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Abstract

Achieving diabetes remission (HbA1c<48mmol/mol without the use of anti-diabetic medica-

tion for 3 months) might not assure restoration of a normal glycemic profile [fasting blood

sugar level <5.6 mmol/L and Post-Prandial (PP) blood glucose <7.8mmol/L]. The study

investigates the factors associated with OGTT clearance in patients under type 2 diabetes

remission. Four hundred participants who achieved remission during a one-year online struc-

tured lifestyle modification program, which included a plant-based diet, physical activity, psy-

chological support, and medical management (between January 2021 and June 2022), and

appeared for the OGTT were included in the study. OGTT clearance was defined by fasting

blood glucose < 5.6 mmol/L and 2-hour post-prandial blood glucose <7.8 mmol/L post-con-

sumption of 75g glucose solution. Of the 400 participants, 207 (52%) cleared OGTT and 175

(44%) had impaired glucose tolerance (IGT). A shorter diabetes duration (<5 years) was sig-

nificantly associated with OGTT clearance (p<0.05). Pre-intervention use of glucose-lowering

drugs showed no association with OGTT clearance (p<0.1). Post-intervention, the OGTT-

cleared group showed significantly higher weight loss (p<0.05) and a decrease in HbA1c

compared to the IGT group (p<0.05). Improvement in Insulin resistance and β-cell function

was also higher in the OGTT-cleared group compared to the IGT group (p<0.05). In conclu-

sion, clearing the OGTT is a possibility for those achieving remission through lifestyle inter-

ventions. Higher weight loss, a shorter duration of diabetes, and improvement in insulin

resistance were significantly associated with OGTT clearance in participants in remission.

Future randomized controlled trials with longer follow-ups may help substantiate our findings.

Introduction

Type 2 diabetes (T2D) is a complex condition primarily characterized by insulin resistance,

impaired pancreatic islet cell function, elevated metabolic irregularities, and disturbances in
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glycemic control [1]. It can lead to several complications, some of which may result in fatality

due to uncontrolled glycemic levels [2]. Previous research has shown that improved glycemic

control and remission can be achieved through lifestyle changes such as weight loss, low-calo-

rie diet, and physical activity [3–6]. The American Diabetes Association (ADA) has recom-

mended an assessment of psychosocial and emotional health concerns in patients with

diabetes, making it an integral part of holistic diabetes care in addition to conventional lifestyle

changes [7–9].

Diabetes remission is defined as HbA1c levels below 48 mmol/mol without the use of phar-

macotherapy for more than 3 months [10]. Long-term remission in T2D-diagnosed patients is

most predicted by sustained weight loss, shorter duration of diabetes, and reduced insulin

resistance, in addition to improved pancreatic function [11, 12] Multiple studies have sug-

gested that long-term maintenance of remission and prevention of relapse in T2D is mostly

achieved by long-term adherence to lifestyle therapy and weight loss, provided β-cell dysfunc-

tion is not irreparable [4, 5, 13].

The oral glucose tolerance test (OGTT) is widely regarded as the gold standard for diagnos-

ing T2D because of its ability to effectively assess a patient’s glucose processing capabilities

[14]. It is also commonly used to screen for diabetes mellitus, insulin resistance, impaired pan-

creatic β-cell function, reactive hypoglycaemia or acromegaly, and rare carbohydrate meta-

bolic diseases [15]. While most studies on diabetes remission are based on HbA1c levels, the

OGTT remains one of the most essential diagnostic tools for assessing normal glucose profiles

[16, 17]. However, there is a lack of studies exploring the possibility of achieving a normal gly-

caemic profile in terms of OGTT clearance post-T2D remission. The current study aimed to

investigate the factors associated with OGTT clearance in T2D patients who achieved remis-

sion after attending an online one-year lifestyle intervention program. The study hypothesised

that T2D-diagnosed patients in remission after customized lifestyle intervention may be able

to attain a normal glycemic profile through OGTT clearance, in addition to lowering HbA1c

levels and improving insulin-related factors [Homeostatic model assessments of insulin resis-

tance (HOMA-IR) and β-cell function (HOMA-β)].

