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ABSTRACT
The purpose of this review is to critically evaluate the studies assessing the relations between
protein intake during human pregnancy and insulin sensitivity measures in the mother and
offspring, and to get a better understanding of the knowledge gaps that still exist. Overall, there
is insufficient evidence to conclude about implications of higher amounts of protein intake during
pregnancy on maternal or offspring insulin sensitivity. However, studies show a relation between
protein quality and insulin sensitivity, such that animal protein may be associated with negative
outcomes and plant protein may be associated with positive insulin sensitivity outcomes. There is
an urgent need for standardized studies using comparable terminology to evaluate any potential
relations between insulin sensitivity in mothers and offspring and truly low and high maternal
protein intake while maintaining eucaloric balance to better inform about optimal protein dosage
and quality during this period. Curr Dev Nutr 2019;3:nzz055.

Introduction

TheDevelopmental Origins of Health andDisease theory states that the intrauterine environment
conditions the growing offspring for a spectrum of metabolic outcomes ranging from optimal
metabolic health to the development of metabolic diseases (1). Maternal diet affects the
intrauterine environment and can affect several metabolic variables such as glucose homeostasis
and insulin sensitivity (2, 3). Independent of maternal diet, pregnancy is characterized by a state
of accelerated development of insulin resistance (4), which may promote the development of
gestational diabetes mellitus (GDM) (5) and lead to the development of subsequent disease states
such as diabetes and obesity of the offspring later in life (2, 3). Thus, insulin sensitivity, glucose
metabolism, and insulin regulation during pregnancy must be closely monitored to optimize the
health of both the mother and offspring.

Dietary protein has been suggested to be a modulator of glucose metabolism and insulin
regulation inmales and nonpregnant females, and the amount and type of protein consumedmay
influence these metabolic outcomes. However, there is no strong consensus of these findings in
the general population (males and nonpregnant females). Specifically, 1 recent review aggregating
several studies assessing the effects of short- and long-term higher-protein diets determined that
the effects of acute (1 wk–6 mo) and chronic (>6 mo) protein diets consisting of >20% of total
energy intake (TEI) from protein (considered the higher end of current recommendations of
10–35%, and>1.5 g · kg−1 · d−1 for an average 68-kg individual) on insulinemic action in healthy,
nonobese, nonpregnant female andmale populations are equivocal (6). In pregnancy, findings are
also limited and ambiguous (7–9).

The current recommendation for protein intake during adulthood (nonpregnancy) is based
on the Estimated Average Requirement (EAR) of 0.66 g · kg−1 · d−1. To satisfy additional protein
needs for newly deposited protein during growth in pregnancy, these recommendations increase
to 0.88 g · kg−1 · d−1, which remains consistent throughout the duration of pregnancy (10)
(∼11% of TEI considering a diet of 2000 kcal/d, and current recommendations of 10–35% TEI
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from protein). However, recent research shows that protein require-
ments increase from early to late pregnancy due to an exponential
increase in growth of maternal and fetal tissues (11, 12). If the
increased demand for adequate protein intake throughout the duration
of pregnancy is not met, then impaired substrate metabolism (e.g.,
decreased amino acid flux) results in the inability tomaintain an optimal
metabolism during pregnancy (11, 12). Thus, the main concern in
determining ideal, personalized recommendations for protein intake
during pregnancy is to establish an appropriate amount to satisfy the
balance between consuming adequate protein for fetal growth and
maternal health while maintaining metabolic homeostasis. Even so, it is
critical to define safe limits and types of protein intake during pregnancy
in various populations (e.g., those with GDM or obesity).

Therefore, the purpose of this review is twofold: 1) to assess
the current knowledge regarding the effects of the amount and
type of protein intake during pregnancy in humans on maternal
and offspring insulin sensitivity measures {e.g., fasting glucose and
insulin, HOMA-IR, insulin increment [determined by an oral-glucose-
tolerance test (OGTT)]} and the RR of GDM as an indirect measure
of insulin resistance; and 2) to identify existing knowledge gaps
regarding this topic so that further research can build a more sub-
stantial body of evidence for dietary protein recommendations during
pregnancy, considering maternal and offspring insulin sensitivity
outcomes.

Current Status of Knowledge

Protein intake
Current protein intake recommendations during pregnancy are based
on factorial estimates of recommendations for healthy populations
because the traditional nitrogen balance method of determining
protein requirement is particularly involving. Therefore, current
protein recommendations during all stages of pregnancy are set to
0.88 g · kg−1 · d−1 adapted from the EAR, and 1.1 g · kg−1 · d−1 adapted
from the RDA for healthy nonpregnant adults (10). However, these
recommendations do not consider the increased need for protein as
pregnancy progresses, which has been determined using the minimally
invasive indicator amino acid oxidation method (early pregnancy: 11–
20 weeks of gestation, 1.2 g · kg−1 · d−1; late pregnancy: 30–38 weeks of
gestation, 1.52 g · kg−1 · d−1) (13). Although these protein requirements
are higher than current recommendations, they supply ∼14–18% of
TEI, which is both within normal limits and comparable with recent
NHANES data (2011–2014) that indicate women of child-bearing age
(20–44 y old) consume 15.3% of total daily energy from protein (14).
Further, it seems that the increased requirement for protein intake is
feasible because this group of women consumed the same amount of
protein before beginning the study (early pregnancy group: 1.44 ± 0.30
g · kg−1 · d−1; late pregnancy group: 1.47± 0.53 g · kg−1 · d−1) (13), sup-
porting other findings of little overall change in dietary patterns from
before pregnancy to early and late pregnancy (15). In addition, a recent
study in healthy pregnant women from British Columbia found that
women were consuming greater amounts of protein at 16 and 36 weeks
of gestation (1.5 and 1.3 g · kg−1 · d−1, respectively) than the current rec-
ommended amounts (16). Therefore, it seems that current consumption
of protein in developed countries by pregnant women is in line with the
higher protein intake recommendations during pregnancy (13).

Protein intake may elicit glycemic and insulinemic responses
acutely and chronically; however, not all studies agree. Acutely, protein
promotes insulin secretion which reduces glycemia (17, 18), indicating
its role in anabolism in an acute setting. However, data on the short-
term (1 wk to 2 mo) consequences of higher protein intake on
insulinemic outcomes in healthy nonobese participants are limited
and show only minor effects (19–21). For example, there was no
difference in insulin sensitivity measures using an intravenous-glucose-
tolerance test between 10 d of 3.0 g · kg fat-free mass (FFM)−1 · d−1

compared with 1.5 g · kg FFM−1 · d−1 in healthy young (higher:
9.5 ± 1.8; lower: 7.5 ± 1.4 10−5 mL · min−1 · pmol−1 · 1−1) or
older (higher: 7.6 ± 1.4; lower: 6.9 ± 1.3 10−5 mL · min−1 · pmol−1

· 1−1) individuals. However, these values were expressed in grams
per kilogram FFM per day, and not grams per kilogram per day,
arguably making the measurements more applicable because FFM
is more metabolically active; however, discrepancies in units make
accurate comparisons with other studies difficult. Insulin regulation
and glucose metabolism may be negatively affected by chronic protein
intake ranges of 0.97–1.87 g · kg−1 · d−1 compared with 0.57–
0.74 g · kg−1 · d−1 (22–24) in nonpregnant female and male humans;
however, not all studies agree (25). Thus, even in nonpregnant
female and male humans, findings are inconsistent. However, with the
knowledge of the potential ramifications of varying amounts and types
of protein intake on insulin sensitivity measures in nonpregnant female
andmale populations, it is evenmore important to define these effects in
pregnancy because of the accelerated development of insulin resistance
throughout the duration of pregnancy in healthy individuals, with an
even more exaggerated response in overweight and obese pregnant
women.

