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ABSTRACT
Introduction Disentangling the specific factors that 
regulate glycemia from prediabetes to normoglycemia 
could improve type 2 diabetes prevention strategies. 
Metabolomics provides substantial insights into the 
biological understanding of environmental factors such as 
diet. This study aimed to identify metabolomic markers of 
regression to normoglycemia in the context of a lifestyle 
intervention (LSI) in individuals with prediabetes.
Research design and methods We conducted a single- 
arm intervention study with 24 weeks of follow- up. Eligible 
study participants had at least one prediabetes criteria 
according to the American Diabetes Association guidelines, 
and body mass index between 25 and 45 kg/m2. LSI refers 
to a hypocaloric diet and >150 min of physical activity per 
week. Regression to normoglycemia (RNGR) was defined 
as achieving hemoglobin A1c (HbA1c) <5.5% in the final 
visit. Baseline and postintervention plasma metabolomic 
profiles were measured using liquid chromatography- 
tandem mass spectrometry. To select metabolites 
associated with RNGR, we conducted the least absolute 
shrinkage and selection operator- penalized regressions.
Results The final sample was composed of 82 study 
participants. Changes in three metabolites were 
significantly associated with regression to normoglycemia; 
N- acetyl- D- galactosamine (OR=0.54; 95% CI 0.32 
to 0.82), putrescine (OR=0.90, 95% CI 0.81 to 0.98), 
and 7- methylguanine (OR=1.06; 95% CI 1.02 to 1.17), 
independent of HbA1c and weight loss. In addition, 
metabolomic perturbations due to LSI displayed 
enrichment of taurine and hypotaurine metabolism 
pathway (p=0.03) compatible with biomarkers of protein 
consumption, lower red meat and animal fats and higher 
seafood and vegetables.
Conclusions Evidence from this study suggests that 
specific metabolomic markers have an influence on 
glucose regulation in individuals with prediabetes after 24 
weeks of LSI independently of other treatment effects such 
as weight loss.

INTRODUCTION
Type 2 diabetes (T2D) is a major threat to 
global health. T2D occurs at varying rates in 
people from different ethnic backgrounds.1 
Prediabetes is a prevalent condition that 
identifies individuals with hyperglycemia who 

do not meet the criteria for T2D but whose 
glucose levels are higher than those consid-
ered normal.2 Individuals with prediabetes 
are at increased risk of developing T2D and 
cardiovascular risk.3 The seminal event in 
the progression from prediabetes to T2D is 
β-cell failure and can be reversible.4 5 And 
among individuals with prediabetes, regres-
sion to normoglycemia is the most frequent 
outcome.6 7

Lifestyle interventions (LSI) can prevent 
future diagnosis of T2D.8 Yet, patients at high 
risk of diabetes have considerable variation 
in their likelihood of seeing the benefit of 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Lifestyle interventions (LSI) provide benefits to glu-
cose regulation in prediabetes.

 ⇒ There is a considerable variation in the individuals to 
receive the benefits of a LSI.

 ⇒ Metabolomics provides substantial insights into the 
interplay between disease, and environmental expo-
sures to explain individual responses to treatment.

WHAT THIS STUDY ADDS
 ⇒ Three metabolites were significantly associated 
with regression to normoglycemia in prediabe-
tes: N- acetyl- D- galactosamine, putrescine, and 
7- methylguanine.

 ⇒ In addition, changes in taurine and hypotaurine me-
tabolism pathways were observed after a LSI.

 ⇒ The metabolomic changes associated with a LSI are 
compatible with biomarkers of protein consumption, 
lower red meat and animal fats, and higher seafood 
and vegetables.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Metabolites associated with regression to normogly-
cemia can provide a potential route for therapeutic 
target discovery.

