.; Pacini, G.; Avogaro, A. Insulin
sensitivity and secretion in young, healthy subjects are not changed by Zone and Mediterranean diets. Med.
J. Nutr. Metab. 2010, 3, 233–237, doi:10.1007/s12349-010-0026-7.
Newsom, S.A.; Schenk, S.; Thomas, K.M.; Harber, M.P.; Knuth, N.D.; Goldenberg, N.; Horowitz, J.F. Energy
deficit after exercise augments lipid mobilization but does not contribute to the exercise-induced increase
in insulin sensitivity. J. Appl. Physiol. 2010, 108, 554–560, doi:10.1152/japplphysiol.01106.2009.
Azemati, B.; Rajaram, S.; Jaceldo-Siegl, K.; Sabate, J.; Shavlik, D.; Fraser, G.E.; Haddad, E.H. Animal-Protein
Intake Is Associated with Insulin Resistance in Adventist Health Study 2 (AHS-2) Calibration Substudy
Participants: A Cross-Sectional Analysis. Curr. Dev. Nutr. 2017, 1, e000299, doi:10.3945/cdn.116.000299.
Tian, S.; Xu, Q.; Jiang, R.; Han, T.; Sun, C.; Na, L. Dietary Protein Consumption and the Risk of Type 2
Diabetes: A Systematic Review and Meta-Analysis of Cohort Studies. Nutrients 2017, 9,
doi:10.3390/nu9090982.
Viguiliouk, E.; Stewart, S.E.; Jayalath, V.H.; Ng, A.P.; Mirrahimi, A.; de Souza, R.J.; Hanley, A.J.; Bazinet,
R.P.; Blanco Mejia, S.; Leiter, L.A.; et al. Effect of Replacing Animal Protein with Plant Protein on Glycemic
Control in Diabetes: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Nutrients
2015, 7, 9804–9824, doi:10.3390/nu7125509.
Allman, B.R.; Andres, A.; Børsheim, E. The Association of Maternal Protein Intake during Pregnancy in
Humans with Maternal and Offspring Insulin Sensitivity Measures. Curr. Dev. Nutr. 2019,
doi:10.1093/cdn/nzz055.
Bao, W.; Bowers, K.; Tobias, D.K.; Hu, F.B.; Zhang, C. Prepregnancy dietary protein intake, major dietary
protein sources, and the risk of gestational diabetes mellitus: A prospective cohort study. Diabetes Care 2013,
36, 2001–2008, doi:10.2337/dc12-2018.
Zhang, C.; Schulze, M.B.; Solomon, C.G.; Hu, F.B. A prospective study of dietary patterns, meat intake and
the risk of gestational diabetes mellitus. Diabetologia 2006, 49, 2604–2613, doi:10.1007/s00125-006-0422-1.
Pang, W.W.; Colega, M.; Cai, S.; Chan, Y.H.; Padmapriya, N.; Chen, L.-W.; Soh, S.-E.; Han, W.M.; Tan, K.H.;
Lee, Y.S.; et al. Higher Maternal Dietary Protein Intake Is Associated with a Higher Risk of Gestational
Diabetes Mellitus in a Multiethnic Asian Cohort. J. Nutr. 2017, 147, 653–660, doi:10.3945/jn.116.243881.
Liang, Y.; Gong, Y.; Zhang, X.; Yang, D.; Zhao, D.; Quan, L.; Zhou, R.; Bao, W.; Cheng, G. Dietary Protein
Intake, Meat Consumption, and Dairy Consumption in the Year Preceding Pregnancy and During
Pregnancy and Their Associations With the Risk of Gestational Diabetes Mellitus: A Prospective Cohort
Study in Southwest China. Front. Endocrinol. 2018, 9, 596, doi:10.3389/fendo.2018.00596.
Catalano, P.M.; Kirwan, J.P.; Haugel-de Mouzon, S.; King, J. Gestational Diabetes and Insulin Resistance:
Role in Short- and Long-Term Implications for Mother and Fetus. J. Nutr. 2003, 133, 1674S–1683S,
doi:10.1093/jn/133.5.1674S.
Stumvoll, M.; Mitrakou, A.; Pimenta, W.; Jenssen, T.; Yki-Jarvinen, H.; Van Haeften, T.; Renn, W.; Gerich,
J. Use of the oral glucose tolerance test to assess insulin release and insulin sensitivity. Diabetes Care 2000,
23, 295–301, doi:10.2337/diacare.23.3.295.
Stumvoll, M.; Van Haeften, T.; Fritsche, A.; Gerich, J. Oral Glucose Tolerance Test Indexes for Insulin
Sensitivity and Secretion Based on Various Availabilities of Sampling Times. Diabetes Care 2001, 24, 796–
797, doi:10.2337/diacare.24.4.796.
Krukowski, R.A.; West, D.; DiCarlo, M.; Shankar, K.; Cleves, M.A.; Tedford, E.; Andres, A. A Behavioral
Intervention to Reduce Excessive Gestational Weight Gain. Matern. Child Health J. 2017, 21, 485–491,
doi:10.1007/s10995-016-2127-5.