The effects of protein intake during human pregnancy on
offspring and maternal insulin sensitivity measures
This state-of-the-art review aims to address the current state of the
literature and identify priorities for future research. PubMed, Ovid,
and Web of Science search engines were used to search for articles.
The research focus in this field before the year 2000 was primarily
protein restriction, whereas the focus of our article is on higher
protein intake. As a result, the articles that are discussed here are
all from after 2000. We considered all published intervention and
observational studies assessing the effects of amount and type of protein
intake during pregnancy on maternal and offspring insulin sensitivity
measures in humans under eucaloric conditions. All classifications of
maternal BMI status and GDM were accepted. All interventions that
aimed to provide dietary protein during pregnancy were considered.
Primary outcome measures included maternal and/or offspring insulin
sensitivity measures, maternal and/or offspring plasma glucose and/or
insulin concentrations, andGDMrisk and/or prevalence. The keywords
used to search were “protein intake,” “pregnancy,” “insulin sensitivity,”
“insulin resistance,” “insulin,” and “glucose.” The 3 studies that are
presented in Table 1 and the 7 studies in Table 2 are the only studies, to
our knowledge, that assess these relations.

Much of the early work regarding the effect of human protein
intake during pregnancy on insulin sensitivity was based on studies
of famine (combined caloric and protein restriction), particularly the
Dutch Hunger Winter of 1944–1945, which has been exhaustively
studied (26–28). Thus, the focus of this critical review will be on studies
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TABLE 1 Summary of human studies assessing the effects of amount of protein intake during pregnancy on maternal and
offspring insulin and glucose regulation outcomes1

Study Population Dietary logs
Offspring

age
“Low PRO”
group

“High PRO”
group Measurements Outcomes

Maslova
et al. (9)

Offspring of
Danish
women

FFQ in
gestational
week 30

19–21 y Total: 65 g/d
1.1 g · kg−1 ·d−1

16.2% TEI

Total: 104 g/d
1.7 g · kg−1 ·d−1

15.5% TEI

Divided PRO
according to
source (animal,
vegetable).
Offspring
fasting insulin
and glucose
concentrations

No associations

Maslova
et al. (8)

Offspring of
Danish
women; 608
pregnant
women with
GDM and 626
pregnant
controls

FFQ in
gestational
week 25

9–16 y <73.1 g/d
<1.1
g · kg−1 ·d−1∗
<12.5% TEI

>73.1 g/d
>1.1
g · kg−1 ·d−1∗
>12.5% TEI

Fasting insulin,
glucose, and
HOMA-IR

No associations in
GDM or controls.
GDM women in
the lowest PRO
intake group had
the lowest insulin
resistance

Shiell
et al. (7)

168 men and
women born
in the
Aberdeen
Maternity
Hospital from
1948 to 1954

7-d food log in
gestational
weeks 28–30

40 y <60 g/d
<1.0 g · kg−1 ·d−1

<10.0% TEI

>80 g/d
>1.3 g · kg−1 ·d−1

>13.4% TEI

Plasma glucose
and insulin
concentrations at
fasting and after
a standard OGTT,
insulin increment

Offspring of women
with high PRO
intake had a
reduced plasma
insulin increment
between fasting
and 30 min (7.0%
decrease in
increment per
10-g/d increase
in PRO)

1∗Assumes an average 150-pound (68-kg) woman because the study did not provide body mass for calculation of protein intake relative to body mass. GDM, gestational
diabetes mellitus; OGTT, oral-glucose-tolerance test; PRO, protein; TEI, total energy intake.

examining the impact of higher amounts of protein intake on insulin
sensitivity outcomes while maintaining eucaloric balance.

Comparisons of these studies are difficult to make for various
reasons including the way that protein intake was expressed. For
instance, no associations were found between differences in absolute
protein intakes (65 g/d compared with 104 g/d) and offspring fasting
insulin and glucose concentrations (9). Although the difference in
absolute protein intake between groups was nearly 40 g/d, the protein
intake relative to the percentage of TEI was quite similar (14.2%
compared with 15.5% TEI). Thus, even if more absolute protein is
consumed, if the percentage of TEI ismaintainedwithin a normal range,
there may not be any impact on offspring glucose metabolism. In the
other 2 studies where differences were noted, authors used quartiles
to define protein intake. In 1 study (8), data were grouped based on
percentage of TEI (<12.5% TEI: <1.1 g · kg−1 · d−1 for an average
68-kg woman; >12.5% TEI, >1.1 g · kg−1 · d−1 for an average 68-kg
woman). No associations were noted between maternal protein intake
and offspring fasting insulin and HOMA-IR when expressing protein
intake in this way. Although this protein-defining approach seems
reasonable, considering that national recommendations are provided in
a range (e.g., 10–35% TEI should come from protein), more effective
comparisons would be between intakes that are much closer to the
low end of the range (∼10% TEI) and those much closer to the high
end of the range (∼35% TEI), providing truly low and high protein
intakes. Similarly, significant negative associations between protein
intakes >13.4% TEI (>1.3 g · kg−1 · d−1) and insulin sensitivity

determined by a lower insulin increment (Table 1) have been noted
(7), yet the protein intake values in the quartiles were extremely close
(>13.4% compared with <10.0% TEI). Thus, it is difficult to compare
amounts of protein intake in these studies because protein intake
was expressed differently, and the groups may not have adequately
represented the full spectrum of truly low to high protein intakes
compared to recommended standards.

In addition, the health status of the pregnant woman may affect the
outcomes that are being compared. There were no differences in fasting
insulin andHOMA-IR of the offspring at 9–16 y old, with protein intake
(<1.1 g · kg−1 · d−1 compared with >1.1 g · kg−1 · d−1) measured
using an FFQ around gestational week 25, between pregnant women
with GDM and non-GDM healthy controls (Table 1) (8). However,
the authors noted that GDM-exposed offspring from the group that
consumed <1.1 g · kg−1 · d−1 tended to have lower fasting insulin
and HOMA-IR, although this tendency was nonsignificant, thus, more
studies were needed to further study this observation. It is important to
note, however, that there was only a mean 6-g difference between total
protein intake in these groups; therefore, the range may not have been
wide enough to note a physiologically significant difference in outcome
measures. In another study (9), GDMwas initially used as a covariate in
the analysis of the effects ofmaternal protein intake of<1.1 g · kg−1 · d−1

compared with >1.7 g · kg−1 · d−1 on offspring fasting insulin and
glucose concentrations, but it was found that GDM status did not
substantially alter the results. Therefore, it seems amount of protein
intake does not have a differential effect on offspring insulin sensitivity
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TABLE 2 Summary of human studies assessing the effects of quality of protein during pregnancy on maternal and offspring
insulin sensitivity measures and GDM risk1

Study Population Dietary logs/intervention Measurements Outcomes

Maslova
et al. (9)

Offspring (age 19–21 y) of
Danish women

FFQ in gestational week 30 Divided protein according
to source (animal,
vegetable). Offspring
fasting insulin and
glucose concentrations

No associations.