 ⇒ Food profiles illuminated from these results can help 
to design more effective therapeutic strategies for 
diabetes prevention.
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diabetes prevention treatments,9 responding differently 
to the same diet. High- throughput metabolomics tech-
nologies have provided insights into the pathophysiolog-
ical pathways and understanding T2D and prediabetes,10 
as well as markers of food and nutrient consumption that 
uncovered metabolic pathways that are potentially modi-
fied by diet.11 There is evidence of differences in the lipi-
domic profile of high- density lipoprotein and low- density 
lipoprotein particles of individuals with prediabetes who 
regress to normoglycemia after ~2 years of follow- up 
without treatment.12 However, the extent to which these 
or other metabolites are modified in a lifestyle interven-
tion has not been described.

Metabotypes refer to the process of grouping 
similar individuals based on phenotypic or metabo-
lomic profiles13 and have helped to identify differen-
tial responses to dietary interventions14 and weight 
loss.13 Identifying the metabolomic profile of individ-
uals with prediabetes who regress to normoglycemia 
can provide substantial insights into the dietetic 
and physiological modulators of glucose regulation 
during a LSI that could be nutritional intervention 
targets for T2D prevention. In this study, we aimed 
to identify metabolomic markers of regression to 
normoglycemia in the context of a LSI in individuals 
with prediabetes.

RESEARCH DESIGN AND METHODS
Study population and design
We conducted a single- arm intervention study with 24 
weeks of follow- up. The study sample included individ-
uals who responded to physical and electronic advertise-
ments posted in the Research Unit of Metabolic Diseases 
(Unidad de Investigacion en Enfermedades Metabol-
icas (UIEM)) within the Instituto Nacional de Ciencias 
Medicas y Nutricion (INCMNSZ). Eligibility for study 
participation was first determined in a screening visit by 
the presence of at least one prediabetes criteria according 
to the American Diabetes Association: fasting glucose 
between 100 and 125 mg/dL, hemoglobin A1c (HbA1c) 
5.7%–6.4%, and/or 2- hour blood sugar between 140 and 
199 mg/dL after an oral load of 75 g of glucose.2 Addi-
tional criteria were age between 18 and 69 years and 
body mass index (BMI) in the overweight or obesity cate-
gories (BMI 25–45 kg/m2). Exclusion criteria included 
using glucose- lowering drugs such as metformin or corti-
costeroids, pregnancy, and subjects under nutritional 
or physical activity counseling prescribed by a medical 
professional.

Procedures
The study included four visits: screening, intervention, 
follow- up, and final. All visits took place at UIEM within 
the INCMNSZ. For the screening visit, subjects were 
asked to attend at 07:00 hours after an overnight fast. 
Participants underwent a 3- hour oral glucose tolerance 
test (OGTT) using 75 g of glucose. Anthropometric 

measures were performed in the screening visit following 
standardized protocols. Subjects were evaluated in 
fasting with light clothes and without shoes on. Body 
weight was measured with Seca mBCA 514 (Hamburg, 
Germany) medical body composition analyzer. Height 
was measured with Seca 284 (Hamburg, Germany) stadi-
meter. Weight and height were used to compute BMI as 
the ratio of weight (kilograms nearest 0.01) to squared 
height (m2), computed with a Microsoft Excel formula. 
Waist and hip circumference (centimeters nearest 0.5) 
were measured at the midpoint between the lower ribs 
and the iliac crest and the level of the trochanter major, 
respectively. Both measures were used to calculate the 
waist- to- hip ratio.

Subjects with eligible criteria were asked to attend 
the intervention visit 1 week after the screening visit. 
During the intervention visit, participants underwent 
a body composition evaluation through dual- energy 
X- ray absorptiometry (General Electric, Lunar Prodigy, 
Madison, Wisconsin, USA).

Lifestyle intervention
Standardized dietitians implemented the LSI. This 
intervention included a hypocaloric diet (500 kcal 
reduction of daily energy expenditure), distributed as 
follows: 45% of the total calorie daily intake of carbo-
hydrates, 30% lipids, and 15% from protein sources. 
Individuals received instructions to organize their 
meals with an educational handbook containing food 
groups and personalized servings. In addition, the 
intervention included tailored physical activity recom-
mendations to reach >150 min medium intensity per 
week. Goals were stabilized to reach >3% weight loss 
over the follow- up.15 Participants were trained to log 
their food habits and physical activity three times per 
week. After 12 weeks, subjects attended a follow- up 
visit with the dietitian to reinforce knowledge 
and goals. The final visit took place 24 weeks after 
the intervention visit, and all measurements were 
repeated. Across visits, we evaluated participants’ 
food and physical activity habits with a 24- hour food 
recall and a log of activities. This information helped 
to assess the patient’s adherence to diet and physical 
activity modifications.

