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ABSTRACT
Introduction Plasma lactate is a marker of non- oxidative 
glucose metabolism associated with progression to 
diabetes. We examined the effect of carbohydrate quality 
(glycemic index (GI)) and amount (%kcal) on plasma 
lactate. We hypothesized that low GI (≤45 (g)) versus high 
(≥65 (G)) and low %kcal from carbohydrate (40% kcal 
(c)) versus high (58% kcal (C)) each would reduce lactate 
levels.
Research design and methods We measured lactate 
in OmniCarb, a randomized, cross- over trial of four 
diets in overweight/obese adults without diabetes 
or cardiovascular disease (N=163). The four diets 
were high carbohydrate+high GI (CG, reference), high 
carbohydrate+low GI (Cg), low carbohydrate+high GI (cG), 
and low carbohydrate+low GI (cg). Participants (N=163) 
consumed each of the four diets over a 5- week period, 
separated by 2- week washout periods. Plasma lactate 
levels were measured at baseline, during which the 
participants consumed their own diets, and after each 
5- week period.
Results Baseline plasma lactate was 1.2 mmol/L. In the 
setting of high carbohydrate amount, reducing GI lowered 
plasma lactate non- significantly by 0.08 mmol/L (Cg vs CG: 
95% CI −0.16 to 0.00; p=0.06). In the setting of high GI, 
reducing carbohydrate amount lowered plasma lactate by 
0.10 mmol/L (cG vs CG: 95% CI −0.19 to −0.02; p=0.02). 
The combined effect of reducing GI and carbohydrate 
proportion in the diet (cg vs CG) was similar (cg vs CG: 
−0.08; 95% CI −0.16 to 0.00; p=0.04). All four diets 
reduced plasma lactate compared with baseline.
Conclusions Compared with a diet with high GI and 
high carbohydrate amount, diets with low GI and/or low 
carbohydrate amount reduced plasma lactate. Whether this 
change in lactate leads to long- term change in glucose 
metabolism needs to be examined.
Trial registration number NCT00608049.

INTRODUCTION
Diabetes mellitus is a major and growing 
public health problem, with an annual inci-
dence of 1.5 million in the USA.1 There is a 
critical need for population- wide strategies 
to address this epidemic. Among the many 
dietary determinants of diabetes, carbo-
hydrates have the most potent effects on 
glucose and insulin secretion. Two features 

of dietary carbohydrates, quality (glycemic 
index (GI), ie, how fast specific foods raise 
blood glucose in the 2 hours after consump-
tion) and amount (proportion of calories), 
have been shown to worsen glucose control 
among adults with diabetes, with higher GI 
and higher carbohydrate amount causing 
poorer glucose control.2–4 However, whether 
these two features of carbohydrates impact 
the risk of developing diabetes among adults 
at elevated risk is unknown and is intensely 
debated.5 6

There have been significant challenges to 
defining causal pathways between consumed 
carbohydrates and diabetes. Randomized 
controlled feeding studies of carbohydrate 
quality and amount have been too short to 
observe diabetes as an outcome. One such 
trial, the Effect of Amount and Type of Dietary 
Carbohydrates on Risk of Cardiovascular 
Heart Disease and Diabetes Study (Omni-
Carb), examined the impact of modifying 
carbohydrate GI and amount over 5 weeks 
on cardiovascular risk factors among rela-
tively healthy adults who were overweight or 
obese.7 This trial found that neither varying 

Significance of this study

What is already known about this subject?
 ► Carbohydrate glycemic index (GI) and amount have 
been shown to worsen glucose control among adults 
with diabetes, but whether these two features of car-
bohydrates impact the risk of developing diabetes in 
at- risk adults is unknown and intensely debated.

What are the new findings?
 ► Compared with a diet with high GI and high carbohy-
drate amount, diets with low GI and/or low carbohy-
drate amount reduced plasma lactate.

How might these results change the focus of 
research or clinical practice?