Maslova
et al. (8)

Offspring (age 9–16 y) of
Danish women; 608
pregnant women with
GDM and 626 pregnant
controls

FFQ in gestational week 25 Fasting insulin, glucose,
and HOMA-IR

Red and processed meat tended
to increase insulin resistance.

Jamilian and
Asemi (75)

68 women with GDM Intervention (36 weeks of
gestation):
Control: 0.8 g · kg−1 · d−1

of protein (70% animal and
30% plant proteins)
Soy: same amount of
protein with 35% animal
protein, 35% soy protein,
and 30% other plant
proteins

Fasting insulin, glucose,
HOMA-IR, and
Quantitative Insulin
Sensitivity Check Index

Soy decreased fasting insulin,
glucose, and HOMA-IR, and
decreased Quantitative Insulin
Sensitivity Check Index.

Zhang
et al. (49)

13,110 pregnant women
free from history of
GDM from the Nurses’
Health Study II

FFQ before pregnancy RR of GDM High consumption of red and
processed meat significantly
elevated the RR of GDM.

Pang
et al. (51)

980 multiethnic pregnant
Asian women from
Growing Up in
Singapore Toward
Healthy Outcomes
cohort

24-h dietary recall and 3-d
food diary at gestational
weeks 26–28

RR of GDM Higher intakes of animal and
plant protein were associated
with increased RR of GDM. Of
animal protein sources,
seafood and dairy proteins
were significantly associated
with high RR of GDM.

Bao
et al. (29)

21,457 singleton
pregnancies reported
among 15,294 pregnant
women from the Nurses’
Health Study II

FFQ before pregnancy RR of GDM Higher intake of animal protein
(specifically red meat) was
significantly associated with
increased RR of GDM, whereas
higher intake of plant protein
(specifically nuts) was
significantly associated with
decreased RR of GDM.

Liang
et al. (50)

6299 pregnant women
from the Nutrition in
Pregnancy and Growth
in Southwest China
cohort

FFQ from 12 mo before
pregnancy, 24-h dietary
recall at first ultrasound and
gestational weeks 20–22
and 33–35

RR of GDM Higher intake of animal protein in
mid-pregnancy was
significantly associated with
increased RR of GDM.

1GDM, gestational diabetes mellitus.

measures between pregnant women with GDM and non-GDM healthy
pregnant women.

Obesity status may also affect findings. In several studies, it
has been found that BMI and fat mass may explain much of the
variance in outcome measures (29, 30). These implications may be
the result of altered handling of amino acids from dietary protein
intake (specificallymeat) in overweight or obese individuals. Branched-
chain amino acid (BCAA) content is particularly high in meat sources
of protein, and it has been suggested (31) in a rodent model that
BCAA catabolism is greater, but oxidation is lower in the fat cells of
overweight and obese individuals, which “spills” excess BCAAs into
circulation, contributing to an increased BCAA concentration (31). The
increased BCAA pool may then contribute to impaired fatty acid and

glucose metabolism, eventually potentially leading to impaired insulin
regulation and glucose homeostasis. Although it is unknown whether
dietary BCAAs directly exacerbate this metabolic burden in humans,
they may contribute to the plasma BCAA pool. Further research should
determine whether maternal obesity is the primary driver in increased
plasma BCAA concentrations and whether there is a contribution
of dietary protein sources to elevated plasma BCAA concentrations,
for the purpose of determining direct relations between these alter-
ations and insulin sensitivity measures in pregnant women and their
offspring.

In addition, it is important to consider how the othermacronutrients
(carbohydrates and fats) are altered when assessing varying amounts
of protein intake. According to the protein leverage hypothesis, when
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the percentage of protein intake in the diet is lowered, there is a
compensatory increase in TEI from carbohydrate and fat food sources
to maintain consumption of optimal amounts of amino acids (because
amino acids are present in protein, carbohydrate, and fat food sources),
which ultimately dilutes total dietary protein intake in terms of
percentage of total macronutrient intake (32). It is argued that low
dietary protein intake at the expense of increases in TEI provides the
impetus for the development of obesity and its comorbidities (33). On
the other hand, higher dietary protein intake at the expense of lowering
intake of the other macronutrients may also produce unfavorable
outcomes. For example, a maternal dietary pattern characterized by
high protein and low carbohydrate intake during pregnancy in Chinese
women has been found to be associated with a greater risk of GDM (34).
Thus, because metabolismmay be changed by alterations in each of the
macronutrients (protein, carbohydrates, fats), it is important to assess
protein intake in relation to alterations in the other macronutrients
when assessing metabolic responses. Reporting macronutrient intake
as a ratio (carbohydrate:protein:fat) in each group, 1 study (9) found
that the percentages were surprisingly similar relative to TEI (low-
protein group: 56:14:30; high-protein group: 52:16:33). This may have
contributed to the lack of noticeable differences in offspring fasting
insulin and glucose concentrations between groups. However, both
studies (8, 9) used multivariable analyses applying a 1:1 substitution of
carbohydrates for protein, which relies on the modeling of an increase
in protein at the expense of carbohydrate. In 1 of these studies, no
associations were found between protein intake and offspring fasting
insulin and glucose concentrations (9), but the authors noted that a
nonsignificant indication of more favorable measures in the GDM-
exposed offspring from mothers with lower protein intake may have
been due to a decrease in carbohydrate intake.

Further, the methods of measurement of insulin sensitivity in the
presented studies both are inconsistent andmay not be ideal to measure
true tissue insulin sensitivity. For instance, an OGTT with assessments
of plasma glucose and insulin concentrations at 0, 30, and 120min post-
OGTT was used in male and female offspring (∼40 y old) of mothers
who consumed>1.3 g protein · kg−1 ·d−1 and<1.0 g protein · kg−1 ·d−1

during pregnancy (Table 1) (7). It was found that offspring of women
who consumed>1.3 g · kg−1 · d−1 had lower 30-min insulin increments
than the offspring of women who consumed <1.0 g · kg−1 · d−1,
and in both groups concentrations were restored to baseline levels at
120-min post-OGTT, indicating that any changes were transient in
nature, and thus may not perpetuate chronic alterations. Whereas the
OGTT is a dynamicmeasure of insulin sensitivity (i.e., assessing insulin
and glucose changes over time after a dietary glucose perturbation),
the other studies relied on static measures of insulin sensitivity such
as fasting glucose and insulin concentrations, and quantification of
HOMA-IR using measures of fasting insulin and glucose (8, 9). In
addition to a general need formore studies to assess the effects of dietary
protein intake during pregnancy on insulin sensitivitymeasures, there is
a special need for studies using the hyperinsulinemic-euglycemic clamp,
which is considered the gold standard assessment of insulin sensitivity
(35). The clamp technique would allow precise measurement of tissue
insulin sensitivity and quantification of insulin resistance.