Outcomes
Regression to normal glucose regulation (RNGR) was 
defined as HbA1c <5.5% in the final visit to avoid the 
regression to the mean bias,16 frequently observed in 
single measurements such as fasting glucose and 2- hour 
glucose. Prediabetes maintenance was defined as having 
at least one of the prediabetes criteria in the last visit. 
Incident T2D was defined as fasting plasma glucose 
>126 mg/dL and/or glucose post load of >200 mg/dL 
and/or HbA1c >6.5 in any of the visits; these individuals 
were removed from the analysis to avoid comparison 
imbalance between groups since they represented a small 
proportion of the sample (n=6).
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Calculations
Daily energy, macronutrient and micronutrient intakes 
were assessed through a 24- hour food recall. Data were 
analyzed using ESHA’s Food Processor Nutrition Analysis 
software (Salem, Oregon, USA). For measuring insulin 
secretion, we used the early insulin response, defined 
as the ratio of the 30 min change in insulin concentra-
tion to the 30 min change in glucose concentration after 
oral glucose loading, that is, (Ins30–Ins0)/(Gluc30–
Gluc0)17; and the oral disposition index defined as O 
(Ins0–30/Gluc0–30×1/Ins0).18 Furthermore, insulin 
sensitivity was estimated with Matsuda index19 as follows: 

 
ISI = 104√

(G0×I0×mG×mI)1/2  
, Oral Glucose Insulin Sensitivity 

Index (OGIS)20 through the website http://webmet. 
pd.cnr.it/ogis/, and homeostasis model assessment for 
insulin resistance that was computed as fasting glucose×-
fasting insulin/405.21

Metabolomic analyses
The plasma metabolomics profiling was performed in 
the Metabolomics Platform at the Broad Institute of 
Harvard University and Massachusetts Institute of Tech-
nology (Cambridge, Massachusetts, USA) using high- 
throughput liquid standardization. A total of 219 named 
metabolites were qualified for primary analyses (online 
supplemental table 1). To reduce noise in the profiling 
data, we implemented a quality control (QC) pipeline 
and metabolite signals with noisy trends were removed 
from the study. The QC steps included: normalization 
with internal standards and pooled samples, removal of 
metabolites with >25% of missing values, missing value 
imputation, and normalization and covariate adjustment. 
Missing metabolites values were imputed using mice 
(https://cran.r-project.org/web/packages/mice/index. 
html) package.

Statistical analysis
Differences in baseline clinical characteristics, as well as 
differences before and after treatment, were analyzed 
with a t- test and Mann- Whitney U test according to the 
variable’s distribution. Metabolomic fold changes (FC) 
were computed using a paired approach using the 
limma R package (https://bioconductor.org/packages/ 
limma/). Generalized estimating equation models were 
used to account for HbA1c at baseline. Metabolites were 
log- transformed and adjusted by age and sex. Residuals 
of the regression were normalized by inversed normal 
transformation. The changes of the metabolites before 
versus after the intervention were computed using an FC 
analysis setting a cut- off point of an FC >0.25 and a p value 
adjusted for multiple comparisons <0.05 as significant (q 
value). For metabolite selection, we conducted the least 
absolute shrinkage and selection operator- penalized 
regressions (LASSO) with 10- fold cross- validation to 
select metabolites before the intervention (baseline) and 
after intervention accounting for baseline abundances 
(log2FC). We used RNGR as outcome variable b giving 
minimum mean cross- validated error 9. We repeated 

this process 100 times and accumulated the selection 
frequency across 100 iterations for each metabolite sepa-
rately and used a threshold of 10 selections to prioritize 
the top metabolites selected. This analysis was performed 
using the glmnet (https://cran.r-project.org/web/ 
packages/glmnet/index.html) package implemented 
in R V.3.6.1 program (https://www.r-project.org/). We 
considered two- sided p<0.05 to denote evidence against 
the null hypothesis.