 ► Whether this change in lactate reduces long- term 
diabetes risk should be examined.
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carbohydrate amount nor GI improved insulin sensitivity 
or intermediate- term markers of glucose homeostasis,7–9 
leading some to question the role of GI, carbohydrate 
amount, and dietary carbohydrates in general in the 
development of diabetes.6 However, because OmniCarb 
was conducted in people with intact regulatory systems 
for blood glucose, blood glucose may not have been 
sensitive enough to detect short- term dietary effects on 
glucose homeostasis. This raises the question of whether 
other subclinical markers would be more appropriate for 
observing short- term changes in metabolism that might 
represent progression toward diabetes.

In recent years, plasma lactate has emerged as an early 
marker of abnormal metabolism that is strongly associated 
with insulin resistance and the development of diabetes 
mellitus in large human cohort studies.10–13 In adults 
without diabetes, pyruvate, the main product of intracel-
lular glucose metabolism, is converted to lactate in non- 
oxidative glycolysis.14 In persons with insulin resistance, 
this process is enhanced,15 contributing to elevations in 
lactate well before impairments in glucose regulation 
are observed.16–18 Furthermore, a number of physiologic 
studies suggest that elevated lactate might even accel-
erate diabetes progression by promoting gluconeogen-
esis and reducing muscle reuptake of glucose.19–21 As a 
result, lactate may be a useful early marker of diabetes 
pathogenesis with causal implications.

The objective of the present study was to determine the 
effect of diets that vary in GI and carbohydrate amount 
on plasma lactate in overweight and obese adults without 
diabetes. We hypothesized that lowering the GI and 
lowering the amount of carbohydrates would alter intra-
cellular metabolism and thereby reduce plasma lactate 
levels. In addition, we compared lactate with traditional 
diabetes risk factors and markers of glycemia or insulin 
resistance.

RESEARCH DESIGN AND METHODS
Trial design
OmniCarb was an investigator- initiated, National Heart, 
Lung, and Blood Institute- supported trial whose ratio-
nale and main results have been previously published.7 
In brief, OmniCarb was a randomized, controlled, 
cross- over trial in which participants consumed four 
distinct diets in random order over four dietary inter-
vention periods. The diets varied by GI (≥65 in the 
high GI group, ≤45 in the low GI group) and by carbo-
hydrate amount (40% kcal in the low carbohydrate 
group, 58% kcal in the high carbohydrate group), to 
create four distinct diets: high carbohydrate and high 
GI (CG), high carbohydrate and low GI (Cg), low 
carbohydrate and high GI (cG), and low carbohydrate 
and low GI (cg). A detailed nutrient breakdown of the 
four diets is presented in online supplementary table 
S1. GI is a measure of the degree of blood glucose rise 
after a standardized amount of carbohydrate intake, 
based on the area under the glucose curve during the 

post- carbohydrate 2- hour period, relative to a stan-
dard dose of 100 g of white bread.4 The cut points 
in glycemic index (GI <45 vs GI >65) correspond to 
the first and fifth quintiles of US population- based 
intake.22 There were eight possible sequences of the 
four intervention diets.7 Diet sequences were strati-
fied by site to ensure a balance of sequences at each 
site in each cohort. Randomly varying block sizes were 
used to prevent predictability of sequence assignment. 
Kitchen staff needed to have knowledge of participant 
diet assignment. All lab personnel were blinded to 
diet sequence assignment. Until the end of the trial, 
all investigators, staff and participants were masked to 
all trial outcome data, with the exception of the trial 
statisticians, the data manager, and the External Moni-
toring Committee. Modifications to the trial protocol, 
including the complete protocol, have been published 
previously.7

Participant recruitment
Participants of the trial were obese or overweight adult men 
and women enrolled at two clinical centers, one located in 
Boston, Massachusetts, and the other in Baltimore, Mary-
land, USA. Participants were excluded if they reported 
a prior diagnosis of diabetes mellitus or cardiovascular 
disease, if they had a fasting blood glucose >125 mg/dL, or 
if they were taking medications for blood pressure, lipids, 
or diabetes (online supplementary table S2). All partici-
pants provided informed consent before taking part. The 
participant flow diagram is shown in figure 1.