In contrast with the studies involving the effects of maternal protein
intake on offspring insulin sensitivity measures, to date, there are no
studies involving the effects of maternal protein intake on maternal

insulin sensitivity measures. Therefore, it would be prudent to assess
these effects, because the health status of the mother affects the
outcomes of the offspring.

Potential mechanisms.
Although definitive conclusions cannot be made from the existing
literature, decreased insulin sensitivity with higher amounts of pro-
tein intake may be partially explained by hypoglycemic protective
mechanisms, explained in a theory from Layman and Baum (36).
Meals higher in dietary protein elicit lower postprandial glucose and
insulin responses than a high-carbohydrate meal (29). To maintain
glucose homeostasis in the face of a high-carbohydrate meal, rapid
insulin responses and peripheral uptake of glucose must occur.
Conversely, in the face of a high-protein diet (in combination with a
lower-carbohydrate diet), to prevent hypoglycemia, a modification in
peripheral glucose uptake in the form of decreased insulin sensitivity
must occur (28). Although this relation may be hypothetical and it
is unknown whether higher-protein diets during pregnancy result in
lower carbohydrate intakes, it provides a theory for ametabolic purpose
of the modulation of insulin sensitivity measures with higher dietary
protein meals (glycemic control), rather than defaulting findings to
impaired metabolism.

Further mechanistic knowledge underlying the potential effects of
dietary protein during pregnancy on maternal and offspring insulin
sensitivitymeasures ismainly based on animal studies, andmechanisms
are severely understudied in humans. Some potential mechanisms at
playwith variations in amount of protein intakemay include epigenetics
(37, 38), modifications of placental functioning and activity of the
insulin-like growth factors (39), and overstimulation of mammalian
target of rapamycin pathways (40, 41). Future research should address
these gaps in the literature to determine if high-protein diets are indeed
causative of these changes, or not.

Quality of protein food source
Emerging data suggest that the type of protein food source and
the amino acid composition of the protein sources are important to
consider when assessing the effects of maternal dietary protein on
maternal and offspring insulin sensitivity measures. In nonpregnant
individuals, several studies have reported that consumption of animal
protein increases the RR of type 2 diabetes mellitus (T2DM) (42–46),
whereas consumption of plant protein is inversely associated with the
RR of T2DM (47). In addition, it appears that the type of animal
protein is important to consider. Red meat consumption, particularly
processed red meat (e.g., breakfast meats, deli meats), has been found
to be associated with an increased RR of T2DM (45). However, not all
studies agree with this. Recently, a randomized clinical trial in people
with T2DM assessed the effects of a high animal protein diet (30%
animal protein, 30% fat, 40% carbohydrate) compared with a high
plant protein diet (30% plant protein, 30% fat, 40% carbohydrate) over
6 wk and found that high animal protein improved insulin sensitivity
(measured using the hyperinsulinemic-euglycemic clamp) and fasting
glucose compared with high plant protein (48). A summary of the
reviewed articles examining the associations between quality of protein
during pregnancy and both offspring insulin sensitivity measures and
RR of GDM is presented in Table 2.
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Effects of protein quality during pregnancy on offspring insulin
sensitivity measures.
Few studies have examined the effects of the type of protein intake
during pregnancy on offspring insulin sensitivity measures (7, 8), and
none have noted significant differences in offspring insulin sensitivity
measured by fasting insulin and glucose and HOMA-IR when compar-
ing maternal consumption of animal sources of protein with maternal
consumption of nonanimal sources of protein. However, there was a
trend toward an association between greater offspring insulin resistance
and mothers who consumed higher total red meat/processed meat
during pregnancy (8). Because of the large gap between pregnancy
and the time of offspring assessment (offspring were aged 9–21 y),
future research should analyze these associations in the first years
of life because that may give a more direct relation, minimizing the
need to control for outside factors that may influence outcomes in
the years before assessment (e.g., exercise, diet). In addition, if the
offspring are assessed in the first years of life, it may be possible to also
examine the influence of type ofmaternal dietary protein on breast-milk
composition and subsequent offspring insulin sensitivity outcomes.

Effects of protein quality during pregnancy on maternal insulin
sensitivity measures.
Although no studies to our knowledge have assessed the associations
between protein quality and maternal insulin sensitivity measures,
various studies have noted associations with the RR of GDM (29, 49–
51).Nonetheless, findings are not consistent in thatmost of these studies
found an association with only total animal protein consumption (29,
49, 50), whereas 1 study found that both total animal and total plant
protein intakes were related (51). Although this is convincing evidence,
any noted effects of animal protein sources on the RR of GDM may
be limited to the specific type of animal protein source (29, 49, 51).
For instance, red meat (e.g., beef, pork) (29, 49), processed meat (e.g.,
cured meats) (49), and seafood (e.g., all types of fish, shellfish) (51)
have been noted to be significantly associated with increased RR of
GDM. Interestingly, 1 study did not find any associations between red
meat intake and RR of GDM, but rather found associations between
seafood protein intake and RR of GDM (51). It was noted, however,
that because the sample population was Asian, the driving force of
these differences may have been founded in the differences in animal
protein composition between an Asian diet and a Western diet. The
2003–2004 NHANES data found that red meat comprised most of the
meat protein consumption (58%) in the United States, with fish only
comprising 10% (52). In comparison, the Asian population analyzed
consumed most of their dietary meat protein from seafood sources
(43%), and only 29% from red meat protein sources (51). Therefore,
the driving force in this relation could be the total calories consumed in
each of these types of protein. Dietary patterns were further analyzed
by characterizing pregnant women from the Nurses’ Health Study II
into either a “Western” dietary pattern (red and processed meat, refined
grains, French fries, pizza, and sweets) or a “prudent” dietary pattern
(high intake of fruit, green leafy vegetables, fish, and poultry) (49).
Strong associations with the RR of GDM were found in both dietary
patterns, but the relations in theWestern pattern were driven by red and
processed meat intake, independent of other sources, including French
fries, pizza, sweets, and refined grains. Future research should effectively
compare the diets of various cultures to investigate the influence of

the type of protein being consumed relative to the total calories that
the protein source provides within the context of the specific dietary
pattern.

Two studies found positive associations between dairy consump-
tion and GDM risk (50, 51). Interestingly, these relations remained
significant even after adjusting for other potential nutrients that may
have driven the associations, such as saturated fat. Dairy is an insulin
secretagogue, creating acute hyperinsulinemia after consumption (45),
and long-term dairy-driven hyperinsulinemia may mediate insulin
resistance (53). However, these findings are in contrast to literature that
suggests that T2DM risk is lowered with increased dairy consumption
(54–57). Currently, there is no explanation for the contrasting findings,
thus,more research is required that will take into account the alterations
inmetabolismduring pregnancy thatmay be influencing the differences
found between pregnant and nonpregnant individuals, such as the
ability to metabolize other constituents of dairy (e.g., several amino
acids, glucose) driven by nutrient-shunting to the growing fetus.