Pathway analysis
We used MetaboAnalyst V.4.022 to identify enriched 
metabolic pathways for the set of prioritized metabo-
lites in two time- points, baseline, and treatment, and 
used the Kyoto Encyclopedia of Genes and Genomes23 
database to map the signatures with their physiolog-
ical pathways.

RESULTS
A total of 205 individuals were screened, of which 138 
were confirmed prediabetes cases in the screening 
visit, and 131 attended the intervention visit (online 
supplemental figure 1). The retention rate at the end 
of the study was 67.1%. The most frequently reported 
cause of withdrawal was the lack of time to attend 
the visits. Subjects who did not complete the study 
were younger than those who completed the study 
(45.02±11 vs 49.45±11, p=0.035).

After 24 weeks of LSI, 27 (30.6%) individuals regressed 
to normal glucose regulation, 55 (62.5%) maintained 
their prediabetes status and 6 individuals (6.8%) 
progressed to T2D. The characteristics at baseline overall 
and by groups are shown in table 1. RNGR subjects 
were younger (44.33±13.87 vs 52.23±10.88, p=0.008). 
Surrogates of insulin secretion and sensitivity did not 
show significant differences at baseline among groups 
(p>0.05), indicating that RNGR was not entirely driven 
by relatively better glycemic health at baseline (online 
supplemental table 2).

Intervention effectiveness
After 24 weeks of LSI, the mean weight loss was 2.46±3.48 
kg, with 47.5% (n=39) of the subjects reaching the 
>3% weight loss goal. The intervention was effective in 
reducing weight, waist circumference, body fat, fasting 
glucose, HbA1c, and increasing insulin sensitivity 
measured by OGIS (p<0.05) (online supplemental table 
3). Participants displayed favorable changes in their 
dietary behavior: significant reduction in total energy 
and sugar intake, and increased protein intake (p<0.01) 
(figure 1). The increment of protein consumption was 
associated with a lower probability of maintenance (HR 
0.97, 95% CI 0.94 to 0.99) independent of age, sex, 
HbA1c at baseline, and weight loss (table 2). Increased 
protein consumption increased after the intermediate 
visit (online supplemental figure 2).
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Metabolites associated with RNGR
Before the intervention (baseline), three metabolites 
were selected at least 10 times in the LASSO regression 

(online supplemental table 4): PS (P- 36.1)/PS (O.36.2) 
(OR=0.51; 95% CI 0.28 to 0.90), C5.1 carnitine (OR=0.58; 
95% CI 0.32 to 0.97), and Cer (d18:1/24:1) (OR=0.59; 

Table 1 Baseline characteristics of the study population according to their final status (n=82)

Overall
(n=82)

Prediabetes 
maintenance (n=52)

Regression to normal 
glucose tolerance (n=30) P value

Age (years) 49.34±12.13 52.23+10.88 44.33±13.87 0.008

Sex

  Male, n, (%) 21 (25.6) 13 (25) 8 (26.6) 0.868

Diagnostic criteria at baseline

  Impaired fasting glucose only, n (%) 6 (7) 2 (3.8) 4 (13.3)

  Impaired HbA1c% only, n (%) 25 (30) 15 (28.8) 10 (33.3)

  Impaired glucose tolerance only, n (%) 2 (2) 1 (2) 1 (3.3) 0.117

  Two criteria 36 (44) 22 (42.3) 14 (46.6)

  Three criteria 13 (16) 12 (23) 1 (3.3)

T2D family history, n (%) 45 (56%) 25 (48) 20 (66.6) 0.123

Fasting glucose (mg/dL) 99.16±9.18 98.35±10.32 100.57±6.71 0.214

Fasting insulin (U/mL) 9.2 (6.20–13.40) 9 (6–11.50) 9.35 (6.7–14.47) 0.371

HbA1c% 5.89±0.26 6±0.21 5.71±0.24 0.0001

Glucose 120’ (mg/dL) 129.41±30.43 131.33+31.23 125.97±29.17 0.442

Aix75% 36.5 (26–45.75) 38.5 (30–46.25) 30.5 (24.25–39.75) 0.039

Aix% 39.5 (33–50) 42.5 (34–51) 37 (32–43) 0.087

Aortic augmentation index (mg Hg) 16.5 (11–21) 18 (11–23) 14.5 (11.25–18.75) 0.116