Controlled feeding
Feeding was conducted by cohort, between August 2009 
and September 2010. Participants were randomly assigned 
to one of eight sequences of four diet periods. All partic-
ipants began with an 8- day run- in phase in which each of 
the four study diets was given for 2 days. Participants then 
consumed each diet over a 5- week period, followed by a 
2- week washout, during which they ate a self- selected diet. 
The intervention was designed to last 5 weeks based on 
findings from previous studies of carbohydrates and GI 
that found significant effects on insulin sensitivity in 2–4 
weeks.7 Attendance at meals was recorded. Participants 
were required to eat one principal meal on- site each day 
and were observed while eating. Participants were sent 
home with the remaining two meals and weekend meals. 
A complete list of sample food items organized by diet 
can be found in online supplementary tables S3–S23. 
Every day, participants completed a diary in which they 
listed their consumption of protocol and non- protocol 
foods. Adherence was high; 96% of person- days consisted 
of study food consumption without consumption of non- 
study foods. Any alcohol consumption was reported on 
11% of person- days.

Each diet was designed to be healthful, with core 
features of the Dietary Approaches to Stop Hypertension 
diet, that is, reduced in saturated fat, sodium, and choles-
terol, while rich in fruits, vegetables, fiber, potassium, 
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and other minerals at recommended levels. Sodium 
was similar in all four diets. Calorie targets were deter-
mined for each participant based on their body size, sex, 
and physical activity level. Calorie intake was adjusted 
throughout the trial to keep weight within 2% of partic-
ipants’ baseline values. Participants were encouraged to 
maintain the same activity levels and alcohol consump-
tion throughout the study. Since many low GI foods are 
high in fiber and many high GI foods are low in fiber, 
similar fiber contents were established across diets by 
including low fiber, low GI foods such as pasta, and high 
fiber, high GI foods such as instant oatmeal and bananas. 
This issue was also addressed by adding unprocessed 
wheat bran to three of the breakfasts and two to three 
dinners per week. At the 2000 kcal level, dietary fiber 
was targeted to a range of 26–31 g a day, and ultimately 
ranged from 29 g to 37 g.

Measurement of outcomes
Fasting plasma samples were collected at baseline prior 
to randomization and at the completion of each 5- week 
fasting period. The mean number of weeks between labo-
ratory measurements in consecutive diet periods was 7.6 
(SD: 2.0). Glucose and insulin levels were measured in 
plasma after a brief storage period soon after specimen 
collection as part of the original trial protocol.7 Addi-
tional plasma specimens were stored at −70°C until a 
single thaw cycle in 2012 to measure lactate. Lactate was 
measured via a lactate–pyruvate oxidation reaction by a 
Dimension Vista analyzer (Siemens). The observed inter-
assay coefficient of variation for lactate was 2.1% (corre-
sponding to a mean of 3.325 mmol/L). In a general 
healthy population without diabetes, plasma lactate 
should be 0.5–1 mmol/L.

Other covariate measurements and definitions
In addition to the primary outcome of our study, covari-
ates were ascertained via questionnaire, laboratory 
measurement, and physical examination. The Food 
Frequency Questionnaire was inputted by participants 
directly into the web- based system of the National 
Cancer Institute.23 Body mass index (BMI) was calcu-
lated using baseline height and weight and catego-
rized as overweight (25–29.9 kg/m2) or obese (≥30 kg/
m2). Weight was measured with a calibrated Tanita 
BWB-800 digital scale. Height was measured with a 
stadiometer. Waist circumference (cm) was measured 
with an anthropometric measuring tape, 1 cm above 
the navel. Impaired fasting glucose was based on a 
fasting blood glucose ≥100 mg/dL. The homeostasis 
model assessment (HOMA) index was calculated by 
multiplying fasting serum insulin level (μU/mL) and 
fasting serum glucose concentration (mg/dL) divided 
by 405.24 Ultracentrifugation was used to prepare low- 
density lipoprotein for cholesterol measurements. 
High- density lipoprotein- cholesterol was measured 
by a precipitation method using dextran sulfate and 
magnesium chloride. Cholesterol and triglycerides 
were measured by enzymatic assays. Hypertensive 
status (yes or no) was determined by an average of 
three baseline blood pressure measurements for which 
mean systolic blood pressure was ≥140 mm Hg or mean 
diastolic blood pressure was ≥90 mm Hg (consistent 
with the definition of hypertension at the time the 
study was conducted).