The timing of consumption of different types of protein throughout
pregnancy may also influence outcomes. Whereas studies have noted
increased RR of GDM with higher dietary animal consumption before
pregnancy (29, 49) and in the last trimester of pregnancy (26–28 weeks
of gestation) (51), 1 study found no associations before pregnancy
or in early pregnancy (at first ultrasound), but an association in
mid-pregnancy (20–22 weeks of gestation) (50). In the latter study,
absolute total animal protein coming from meat sources increased
from prepregnancy and early pregnancy to mid-pregnancy (pre: 94 g/d;
early: 84 g/d; mid: 129 g/d), whereas the percentage of animal protein
intake relative to TEI only increased slightly (pre: 23%; early: 21%;
mid: 26%). Therefore, regardless of the relative contribution to total
calories, it seems that a higher intake of animal protein characteristic
of the increasing progression of pregnancy may negatively affect the RR
of GDM. Future research should compare the relative contributions of
various types of animal proteins (e.g., red and processed compared with
lean, dairy, and eggs) to determine if a healthier protein amino acid
profile affects the RR of GDM to a similar extent.

Although not clear at the present, observed adverse changes in
insulin sensitivity and/or the RR of GDM with higher red meat protein
intakes during pregnancy may be mediated mostly by other nutrients
within the protein source. However, it has been noted that the RR of
GDM still exists even after controlling for several other nutrients in
red meat animal protein sources that could potentially increase the
RR of GDM, such as saturated fat, fatty acids, and cholesterol (29, 49).
Therefore, even other components may be the driving force of the
increase in the RR of GDMwith higher red meat animal protein intake,
for example, nitrates, nitrites, and/or iron (58). High concentrations of
nitrates and nitrites have been implicated in the development of type 1
diabetes in offspring (59). Physiologically, nitrates and nitrites can react
to form N-nitroso compounds (60), which may have toxic effects on
pancreatic β-cells due to peroxynitrite, reactive nitrogen intermediates,
and nitrosamine generation (60), and also β-cell autoimmunity (61).
Further, iron is found in high concentrations in red meat, and an
association has been shown between tissue iron stores and diabetes
risk, as reviewed previously (62). Iron can be toxic for pancreatic
β-cells and iron overload has been associated with β-cell failure and
decrements in insulin sensitivity (62). Another component of red
meat that may be responsible for this association is advanced glycation
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end-products (AGEs), formed through heating and processing of meats
and high-fat products. AGEs have been found to promote inflammatory
markers such as C-reactive protein and TNF-α (63, 64), which have
been positively linked with the RR of GDM and hyperglycemia (65).

Amino acid pattern of the animal protein may also be implicated
in this relation owing to the effects of certain amino acids on
insulin secretion, skeletal muscle glucose and glycogen metabolism,
and liver glucose production (66). After ingestion, animal protein
sources produce a significant increase in the plasma concentration
of BCAAs (67) compared with plant-based protein sources (68).
Furthermore, BCAAs constitute the majority of the rise in plasma
amino acids after a meal high in a red meat animal protein (67). High
dietary BCAA consumption and the metabolic signature of BCAAs
have been associated with insulin resistance in healthy nonpregnant,
nonobese, and obese populations (31, 69, 70) and high plasma
BCAA concentrations have been associated with an increased risk of
developing T2DM (71) and a decrease in insulin sensitivity measures
(31, 67, 70). However, the majority of these changes have been noted
in combination with other poor dietary habits (e.g., consumption of
high-fat foods) (31). Further, other lifestyle habits that may negate
these negative implications (e.g., lack of exercise) have not been
adequately addressed or controlled for in these studies. Therefore, it
is unclear whether elevated plasma BCAA concentrations are a cause
of, a result of, or simply correlated with impaired insulin and glucose
regulation. Furthermore, no studies have examined the relation between
insulin sensitivity changes and animal protein consumption as it relates
to changes in plasma BCAA concentrations in human pregnancy.
However, it has recently been found that maternal diabetes may have
a direct impact on embryonic BCAA concentrations and metabolism
in diabetic rabbits (72), suggesting a potential programming impact
of maternal diabetes on offspring BCAA regulation. Because of the
increased need for protein (and thus likely high animal protein
consumption) combined with a natural increase in insulin resistance
throughout pregnancy, future research should thoroughly define the
impact of animal protein sources on plasma BCAA concentrations as
it relates to changes in insulin sensitivity throughout the entire span
of pregnancy, to determine whether 1 particular stage of pregnancy is
particularly sensitive to the effects of higher animal protein intake.

In contrast to many animal protein sources, plant protein sources
have been reported to decrease the RR of GDM (29) and improve
insulin sensitivity (73), although not all findings are consistent (51).
Nut consumption, in particular, has been found to improve these
measures. Nuts have a nutrient composition that includes a high
content of fiber andMUFAs and PUFAs, combined with a low glycemic
index (73, 74), all of which have been associated with decreased risk
of diabetes and with improved insulin sensitivity (73). Plant protein
intake from soy protein sources may also improve insulin sensitivity
measures during pregnancy in women with GDM (75). Sixty-eight
women with GDMwere randomly assigned to consume either a control
diet containing 0.8 g protein · kg−1 · d−1 from mostly animal sources
(70% animal, 30% plant) or a soy diet containing the same amount of
daily protein, but with higher amounts of plant protein (35% animal,
35% soy, 30% other plant) for 6 wk at any point during pregnancy. In
pregnant women consuming soy, fasting insulin, glucose, HOMA-IR,
and the Quantitative Insulin Sensitivity Check Index were significantly
lower than in the control group after the intervention. Mechanistically,

soy protein food may exert beneficial effects on glucose homeostasis
owing to its ability to improve glucose transporter type 4 (GLUT-4)
translocation as well as the oxidative and nonoxidative pathways of
glucose metabolism (76). Thus, based on this study, the addition of soy
protein to a maternal diet may improve glucose and insulin regulation
in women with GDM; however, these findings need to be replicated in
larger studies. Although there are various studies indicating the benefits
of plant protein consumption, 1 study noted a significant positive
association between vegetable protein intake and the RR of GDM (51).
The authors mentioned that exploration of various types of vegetable
proteins did not produce any significant results, indicating that total
vegetable protein intake was the driving force in the noted relation,
and it may be more related to the different dietary patterns of the
Asian population compared with Western populations (as discussed
previously). Therefore, although it may be of benefit to examine
individual protein sources and/or nutrients within the protein sources,
it may be more beneficial for future research to focus on the specific
dietary patterns associated with eating elevated amounts of specific
protein sources.

Modeling of the substitution of various protein sources has produced
quite interesting results thatmay bemuchmore practical for profession-
als when it comes to discussing nutrition in practice. By substituting
different types of proteins, the negative effects of some proteins on the
development ofGDMcould bemitigated (29). For example, substituting
1 serving/d of total red meat with poultry, fish, legumes, or nuts has
been associated with a significant decrease in the RR of GDM by 29%,
33%, 33%, and 51%, respectively. Further, substituting only 5% TEI
from animal protein with plant protein was enough to significantly
decrease the association between RR of GDM and animal protein, by
51%. Specifically, substituting processed red meat with unprocessed
red meat was also found to be associated with a decreased RR of
GDM. Therefore, it will benefit future investigations to directly test the
effects of substituting certain protein sources with others, specifically
when it comes to maternal and offspring insulin and glucose regulation
outcomes, for the purpose of relaying more practical information to
professionals to use in practice.