PWV (m/s) 6.21±0.95 6.21±0.89 6.21+1.07 0.985

BMI

  Male 30.97±4.37 30.42±4.63 32.86±4.05 0.462

  Female 30.55±3.74 30.37±3.88 30.88±3.53 0.601

Waist circumference

  Male 101.96±11.69 98.90±10.95 106.91±11.82 0.141

  Female 95.10±10.30 95.69±10.49 93.97±10.11 0.547

Waist- to- hip ratio

  Male 0.95±0.06 0.94+0.07 0.95±0.06 0.693

  Female 0.88±0.06 0.90±0.06 0.85±0.05 0.001

Body fat %

  Male 33.31+4.84 31.90+4.55 35.24+4.82 0.148

  Female 43.07+4.79 42.83+5.15 43.48+4.66 0.597

Free fat mass index

  Male 19.44±2.03 19.37±2.43 19.54±1.46 0.855

  Female 15.62±3.60 15.14±4.30 16.46±3.57 0.095

Visceral adipose tissue volume

  Male 1308±741.17 1172.73±780.74 1491.75±687.88 0.355

  Female 1121±468.01 1164.14±490.29 1049.41±429.20 0.447

Estimate daily caloric consumption (kcal) 2114.43±901.19 1988.64±778.4 2332.46±1060.69 0.127

Fat consumption percentage (%) 31.81±12.40 31.75±12.35 31.92±12.69 0.951

Protein consumption percentage (%) 16.50 (13.15–21.93) 17.20 (24.78–37.80) 15.40 (13.77–22.53) 0.736

Carbohydrate consumption percentage (%) 50.65±13.67 50.76±13.50 50.45±14.19 0.923

Daily sugar consumption (g) 56.50 (27.69–94.62) 52.78 (25.52–87.08) 60.11 (37.74–109.72) 0.238

Daily fiber consumption (g) 13.10 (6.95–21.21) 14.14 (9.07–22.91) 9.02 (6.40–18.14) 0.05

Differences between the two groups were computed with χ2 test for qualitative variables, t- test for parametric variables and Wilcoxon test for non- parametric 
variables.
BMI, body mass index; HbA1c, hemoglobin A1c; PWV, pulse waive velocity; T2D, type 2 diabetes.
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95% CI 0.33 to 0.98). Nevertheless, these metabolites 
appeared to be affected by BMI and HbA1c since neither 
of them maintained the significance level after the 
adjustment.

After 6 months of intervention, 40 metabolites measured 
by their FC were prioritized 10 or more times in the 
LASSO regression (online supplemental figure 3, online 
supplemental table 5). The profile was composed mainly 
by changes in amino acids (N(6)- methyllysine, thyroxine, 
creatine, N- acetylalanine, glutamine), lysophosphatidyl-
cholines (LPC (18.3), LPC (14.0), LPC (16.0)), carnitines 
(C18 carnitine, C10:2.carnitine, C5- DC.carnitine, C12:1.
carnitine), sphingolipids (Sd18.1.22.1, SM[d18:1/14.0], 

SM[d18.1.20.0]), and organic compounds 
(1,7- dimethyluric acid, trigonelline, tryptophan, allan-
toin, N- carbamoyl- beta- alanine, 1- methylhistamine, 
2- methylguanosine, 7- methylguanine). This profile 
displays metabolites biomarkers of vegetables, fruits, 
and legumes (trigonelline, tryptophan, allantoin, 
N- carbamoyl- beta- alanine) consumption, as well as 
sources of protein and fat (amino acid, fatty acid, acyl-
carnitines, and glycerophospholipid). After adjusting for 
HbA1c and weight loss, only three metabolites remained 
significant: N- acetyl- D- galactosamine (OR=0.54; 95% CI 
0.32 to 0.82), 7- methylguanine (OR=1.06; 95% CI 1.02 
to 1.17), and putrescine (OR=0.90, 95% CI 0.81 to 0.98) 
(figure 2).