Materials and methods

Study design & participant enrolment

The present study is a quasi-experimental with a pre-post design. Participants were recruited

from the Freedom from Diabetes Clinic in Pune, India. Of the 7839 T2D patients who enrolled

for the one-year online lifestyle modification program (between January 2021 and June 2022),

3689 achieved remission and were invited to participate in a 3-month ‘glycemic ladder’ train-

ing as part of the one-year program. Of these, 1121 participants accepted the invitation and

underwent a 3-month glycemic training, which included gradual introduction of foods with

an increasing glycemic index every week while monitoring blood glucose levels. Four hundred

participants who completed the three-month training, fulfilled the remission criteria, and

underwent the oral glucose tolerance test (OGTT) were included in the final analysis. This

study was approved by the Institutional Ethics Committee (Ref. No. ECR/45/Indt/MH2013/

RR-16). Written informed consent was obtained from all participants.

Inclusion criteria

The primary inclusion criterion was ‘remission’ defined as ‘HbA1c less than 48 mmol/mol

without any glucose-lowering medicines (including alternative medicine) for at least 3

months’, achieved during a one-year lifestyle intervention in addition to completion of

3-month glycemic ladder training and attempting OGTT.
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Intervention

Participants enrolled in the one-year lifestyle intervention program were assigned a team of six

experts, including a physician, nutritionist, physiotherapist, psychologist, mentor (a previous

program participant who benefited from the program and volunteers to guide new partici-

pants), and monitor (for follow-ups and reminders for lab tests and appointments). Partici-

pants were instructed to follow the Freedom from Diabetes protocol, a one-year program

divided into four phases focusing on four core protocols: diet, exercise, psychological support,

and medical management. Each participant had access to a dedicated mobile application that

allowed them to communicate with a team of experts via voice, video, and text. The entire pro-

gram was delivered through educational group sessions (12 sessions- one every month) and

individualized guidance through a team of experts.

The ethical framework of our intervention emphasized the significance of individualized

dietary modifications, customized exercise schedules, yoga, and stress management tech-

niques, while simultaneously acknowledging the cultural nuances associated with dietary pref-

erences and exercise choices. Our approach offered participants the flexibility to select from a

range of options while still adhering to the primary objective of the intervention.

The dietary intervention initially focused on a plant-based diet. The dietary modification

was individualized based on the BMI and associated medical conditions of the participants. A

strict vegan diet was recommended for the first 2 months. In the first month, overall calorie

intake was reduced to an average of 1100 kcal/day. In the second month, calorie intake was

further reduced (400–500 kcal/day on the day of fasting) through intermittent fasting and

juice fasting to aid in faster weight loss, depending on the BMI of the participant; those with

normal BMI did not undergo juice and water fasting. Once the target BMI (23–25 kg/m2) was

achieved, calorie intake was gradually increased to 1800–2000 kcal to promote muscle building

(with the aid of exercises). Once the blood sugar levels stabilized, other food items from the

regular diet were reintroduced phase-wise under the close supervision of the nutritionist and

physician.

The exercise intervention included exercises to promote blood circulation and muscle acti-

vation (warm-up, Surya Namaskar, super brain yoga, palm planks), with a major focus on

improving strength, flexibility, and stamina by adopting the 3-2-1 pattern per week (3 hrs. of

strength, 2 hrs of flexibility and 1 hrs. of stamina exercises). A customized exercise plan (e.g.,

swimming, running, cycling, yoga) was suggested to the participants based on their age and

preference to create a consistent level of fitness by the end of the program.

The third protocol of the psychological intervention focused on understanding one’s stress

and anxiety levels and raising awareness in participants about the mind-body connection

through online group sessions. Participants were advised to manage their stress through jour-

naling and meditation. Individual counselling was also provided to the participants by trained

psychologists who used specific methods such as cognitive behaviour therapy (CBT), rational

emotional behaviour therapy (REBT), neuro-linguistic programming (NLP), clinical hypno-

therapy, life coaching, and Pranic healing, as required.

The final protocol of the intervention was the medical protocol delivered by the assigned

physician and consisted of daily drug-dose adjustments based on blood sugar level updates on

the mobile application in addition to correcting nutritional deficiencies identified through bio-

chemical tests (performed every 3 months). Once blood sugar levels stabilized, participants

were asked to report their blood sugar levels less frequently (weekly/fortnightly).