Statistics
The main outcomes were (1) between- diet differences 
in end- of- period plasma lactate levels and (2) change 

Figure 1 Participant flow diagram in the OmniCarb study. BL, baseline; CG, high carbohydrate, high glycemic index diet; 
Cg, high carbohydrate, low glycemic index diet; cG, low carbohydrate, high glycemic index diet; cg, low carbohydrate, low 
glycemic index diet.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2020-001457 on 31 A

ugust 2020. D
ow

nloaded from
 

http://drc.bmj.com/


4 BMJ Open Diab Res Care 2020;8:e001457. doi:10.1136/bmjdrc-2020-001457

Clinical care/Education/Nutrition

in plasma lactate from baseline in each of the four 
diets. Given the trial design, the primary contrasts of 
interest were the between- diet differences in the end- 
of- period levels of plasma lactate. Accounting for the 
repeated measures design, all comparisons were done 
using generalized estimating equation linear regres-
sion models, with a Huber and White robust variance 
estimator which assumed an exchangeable working 
correlation matrix. In addition, we examined the 
cross- sectional association between baseline lactate 
and markers of glycemia and insulin resistance using 
Pearson’s coefficients and linear regressions. We also 
used generalized estimating equations adjusted for sex 
(female, male), age (continuous), and race/ethnicity 
(non- Hispanic African–American, non- Hispanic white, 
Hispanic, non- Hispanic Asian) to examine the cross- 
sectional association between markers using repeat 
measurements. Lastly, we performed stratified anal-
yses by age (below or above 65 years), sex, race, obesity 
status, and HOMA- Insulin Resistance (IR) (below or 
above median). In the stratified analyses, p values for 
each stratum were generated using interaction terms. 
All analyses were performed in Stata V.15.1. Statistical 
significance was defined as p≤0.05 without Bonferroni 
correction.

RESULTS
Baseline characteristics
Baseline characteristics of this randomized study popu-
lation are shown in table 1. The 163 participants had 
a mean age of 53 years (SD: 11); 52% of the partici-
pants were women, 40% were non- Hispanic African–
American, 56% were obese and 26% had hypertension. 
Participants had a baseline lactate level of 1.2 mmol/L 
(SD: 0.5).

Change in plasma lactate from baseline by diet
All four diets reduced lactate compared with baseline, 
with magnitudes ranging from −0.10 to −0.20 mmol/L 
(table 2).

Between-diet comparisons
We first compared one diet factor (GI or %kcal carbohy-
drate) while holding the other factor constant (figure 2). 
In the setting of high carbohydrate amount, reducing GI 
lowered plasma lactate by 0.08 mmol/L (Cg vs CG: 95% 
CI −0.16 to 0.00; p=0.06). In the setting of low carbohy-
drate amount, reducing GI did not reduce plasma lactate 
(cg vs cG: mean change of 0.02 mmol/L; 95% CI −0.06 to 
0.10; p=0.60). In the setting of high GI, reducing carbo-
hydrate amount lowered plasma lactate by 0.10 mmol/L 
(cG vs CG: 95% CI −0.19 to −0.02; p=0.02). In the setting 
of low GI, reducing carbohydrate amount did not reduce 
plasma lactate (cg vs Cg: mean change of 0.00 mmol/L; 
95% CI −0.08 to 0.07; p=0.90).