Metabolomic changes after LSI
Finally, we sought to identify metabolites with substan-
tial change after the LSI. Fourteen metabolites displayed 
significant changes before and after LSI (log2FC >0.25 and 
q<0.05) (figure 3, online supplemental table 6). After the 
LSI, we observed lower levels of C14 carnitine (log2FC 
−0.46 and q=0.013), PS/P36 (log2FC −0.30 and q=0.013), 
inosine (log2FC −0.45 and q=0.013), thyroxine (log2FC 
−0.35 and q=0.01), myristoleic acid (log2FC −0.29 and 
q=0.01), and niacinamide (log2FC −0.44 and q=0.02). Our 
sample also displayed increased levels of cystine (log2FC 
0.56 and q=0.001), hypotaurine (log2FC 0.48 q=0.002), 
sphinganine (log2FC 0.64 and q=0.003), taurine (log2FC 
0.45 and q=0.01), 5- hydroxytryptophan (log2FC 0.46 and 
q=0.02), serotonin (log2FC 0.46 and q=0.02), glycine 

Figure 1 Changes after 24 weeks of lifestyle intervention in body composition, biochemical (A) and dietary traits (B). Changes 
are displayed as Log2 fold change and SE. The intervention effectively reduced fasting glucose, HbA1c, weight, waist 
circumference, and energy intake (p<0.001). After adjusting for confounders, subjects regressed to normal values of HbA1c 
and increased their protein consumption (p=0.023). Before and after significance values were computed with paired t- test. 
Significances with covariate adjustment (age, age2, sex, and BMI (in non- anthropometric variables)) were computed in a logistic 
regression model. BMI, body mass index; HbA1c, hemoglobin A1c; OGIS. Oral Glucose Insulin Sensitivity Index.

Table 2 Clinical variables associated with regression to 
normal glucose tolerance

Outcome: maintenance to normal glucose tolerance

HR SE 95% CI P value

Age 1.15 0.10 0.93 to 1.42 0.17

Age2 0.99 0.00 0.99 to 1.00 0.24

Sex 0.81 0.35 0.40 to 1.63 0.56

Δ weight 0.96 0.49 0.87 to 1.06 0.49

Δ protein 0.97 0.01 0.94 to 0.99 0.039

HbA1c 14.59 0.68 3.77 to 56.3 0.0001

Likelihood ratio test 30.65 p=0.00003; Wald test 23.43 p=0.0007; 
score (logrank) test=25.27 p=0.004.
HbA1c, hemoglobin A1c.
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(log2FC 0.25 and q=0.02), and pro- glycine (log2FC 0.47 
and q=0.02) (figure 3A). These metabolites enriched the 
taurine and hypotaurine metabolism pathway (p=0.03) 
(figure 3B). The metabolomic profile after LSI reflects 
activity in biomarkers of protein consumption, lower red 
meat and animal fats (C14 carnitine, inosine, myristoleic 
acid), and higher seafood and vegetables (cystine, sphin-
ganine, taurine, serotonin).

DISCUSSION
This study set out with the aim of identifying metabolomic 
markers of regression to normoglycemia in the context 
of a 24 weeks of LSI in individuals with prediabetes. 
Changes in three metabolites (N- acetyl- D- galactosamine, 
putrescine, and 7- methylguanine) were significantly asso-
ciated with regression to normoglycemia independent of 
other treatment factors such as HbA1c at baseline and 

weight loss. In addition, the metabolomic changes associ-
ated with a LSI were represented by activity in biomarkers 
of protein consumption, lower red meat and animal fats, 
and higher seafood and vegetables (cystine, sphinganine, 
taurine, serotonin). These metabolites enriched the 
taurine and hypotaurine metabolism pathway (p=0.03).