Limiting factors of current studies and future directions
Independent of the paucity of data, it is difficult to make definitive
conclusions based on the discussed studies, owing to various limita-
tions. There is a lack of longitudinal data sets in the offspring, with
no study assessing the impact of maternal protein intake in infants,
1 study assessing adolescents (9–16 y old) (8), 1 study assessing young
adults (19–20 y old) (9), and 1 study assessing older offspring (40–
58 y old) (7). Longitudinal information could provide insight into the
length of time to which dietary habits during pregnancy affect glucose
metabolism of the offspring. Further, data on the effect of maternal
protein intake on insulin sensitivity in infancy would address one of
the most important time points considering the various associations
between infant health (e.g., growth rate) and consequent adult out-
comes (e.g., adiposity, BMI) (77); thus, future research should assess
this gap.

One critical limitation in the literature is the lack of control for
lifestyle habits, such as physical activity of the offspring, throughout the
years of follow-up. For example, although 1 study (8) studied offspring at
9–16 y, it did not adequately control for physical activity of the offspring
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within or preceding those years. However, this study controlled for
maternal physical activity, which is also important to consider when
examining the programming of metabolic traits. Physical activity is
known to improve insulin sensitivity (78), mediated by improvements
in glucose transport and metabolism (i.e., muscle GLUT-4 protein
content and translocation). Further, a critical emphasis for future
studies regarding this topic is that physical activity and protein intake
may have interactive effects on insulin sensitivity measures (79). In
this study, resistance exercise was combined with a moderately high
protein diet (33% protein, ∼1.2 g · kg−1 · d−1) and energy restriction
(∼1400 kcal/d—women, ∼1700 kcal/d—men) for 16 wk in over-
weight/obese, sedentary individuals with T2DM. This intervention
elicited greater improvements in basal insulin concentrations than did
moderately high protein diet alone, a control diet providing adequate
protein intake (19% protein, ∼0.7 g · kg−1 · d−1), and adequate
protein intake combined with resistance exercise (79). Because the
relation between moderately high dietary protein intakes and exercise
has not been reported during pregnancy, yet a synergistic effect of
the combination of a moderately high protein diet and exercise on
decreased T2DM instance has been reported, future research should
address these relations in pregnancy where protein requirements are
increased at the same time that insulin resistance develops.

Lastly, there is a lack of data on effects of maternal dietary protein
intake during early and mid-gestational periods on offspring insulin
sensitivity. Instead, studies used food logs and FFQ records from the
latter portion of pregnancy (weeks 25–30 of gestation) (7–9). Protein
requirements increase with pregnancy progression; however, no studies
have compared the effects of dietary protein intake of each trimester of
pregnancy on offspring insulin sensitivity outcomes. With that, we are
unable to determine if one of the phases of pregnancy is more sensitive
than the others, or if overall diet is what matters.

Conclusions

Given the increase in the prevalence of obesity in women of child-
bearing age and the ongoing scientific discussion about associations
between higher-protein diets and insulin resistance, it is crucial to
fully understand the depth of the relation between the amount of
maternal dietary protein intake and insulin sensitivity measures in
pregnant women and their offspring. However, based on the limited-
quality data available at this time, definitive conclusions regarding
this topic cannot be drawn. Despite these limitations, studies have
found that the source of dietary protein during pregnancy may affect
maternal insulin sensitivity measures and the RR of GDM. Overall,
the main status of the field examining the impact of amount and type
of maternal dietary protein consumption on maternal and offspring
insulin sensitivity measures is varied and scattered. If future studies
clearly define low and high protein, and provide a significant spread
of protein intakes, preferably including amounts that are outside of
current recommendations (protein intake of 10–35%TEI), theremay be
more impactful findings to advance the field. Future studies must also
address the limitations of present studies including, but not restricted
to, longitudinal offspring cohort data including infancy time points,
control for lifestyle habits of mothers and offspring including physical
activity, and recording of dietary intake throughout each stage of

pregnancy. Furthermore, potential impacts of protein amounts or types
must be viewed in the context of dietary patterns. By addressing
these gaps in the literature, improved protein recommendations during
pregnancy can be established.

Acknowledgments
The authors’ responsibilities were as follows—BRA and EB: generated
the idea; BRA: conducted the literature search, critically reviewed the
articles, and had primary responsibility for final content; and all authors:
wrote the paper and read and approved the final manuscript.

References

1. Navarro E, Funtikova AN, Fíto M, Schröder H. Prenatal nutrition and the
risk of adult obesity: long-term effects of nutrition on epigenetic
mechanisms regulating gene expression. J Nutr Biochem 2017;39:1–14.

2. Barker DJ. In utero programming of chronic disease. Clin Sci (Lond) 1998;
95(2):115–28.

3. Oken E, Gillman MW. Fetal origins of obesity. Obes Res 2003;11(4):
496–506.

4. Sonagra AD, Biradar SM, K D, Murthy DS J. Normal pregnancy- a state of
insulin resistance. J Clin Diagn Res 2014;8(11):CC01–3.

5. Proceedings of the 4th International Workshop-Conference on Gestational
Diabetes Mellitus. Chicago, IL, USA. 14–16 March 1997. Diabetes Care
1998;21(Suppl 2):B1–167.

6. Rietman A, Schwarz J, Tomé D, Kok FJ, Mensink M. High dietary protein
intake, reducing or eliciting insulin resistance? Eur J Clin Nutr 2014;68(9):
973–9.

7. Shiell AW, Campbell DM, Hall MH, Barker DJ. Diet in late pregnancy and
glucose-insulin metabolism of the offspring 40 years later. BJOG 2000;
107(7):890–5.

8. Maslova E, Hansen S, Grunnet LG, StrømM, Bjerregaard AA, Hjort L,
Kampmann FB, Madsen CM, Baun Thuesen AC, Bech BH, et al. Maternal
protein intake in pregnancy and offspring metabolic health at age 9–16 y:
results from a Danish cohort of gestational diabetes mellitus pregnancies
and controls. Am J Clin Nutr 2017;106(2):623–36.

9. Maslova E, Rytter D, Bech BH, Henriksen TB, Rasmussen MA, Olsen SF,
Halldorsson TI. Maternal protein intake during pregnancy and offspring
overweight 20 y later. Am J Clin Nutr 2014;100(4):1139–48.

10. Institute of Medicine, Food and Nutrition Board. Dietary Reference Intakes:
energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein and amino
acids. Washington (DC): National Academies Press; 2005.

11. Kurpad AV, Dwarkanath P, Thomas T, Mhaskar A, Thomas A, Mhaskar R,
Jahoor F. Comparison of leucine and dispensable amino acid kinetics
between Indian women with low or normal body mass indexes during
pregnancy. Am J Clin Nutr 2010;92(2):320–9.

12. Thame M, Fletcher H, Baker T, Jahoor F. Comparing the in vivo glycine
fluxes of adolescent girls and adult women during early and late pregnancy.
Br J Nutr 2010;104(4):498–502.

13. Stephens TV, Payne M, Ball RO, Pencharz PB, Elango R. Protein
requirements of healthy pregnant women during early and late gestation are
higher than current recommendations. J Nutr 2015;145(1):73–8.