Nutrients 2019, 11, 2190

36.
37.
38.

39.

40.

41.
42.

43.

44.

45.
46.

47.

48.

49.
50.
51.

52.

11 of 12

Olson, C.M. Achieving a Healthy Weight Gain During Pregnancy. Annu. Rev. Nutr. 2008, 28, 411–423,
doi:10.1146/annurev.nutr.28.061807.155322.
Weir, J.B.de.V. New methods for calculating metabolic rate with special reference to protein metabolism. J.
Physiol. 1949, 109, 1–9, doi:10.1113/jphysiol.1949.sp004363.
Black, A.E.; Goldberg, G.R.; Jebb, S.A.; Livingstone, M.B.; Cole, T.J.; Prentice, A.M. Critical evaluation of
energy intake data using fundamental principles of energy physiology: 2. Evaluating the results of
published surveys. Eur. J. Clin. Nutr. 1991, 45, 583–599.
Livingstone, M.B.; Prentice, A.M.; Strain, J.J.; Coward, W.A.; Black, A.E.; Barker, M.E.; McKenna, P.G.;
Whitehead, R.G. Accuracy of weighed dietary records in studies of diet and health. BMJ 1990, 300, 708–712,
doi:10.1136/bmj.300.6726.708.
Goldberg, G.R.; Black, A.E.; Jebb, S.A.; Cole, T.J.; Murgatroyd, P.R.; Coward, W.A.; Prentice, A.M. Critical
evaluation of energy intake data using fundamental principles of energy physiology: 1. Derivation of cutoff limits to identify under-recording. Eur. J. Clin. Nutr. 1991, 45, 569–581.
Sonagra, A.D.; Biradar, S.M.; Dattatreya, K.; DSJM Normal pregnancy- a state of insulin resistance. J. Clin.
Diagn. Res. 2014, 8, , doi:10.7860/JCDR/2014/10068.5081.
Sluijs, I.; Beulens, J.W.; Spijkerman, A.M.; Grobbee, D.E.; Van der Schouw, Y.T. Dietary intake of total,
animal, and vegetable protein and risk of type 2 diabetes in the European Prospective Investigation into
Cancer and Nutrition (EPIC)-NL study. Diabetes Care 2010, 33, 43–48.
Shang, X.; Scott, D.; Hodge, A.M.; English, D.R.; Giles, G.G.; Ebeling, P.R.; Sanders, K.M. Dietary protein
intake and risk of type 2 diabetes: Results from the Melbourne Collaborative Cohort Study and a metaanalysis of prospective studies. Am. J. Clin. Nutr. 2016, 104, 1352–1365, doi:10.3945/ajcn.116.140954.
Pan, A.; Sun, Q.; Bernstein, A.M.; Schulze, M.B.; Manson, J.E.; Willett, W.C.; Hu, F.B. Red meat consumption
and risk of type 2 diabetes: 3 cohorts of US adults and an updated meta-analysis. Am. J. Clin. Nutr. 2011,
94, 1088–1096, doi:10.3945/ajcn.111.018978.
Jamilian, M.; Asemi, Z. The Effect of Soy Intake on Metabolic Profiles of Women With Gestational Diabetes
Mellitus. J. Clin. Endocrinol. Metab. 2015, 100, 4654–4661, doi:10.1210/jc.2015-3454.