In our study, low concentrations of N- acetyl- D- 
galactosamine were associated with a higher probability 
to regress to normoglycemia; this is consistent with 
previous reports that associate higher concentrations 
of N- acetyl- D- galactosamine with incident cardiovas-
cular disease,24 diabetes mellitus,25 as well as the longi-
tudinal risk of all- cause, cardiovascular, and cancer 
mortality after 20.5 years among initially healthy indi-
viduals.26 N- acetyl- D- galactosamine identifies glycan 
residues on circulating glycoproteins, the majority of 
which are acute phase reactants. A large proportion of 
the potential risk associated with elevated N- acetyl- D- 
galactosamine would relate to systemic inflammatory 
pathways.26 Further studies are needed to explore poten-
tial modulators and causes of N- acetyl- D- galactosamine 
concentrations.

Low levels of putrescine were associated with a higher 
probability of regression to normoglycemia in our 
study. Putrescine is a polyamine. In mouse models, the 
dysregulation of polyamine metabolism impacts glucose, 
lipid, and energy homeostasis.27 28 Fernandez- Garcia et 
al reported high levels of serum putrescine in patients 
with T2D and a positive correlation with HbA1c.29 This 
is consistent with the deleterious role of putrescine in 
glucose regulation found in our study. External sources 
of putrescine include fruits, vegetables, and seeds, which 
might reflect the changes in the pattern of consumption 
of the participants.

Finally, 7- methylguanine was positively associated 
with regression to normoglycemia. 7- Methylguanine 
is a hypoxanthine. In previous studies, this metabolite 
has shown a positive association with T2D.30 Differences 

Figure 2 Metabolites associated with regression to 
normoglycemia. Metabolite abundances were adjusted 
by age and sex and normalized using inverse normal 
transformation. Values fold change before versus 
intervention. Logistic regression model was computed 
using regression to normoglycemia as outcome adjusted by 
hemoglobin A1c and Δ weight.

Figure 3 (A) Metabolites associated with lifestyle intervention. (B) Enrichment analysis of the significantly modified 
metabolites (log2FC >0.25 and q=0.05) after 24 weeks of intervention. FC, fold change.
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between these findings and our findings could be related 
to sample size differences and longer follow- ups.

In this study, subjects who increased their protein 
consumption were more likely to regress to normal 
glucose tolerance than those who maintained it. Stentz 
et al31 found that a high protein diet had 100% remission 
of prediabetes compared with only 33% on a high carbo-
hydrate diet with similar weight loss. This association may 
partly be explained by increases in incretin hormones 
gastric inhibitory polypeptide, glucagon- like peptide- 1, 
and ghrelin in a high protein diet, which improves insulin 
sensitivity and β-cell function.32

Finally, taurine and hypotaurine increased their abun-
dance in plasma after the LSI. These metabolites are 
antioxidant and anti- inflammatory agents.33 The main 
natural dietary sources are foods of animal origin, partic-
ularly seafood.34 Regarding its effect on glucose metab-
olism, taurine and hypotaurine have been shown to 
lower blood glucose levels and improve hyperglycemia 
and hyperglycemia- induced insulin resistance in mouse 
models.35

The findings in this study are limited by the sample 
size and lack of replication in an independent cohort. 
Also, the method used to assess diet in this study, 24 hours 
recall, can be subject to substantial reporting bias and 
misreporting. Furthermore, a recent report36 described 
the importance of classifying individuals with prediabetes 
based on their diagnosis criteria since this heterogeneity 
is crucial for their treatment response. In our study, we 
included individuals with any prediabetes diagnostic 
criteria to maximize our power, and our results might be 
limited by not accounting for this heterogeneity. Further 
studies, which consider these limitations, and longer 
follow- ups to measure outcomes associated with T2D inci-
dence are recommended.

CONCLUSIONS
The evidence from this study suggests that changes in 
three metabolites, N- acetyl- D- galactosamine, putrescine, 
and 7- methylguanine, were significantly associated with 
regression to normoglycemia independent of other 
treatment factors such as HbA1c at baseline and weight 
loss. In addition, our results show that increased protein 
consumption could positively impact the treatment of 
individuals with prediabetes. The findings of this study 
have several practical implications for treating individ-
uals at high risk of T2D.
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