14. National Center for Health Statistics. Health, United States, 2016, table 56:
mean macronutrient intake among adults aged 20 and over, by sex and age:
United States, selected years 1988–1994 through 2011–2014 [Internet].
Atlanta, GA: CDC; 2016 [cited 5 January, 2019]. Available from:
https://www.cdc.gov/nchs/data/hus/2017/056.pdf.

15. Crozier SR, Robinson SM, Godfrey KM, Cooper C, Inskip HM. Women’s
dietary patterns change little from before to during pregnancy. J Nutr
2009;139(10):1956–63.

16. Stephens TV, Woo H, Innis SM, Elango R. Healthy pregnant women in
Canada are consuming more dietary protein at 16- and 36-week gestation
than currently recommended by the Dietary Reference Intakes, primarily
from dairy food sources. Nutr Res 2014;34(7):569–76.

CURRENT DEVELOPMENTS IN NUTRITION

https://www.cdc.gov/nchs/data/hus/2017/056.pdf


Pregnancy, protein, and insulin sensitivity 9

17. Spiller GA, Jensen CD, Pattison TS, Chuck CS, Whittam JH, Scala J. Effect
of protein dose on serum glucose and insulin response to sugars. Am J Clin
Nutr 1987;46(3):474–80.

18. Lieberman M, Marks AD. Marks’ basic medical biochemistry: a clinical
approach. 4th ed. Baltimore, MD: Lippincott Williams &Wilkins; 2013.
p. 485–9.

19. Rietman A, Schwarz J, Blokker BA, Siebelink E, Kok FJ, Afman LA, Tomé
D, Mensink M. Increasing protein intake modulates lipid metabolism in
healthy young men and women consuming a high-fat hypercaloric diet.
J Nutr 2014;144(8):1174–80.

20. Walrand S, Short KR, Bigelow ML, Sweatt AJ, Hutson SM, Sreekumaran
Nair K. Functional impact of high protein intake on healthy elderly people.
Am J Physiol Endocrinol Metab 2008;295(4):E921–8.

21. 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 Nutrition Metab
2010;3(3):233–7.

22. 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(6):672–6.

23. Pounis GD, 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 with an
increased prevalence of diabetes among the elderly: the Mediterranean
islands (MEDIS) study. Diabetes Metab 2010;36(6):484–90.

24. Linn T, Santosa B, Grönemeyer D, Aygen S, Scholz N, Busch M, Bretzel
RG. Effect of long-term dietary protein intake on glucose metabolism in
humans. Diabetologia 2000;43(10):1257–65.

25. Te Morenga L, 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(11):1323–31.

26. Ravelli AC, van der Meulen JH, Michels RP, Osmond C, Barker DJ, Hales
CN, Bleker OP. Glucose tolerance in adults after prenatal exposure to
famine. Lancet 1998;351(9097):173–7.

27. de Rooij SR, Painter RC, Phillips DIW, Osmond C, Michels RPJ, Godsland
IF, Bossuyt PM, Bleker OP, Roseboom TJ. Impaired insulin secretion
after prenatal exposure to the Dutch famine. Diabetes Care 2006;29(8):
1897–901.

28. Ravelli GP, Stein ZA, Susser MW. Obesity in young men after famine
exposure in utero and early infancy. N Engl J Med 1976;295(7):349–53.

29. Bao W, Bowers K, Tobias DK, Hu FB, 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(7):
2001–8.

30. Tucker LA, LeCheminant JD, Bailey BW. Meat intake and insulin
resistance in women without type 2 diabetes. J Diabetes Res 2015:174742.

31. Newgard CB, An J, Bain JR, Muehlbauer MJ, Stevens RD, Lien LF, Haqq
AM, Shah SH, Arlotto M, Slentz CA, et al. A branched-chain amino
acid-related metabolic signature that differentiates obese and lean humans
and contributes to insulin resistance. Cell Metab 2009;9(4):311–26.

32. Simpson SJ, Raubenheimer D. Obesity: the protein leverage hypothesis.
Obes Rev 2005;6(2):133–42.

33. Gosby AK, Conigrave AD, Lau NS, Iglesias MA, Hall RM, Jebb SA,
Brand-Miller J, Caterson ID, Raubenheimer D, Simpson SJ. Testing protein
leverage in lean humans: a randomised controlled experimental study. PLoS
One 2011;6(10):e25929.

34. Zhou X, Chen R, Zhong C, Wu J, Li X, Li Q, Cui W, Yi N, Xiao M, Yin H,
et al. Maternal dietary pattern characterised by high protein and low
carbohydrate intake in pregnancy is associated with a higher risk of
gestational diabetes mellitus in Chinese women: a prospective cohort study.
Br J Nutr 2018;120(9):1045–55.

35. DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for
quantifying insulin secretion and resistance. Am J Physiol 1979;237(3):
E214–23.

36. Layman DK, Baum JI. Dietary protein impact on glycemic control during
weight loss. J Nutr 2004;134(4):968S–73S.

37. Duque-Guimarães DE, Ozanne SE. Nutritional programming of insulin
resistance: causes and consequences. Trends Endocrinol Metab 2013;24(10):
525–35.

38. Jiménez-Chillarón JC, Díaz R, Martínez D, Pentinat T, Ramón-Krauel M,
Ribó S, Plösch T. The role of nutrition on epigenetic modifications and
their implications on health. Biochimie 2012;94(11):2242–63.

39. Switkowski KM, Jacques PF, Must A, Hivert M-F, Fleisch A, Gillman MW,
Rifas-Shiman S, Oken E. Higher maternal protein intake during pregnancy
is associated with lower cord blood concentrations of insulin-like growth
factor (IGF)-II, IGF binding protein 3, and insulin, but not IGF-I, in a
cohort of women with high protein intake. J Nutr 2017;147(7):1392–400.

40. Alejandro EU, Gregg B, Wallen T, Kumusoglu D, Meister D, Chen A,
Merrins MJ, Satin LS, Liu M, Arvan P, et al. Maternal diet–induced
microRNAs and mTOR underlie β cell dysfunction in offspring. J Clin
Invest 2014;124(10):4395–410.

41. Yoon M-S. The emerging role of branched-chain amino acids in insulin
resistance and metabolism. Nutrients 2016;8(7):405.

42. 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 2018:1–17.

43. Sluijs I, Beulens JWJ, van der A DL, Spijkerman AMW, Grobbee DE, van
der Schouw YT. 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(1):43–8.

44. Shang X, Scott D, Hodge AM, English DR, Giles GG, Ebeling PR, Sanders
KM. Dietary protein intake and risk of type 2 diabetes: results from the
Melbourne Collaborative Cohort Study and a meta-analysis of prospective
studies. Am J Clin Nutr 2016;104(5):1352–65.

45. Pan A, Sun Q, Bernstein AM, Schulze MB, Manson JE, Willett WC, Hu FB.
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(4):1088–96.

46. 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(1):48.

47. Villegas R, Gao Y-T, Yang G, Li H-L, Elasy TA, Zheng W, Shu XO. Legume
and soy food intake and the incidence of type 2 diabetes in the Shanghai
Women’s Health Study. Am J Clin Nutr 2008;87(1):162–7.

48. Sucher S, Markova M, Hornemann S, Pivovarova O, Rudovich N, Thomann
R, Schneeweiss R, Rohn S, Pfeiffer AFH. 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(7):944–52.