We also compared diets differing in both variables. 
The combined effect of reducing both GI and carbo-
hydrate proportion (CG vs cg) was similar to reducing 

either, with a mean change of −0.08 mmol/L (95% CI 
−0.16 to 0.00; p=0.04). There was no significant differ-
ence in lactate change between the high carbohy-
drate, low GI diet and the low carbohydrate, high GI 
diet, with a mean change of −0.03 mmol/L (Cg vs cG: 
95% CI −0.10 to 0.05; p=0.51).

Lactate, markers of glycemia, and risk factors for 
hyperglycemia
We examined the relationship between lactate and 
markers of glycemia and insulin resistance. Baseline 
lactate levels were positively correlated with markers of 
glycemia and insulin resistance, including serum fasting 
glucose, serum 2- hour glucose, serum fasting insulin, 
serum 2- hour insulin, and HOMA (table 3). After adjust-
ment for age, sex, and race/ethnicity, significant positive 

Table 1 Baseline characteristics of participants (N=163) in 
the OmniCarb trial

Characteristics
Mean (SD) or 
n (%)

Age, years 52.6 (11.4)

Women, % 85 (52)

Race, %

  Non- Hispanic African–American 66 (40)

  Non- Hispanic white 82 (50)

  Hispanic 11 (7)

  Asian 4 (2)

Lactate, mmol/L 1.2 (0.5)

Body mass index, kg/m2 32.3 (5.5)

Body mass index, %

  25–29.9 71 (44)

  ≥30 92 (56)

Waist circumference, cm 104.4 (13.5)

Serum fasting glucose, mg/dL 97.3 (13.6)

Serum 2- hour glucose, mg/dL 135.4 (42.6)

Serum fasting insulin, μU/mL 7.7 (5.8)

Serum 2- hour insulin, μU/mL 48.8 (43.1)

Impaired fasting glucose (serum fasting 
glucose ≥100 mg/dL), %

58 (35.6)

Homeostasis model assessment, units 1.9 (1.6)

HDL cholesterol, mg/dL 58.3 (16.0)

LDL cholesterol, mg/dL 153.0 (42.1)

Triglycerides, mg/dL 104.6 (67.1)

SBP, mm Hg 132.0 (9.1)

DBP, mm Hg 80.0 (7.5)

Baseline hypertensive status*, %

  Non- hypertensive 120 (74)

  Hypertensive 43 (26)

*Defined as baseline SBP ≥140 or DBP ≥90 mm Hg.
DBP, diastolic blood pressure; HDL, high- density lipoprotein; LDL, 
low- density lipoprotein; SBP, systolic blood pressure.
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associations with lactate were demonstrated with serum 
fasting glucose, serum 2- hour glucose, serum fasting 
insulin, serum 2- hour insulin, and HOMA.

Sensitivity analyses
In subgroup analyses, the between- diet change in lactate 
did not differ by age, sex, race, BMI, hypertension status, 
baseline fasting glucose, and HOMA score (online 
supplementary table S24).

DISCUSSION
In this randomized, controlled feeding study that 
enrolled persons without diabetes, diets with low GI 
and/or low carbohydrate amount reduced plasma lactate 
compared with diets with high GI and high carbohydrate 
amount. The combined effect on lactate of reducing 
GI and carbohydrate proportion in the diet was similar 
to the individual reductions in GI or carbohydrate, a 

reduction in the lactate level of 0.08 mmol/L (compared 
with a high GI, high carbohydrate proportion diet). 
Thus, the effects of GI and carbohydrate were not addi-
tive. These effects did not differ by demographic or clin-
ical characteristics. Moreover, lactate was significantly 
associated with markers of insulin resistance, including 
serum fasting glucose, serum 2- hour glucose, serum 
fasting insulin, serum 2- hour insulin, and HOMA. These 
findings show that in adults at risk for diabetes due to 
obesity, reducing the GI and/or the amount of dietary 
carbohydrates affects short- term metabolism.