Sucher, S.; Markova, M.; Hornemann, S.; Pivovarova, O.; Rudovich, N.; Thomann, R.; Schneeweiss, R.;
Rohn, S.; Pfeiffer, A.F.H. Comparison of the effects of diets high in animal or plant protein on metabolic
and cardiovascular markers in type 2 diabetes: A randomized clinical trial. Diabetes Obes. Metab. 2017, 19,
944–952, doi:10.1111/dom.12901.
Hoy, M.K.; Sebastian, R.S.; Goldman, J.D.; Wilkinson Enns, C.; Moshfegh, A.J. Consuming Vegetable-Based
Salad Is Associated with Higher Nutrient Intakes and Diet Quality among US Adults, What We Eat in
America, National Health and Nutrition Examination Survey 2011-2014. J. Acad. Nutr. Diet. 2019,
doi:10.1016/j.jand.2019.04.018.
Mann, J.; Cummings, J.H.; Englyst, H.N.; Key, T.; Liu, S.; Riccardi, G.; Summerbell, C.; Uauy, R.; van Dam,
R.M.; Venn, B.; et al. FAO/WHO Scientific Update on carbohydrates in human nutrition: Conclusions. Eur.
J. Clin. Nutr. 2007, 61, S132–S137, doi:10.1038/sj.ejcn.1602943.
Weickert, M.O.; Pfeiffer, A.F. Impact of Dietary Fiber Consumption on Insulin Resistance and the
Prevention of Type 2 Diabetes. J. Nutr. 2018, 148, 7–12, doi:10.1093/jn/nxx008.
Riccardi, G.; Giacco, R.; Rivellese, A. Dietary fat, insulin sensitivity and the metabolic syndrome. Clin. Nutr.
2004, 23, 447–456, doi:10.1016/j.clnu.2004.02.006.
Jeyakumar, S.M.; Vijaya Kumar, P.; Giridharan, N.V.; Vajreswari, A. Vitamin A improves insulin sensitivity
by increasing insulin receptor phosphorylation through protein tyrosine phosphatase 1B regulation at early
age in obese rats of WNIN/Ob strain. Diabetes Obes. Metab. 2011, 13, 955–958, doi:10.1111/j.14631326.2011.01407.x.
Liu, Z.; Li, P.; Zhao, Z.-H.; Zhang, Y.; Ma, Z.-M.; Wang, S.-X. Vitamin B6 Prevents Endothelial Dysfunction,
Insulin Resistance, and Hepatic Lipid Accumulation in Apoe (-/-) Mice Fed with High-Fat Diet. J. Diabetes
Res. 2016, 2016, 1748065, doi:10.1155/2016/1748065

Nutrients 2019, 11, 2190

53.

54.

12 of 12

Rodríguez-Morán, M.; Guerrero-Romero, F. Oral magnesium supplementation improves insulin
sensitivity and metabolic control in type 2 diabetic subjects: A randomized double-blind controlled trial.
Diabetes Care 2003, 26, 1147–1152, doi:10.2337/diacare.26.4.1147.
Hu, F.B. Dietary pattern analysis: A new direction in nutritional epidemiology. Curr. Opin. Lipidol. 2002, 13,
3–9.
© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