49. Zhang C, Schulze MB, Solomon CG, Hu FB. A prospective study of dietary
patterns, meat intake and the risk of gestational diabetes mellitus.
Diabetologia 2006;49(11):2604–13.

50. 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 (Lausanne) 2018;
9:596.

51. Pang WW, Colega M, Cai S, Chan YH, Padmapriya N, Chen L-W, Soh SE,
Han WM, Tan KH, Lee YS, 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(4):653–60.

52. Daniel CR, Cross AJ, Koebnick C, Sinha R. Trends in meat consumption in
the USA. Public Health Nutr 2011;14(4):575–83.

53. Tucker LA, Erickson A, LeCheminant JD, Bailey BW. Dairy consumption
and insulin resistance: the role of body fat, physical activity, and energy
intake. J Diabetes Res 2015:206959.

54. Turner KM, Keogh JB, Clifton PM. Red meat, dairy, and insulin sensitivity:
a randomized crossover intervention study. Am J Clin Nutr 2015;101(6):
1173–9.

55. Zong G, Sun Q, Yu D, Zhu J, Sun L, Ye X, Li H, Jin Q, Zheng H, Hu FB,
et al. Dairy consumption, type 2 diabetes, and changes in cardiometabolic
traits: a prospective cohort study of middle-aged and older Chinese in
Beijing and Shanghai. Diabetes Care 2014;37(1):56–63.

CURRENT DEVELOPMENTS IN NUTRITION



10 Allman et al.

56. Gijsbers L, Ding EL, Malik VS, de Goede J, Geleijnse JM, Soedamah-Muthu
SS. Consumption of dairy foods and diabetes incidence: a dose-response
meta-analysis of observational studies. Am J Clin Nutr 2016;103(4):
1111–24.

57. Chen M, Sun Q, Giovannucci E, Mozaffarian D, Manson JE, Willett WC,
Hu FB. Dairy consumption and risk of type 2 diabetes: 3 cohorts of US
adults and an updated meta-analysis. BMCMed 2014;12(1):215.

58. Tong M, Neusner A, Longato L, Lawton M, Wands JR, de la Monte SM.
Nitrosamine exposure causes insulin resistance diseases: relevance to type 2
diabetes mellitus, non-alcoholic steatohepatitis, and Alzheimer’s disease.
J Alzheimers Dis 2009;17(4):827–44.

59. Helgason T, Jonasson MR. Evidence for a food additive as a cause of
ketosis-prone diabetes. Lancet 1981;318(8249):716–20.

60. Longnecker MP, Daniels JL. Environmental contaminants as etiologic
factors for diabetes. Environ Health Perspect 2001;109(Suppl 6):
871–6.

61. Virtanen SM, Jaakkola L, Räsänen L, Ylönen K, Aro A, Lounamaa R,
Akerblom HK, Tuomilehto J, Childhood Diabetes in Finland Study Group.
Nitrate and nitrite intake and the risk for type 1 diabetes in Finnish
children. Diabet Med 1994;11(7):656–62.

62. Simcox JA, McClain DA. Iron and diabetes risk. Cell Metab 2013;17(3):
329–41.

63. Vlassara H, Cai W, Crandall J, Goldberg T, Oberstein R, Dardaine V, Peppa
M, Rayfield E. Inflammatory mediators are induced by dietary glycotoxins,
a major risk factor for diabetic angiopathy. Proc Natl Acad Sci U S A 2002;
99(24):15596–601.

64. Wolf M, Sandler L, Hsu K, Vossen-Smirnakis K, Ecker JL, Thadhani R.
First-trimester C-reactive protein and subsequent gestational diabetes.
Diabetes Care 2003;26(3):819–24.

65. Bo S, Signorile A, Menato G, Gambino R, Bardelli C, Gallo ML, Cassader M,
Massobrio M, Pagano GF. C-reactive protein and tumor necrosis factor-α
in gestational hyperglycemia. J Endocrinol Invest 2005;28(9):779–86.

66. Tremblay F, Lavigne C, Jacques H, Marette A. Role of dietary proteins and
amino acids in the pathogenesis of insulin resistance. Annu Rev Nutr
2007;27:293–310.

67. Adeva MM, Calviño J, Souto G, Donapetry C. Insulin resistance and the
metabolism of branched-chain amino acids in humans. Amino Acids
2012;43(1):171–81.

68. Brandsch C, Shukla A, Hirche F, Stangl GI, Eder K. Effect of proteins from
beef, pork, and turkey meat on plasma and liver lipids of rats compared with
casein and soy protein. Nutrition 2006;22(11–12):1162–70.

69. Asghari G, Farhadnejad H, Teymoori F, Mirmiran P, Tohidi M, Azizi F.
High dietary intake of branched-chain amino acids is associated with an
increased risk of insulin resistance in adults. J Diabetes 2018;10(5):
357–64.

70. Tai ES, Tan MLS, Stevens RD, Low YL, Muehlbauer MJ, Goh DLM, Ilkayeva
OR, Wenner BR, Bain JR, Lee JJ, et al. Insulin resistance is associated with a
metabolic profile of altered protein metabolism in Chinese and
Asian-Indian men. Diabetologia 2010;53(4):757–67.

71. Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP, McCabe E, Lewis GD,
Fox CS, Jacques PF, Fernandez C, et al. Metabolite profiles and the risk of
developing diabetes. Nat Med 2011;17(4):448–53.

72. Gürke J, Hirche F, Thieme R, Haucke E, Schindler M, Stangl GI, Fischer B,
Navarrete Santos A. Maternal diabetes leads to adaptation in embryonic
amino acid metabolism during early pregnancy. PLoS One 2015;10(5):
e0127465.

73. Kendall CWC, Josse AR, Esfahani A, Jenkins DJA. Nuts, metabolic
syndrome and diabetes. Br J Nutr 2010;104(4):465–73.

74. Jiang R, Manson JE, Stampfer MJ, Liu S, Willett WC, Hu FB. Nut and
peanut butter consumption and risk of type 2 diabetes in women. JAMA
2002;288(20):2554–60.

75. Jamilian M, Asemi Z. The effect of soy intake on metabolic profiles of
women with gestational diabetes mellitus. J Clin Endocrinol Metab 2015;
100(12):4654–61.

76. Oliva ME, Chicco A, Lombardo YB. Mechanisms underlying the beneficial
effect of soy protein in improving the metabolic abnormalities in the liver
and skeletal muscle of dyslipemic insulin resistant rats. Eur J Nutr 2015;
54(3):407–19.

77. Singhal A. Long-term adverse effects of early growth acceleration or
catch-up growth. Ann Nutr Metab 2017;70(3):236–40.

78. Borghouts LB, Keizer HA. Exercise and insulin sensitivity: a review. Int J
Sports Med 2000;21(1):1–12.

79. Wycherley TP, Noakes M, Clifton PM, Cleanthous X, Keogh JB,
Brinkworth GD. A high-protein diet with resistance exercise training
improves weight loss and body composition in overweight and obese
patients with type 2 diabetes. Diabetes Care 2010;33(5):969–76.

CURRENT DEVELOPMENTS IN NUTRITION