Our study demonstrated that reducing GI and reducing 
total carbohydrates lowered plasma lactate concentra-
tions, a marker of non- oxidative glycolysis. Lactic acid 
(2- hydroxypropanoic acid) is a downstream product of 
glycolysis that forms when pyruvate is diverted from the 
Krebs cycle.14 Lactate production increases when energy 
demand exceeds mitochondrial oxidative capacity. High 
lactate levels can also arise in settings of excess intracel-
lular glucose such as in von Gierke’s disease.25 26 There 
is some evidence to suggest that lactate is a marker of 
glucose stores in peripheral tissue that can reduce insulin 
sensitivity in the long term.27

Lactate is a possible predictor of diabetes mellitus, 
independent of glucose and insulin.12 Furthermore, 
lactate’s association with diabetes has been observed in 
large population studies, cross- sectionally and prospec-
tively.10 11 13 16 In the Atherosclerosis Risk in Communities 
cohort study, the association between lactate and inci-
dent diabetes was prominent in the subpopulation with 
pre- diabetes, suggesting a role of lactate as a predictor 
of diabetes in an at- risk population.12 In persons without 
diabetes, basal lactate level was found to be negatively 
associated with insulin sensitivity, even after adjustment 
for obesity.16 Speculation of mechanisms of the associa-
tion between lactate and incident diabetes is beyond the 
scope of our present study.

Table 3 Linear associations and Pearson’s correlation 
coefficients between markers of glycemia and plasma 
lactate

Lactate, mmol/L (n=159)

r β P value*

Serum fasting 
glucose, mg/dL

0.19 0.008 0.01

Serum 2- hour 
glucose, mg/dL

0.19 0.003 0.005

Serum fasting 
insulin, μU/mL

0.33 0.03 <0.001

Serum 2- hour 
insulin, μU/mL

0.18 0.002 0.02

Homeostasis model 
assessment, units

0.33 0.11 <0.001

*P value for ordinary least squares coefficient (β) adjusted for age, 
sex, and race/ethnicity.
β, beta coefficient; r, Pearson’s correlation coefficient.

Table 2 Change in plasma lactate level compared with 
baseline (n=159)

Diet β (95% CI) P value

CG −0.10 (−0.18 to −0.02) 0.012

Cg −0.18 (−0.27 to −0.09) <0.001

cG −0.20 (−0.29 to −0.11) <0.001

Cg −0.18 (−0.26 to −0.11) <0.001

Participants had a baseline lactate level of 1.2 mmol/L (SD: 0.5).
P value refers to the p value for linear regression based on a 
repeated measures analysis.
β, beta coefficient; CG, high carbohydrate, high glycemic index 
diet; cG, low carbohydrate, high glycemic index diet; Cg, high 
carbohydrate, low glycemic index diet; cg, low carbohydrate, low 
glycemic index diet.

Figure 2 Between- diet comparisons of change in lactate. 
In each comparison, the result displayed is the first diet 
compared with the second diet. For example, cg vs cG 
means cg minus cG, and so on. CG, high carbohydrate, high 
glycemic index diet; Cg, high carbohydrate, low glycemic 
index diet; cG, low carbohydrate, high glycemic index diet; 
cg, low carbohydrate, low glycemic index diet; GI, glycemic 
index.
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We showed that lowering the amount of carbohydrates 
in the setting of high GI lowered lactate. A similar obser-
vation has been reported in other studies. In one trial of 
19 subjects, a high carbohydrate diet, compared with diets 
high in protein, fat, or alcohol, led to higher postpran-
dial lactate.28 In another study of eight subjects under-
going exercise, a low carbohydrate diet, compared with 
a regular carbohydrate diet, led to delayed production 
of lactate after exercise.29 It has been hypothesized that 
reduced lactate levels may be due to decreased glycogen 
levels or decreased flux through glycogenolysis or anaer-
obic glycolysis.30 Alternatively, the shift in substrate for 
oxidative phosphorylation resulting from reduced carbo-
hydrate availability may mean that a greater portion of 
acetyl coenzyme A may be derived from fat and protein 
resources, thereby bypassing glycolysis.

Our study also showed that lowering GI in the context 
of high carbohydrates non- significantly reduced lactate. 
In a study of 12 subjects and another of 19 subjects, 
carbohydrate type (sucrose, which is a simple carbohy-
drate, vs starch, which is a complex carbohydrate) did not 
affect blood lactate levels.31 32 Of note, these trials did not 
distinguish carbohydrates by GI, as they were conducted 
before classification of carbohydrates by GI was widely 
adopted. More recently, a study of eight subjects showed 
that low GI diet, compared with high GI diet, led to a 
smaller rise in plasma lactate after exercise.33 The long- 
term implications of these changes should be the focus of 
subsequent research.

Our study has limitations. First, the feeding periods 
were too brief for observation of clinical events, such 
as incident diabetes mellitus, thus necessitating exam-
ination of surrogate markers as outcomes. Second, the 
high carbohydrate diet was compared with a low carbo-
hydrate diet that had simultaneous increases in both 
protein and fat. The effects of increasing protein and fat 
cannot be distinguished from lowering carbohydrates. 
The intervention was not designed to examine subtypes 
of protein or fat (eg, animal vs plant- based protein or 
unsaturated vs saturated fat). Similarly, while the diets 
were designed to have similar fiber levels between diets, 
it is possible that whole grains or specific ingredients in 
each diet contribute to changes in lactate levels. While 
we attempted to maintain fiber content constant across 
diets, there was slightly more fiber in the high carbohy-
drate, low GI diet. Nevertheless, the comparison of the 
lowest versus the highest fiber diets (discordant contrast: 
cG vs Cg) did not significantly affect lactate. Adding 
wheat bran as a source of fiber could alter the GI of some 
foods. This should be noted when attempting to replicate 
the meals prepared in this trial. Last, all diets reduced 
plasma lactate level. However, our study cannot distin-
guish between whether these changes from baseline 
reflect the benefits of a supervised dietary intervention 
or low- quality diets at home.

Our study also has multiple strengths. First, the trial 
was a randomized, controlled feeding study with high 
adherence and large contrasts in the dietary exposures 

examined in OmniCarb (GI and %kcal carb).7 Second, 
the feeding periods were designed to be isocaloric, 
allowing us to isolate the dietary factors without the 
confounding effects of weight change. Third, plasma 
lactate and other biomarkers were measured over 
multiple standardized blood collections in a popula-
tion without diabetes or glucose- altering medications. 
Fourth, the study population was diverse in sex and 
race, with few participants lost to follow- up. Finally, 
OmniCarb was a cross- over trial, reducing the influ-
ence of confounding covariates.

This study has implications for our understanding of 
the role of carbohydrates in adults at risk for diabetes. 
There is ongoing debate regarding whether a high GI, 
high carbohydrate diet contributes to diabetes.3 34 Some 
argue that carbohydrates are only relevant for glucose 
management in patients with established diabetes, and 
that they do not have a role in the development of 
diabetes independent of weight and obesity.6 While our 
study did not show effects of carbohydrates on short- 
term glucose homeostasis, we did show that reducing 
either GI or amount of carbohydrates lowered plasma 
lactate, a measure of both intracellular metabolism 
and diabetes risk. Future research is needed to deter-
mine whether this cellular shift toward more efficient 
metabolism affects body weight, an important causal 
mediator of diabetes.

In conclusion, we found that reducing the GI and 
amount of dietary carbohydrates affected carbohydrate 
metabolism reflected by lower lactate concentrations. 
These findings were observed in a population at risk 
for diabetes despite minimal effects on glucose and 
insulin. While lactate has been implicated in diabetes 
pathogenesis in other studies, further research is 
needed to determine whether the metabolic changes 
we observed in OmniCarb decrease diabetes risk in the 
long term.
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