As a part of the one-year lifestyle intervention program, upon achieving remission, partici-

pants were asked to voluntarily enrol for a three-month ‘glycemic-ladder’ training where they

were gradually introduced to food items that were restricted during the intervention. Items
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such as grains for breakfast, fruits, and desserts were reintroduced into the diet while closely

monitoring their blood sugar levels followed by increasing doses of glucose (15g, 25g, 30g, 40g,

50g, 60g, and 75g in 250 ml water) to gradually increase glucose tolerance. All the above ‘meal/

glucose experiments’ were performed once a week, preferably on weekends, at a predeter-

mined time. Throughout the training, participants were requested to monitor and report their

blood glucose levels in close consultation with their nutritionist and physician. The partici-

pants were also advised to avoid intense exercise on the day of the experiments. After the last

experiment with 75g of glucose, they were asked to take a break of 15 days while continuing

their routine recommended diet and exercise regimen before attempting the final OGTT. Par-

ticipants who completed and cleared the training with an HbA1c level of less than 48 mmol/

mol without glucose-lowering medication were considered eligible for the final oral glucose

tolerance test.

Adherence to the overall program was monitored through 12 structured questionnaires

administered monthly through our mobile application. This ensured the engagement of partic-

ipants and provided direct feedback to all respective experts to take necessary action to ensure

adherence to the protocol.

Assessment of anthropometric and biochemical parameters

Data on anthropometric measurements (height and weight), biochemical parameters (HbA1c,

fasting blood sugar, post-prandial blood sugar, fasting insulin), and medical history (diabetes

duration and medication status) were assessed at baseline. While weight and fasting and, post-

prandial blood glucose levels were assessed daily until the target BMI was achieved (23–25 kg/

m2) or blood glucose levels stabilized, HbA1c was repeated every 3–4 months and at the time

of OGTT. Homeostatic model assessment of insulin resistance (HOMA-IR) and β-cell func-

tion (HOMA-β) at baseline and at the end of one year were calculated using standard formulas

[18].

Oral glucose tolerance test (OGTT)

During the OGTT, a fasting blood sample was obtained to establish the baseline blood glucose

levels. The participants then consumed 75g of dextrose monohydrate in 250 ml of water

(WHO-recommended dosage for OGTT) [19]. After 120 minutes (2 hrs) of glucose consump-

tion, a second blood sample was collected to determine the post-prandial (PP) blood glucose

level. Following the OGTT, the participants were classified as OGTT-cleared [fasting blood

sugar level (FBSL) <5.6 mmol/L and PP blood glucose level<7.8mmol/L], IGT (Impaired

Glucose Tolerance) [FBSL 5.6–6.9 mmol/L and PP blood glucose level 7.8-11mmol/L], and

Not-cleared (FBSL�7.0 mmol/L and PP blood glucose level�11.1mmol/L), based on ADA

guidelines [20].

Statistical analysis

Statistical analyses were performed using IBM SPSS version 21.0. Data are presented as fre-

quencies and percentages for categorical variables. Mean ± standard deviation and median

(interquartile range) were reported for continuous variables with normal and skewed distribu-

tions, respectively. The absolute percentage change was calculated as the final value—initial

value/initial value x100. Parametric and non-parametric (ANOVA and Kruskal Wallis) tests

were used to test the significance of the differences between groups based on the distribution

of data. To compare pre-and post-intervention measurements, the Wilcoxon signed-rank test

was used for skewed data whereas paired t-tests and independent t-tests were used to analyze

normally distributed data. Statistical significance was set at p< 0.05.
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Results

The results presented here reflect the outcomes observed after a one-year lifestyle intervention

program for diabetes management. The participants were subjected to a comprehensive one-

year intervention that included dietary, exercise, psychological and medical management. The

study findings highlight the impact of the customized lifestyle intervention on OGTT clear-

ance in participants under remission.

General characteristics of the participants

The mean age (years) of the participants during OGTT was 51.7±1.7 and most participants

were male (59%). At the time of joining the one-year intervention, the median duration (inter-

quartile range) of diabetes was 4.3 (1.3–8.8) years and most participants (84.3%) were on glu-

cose-lowering medication [including oral hypoglycemic agents (OHAs) or insulin or both].

Overall, the mean duration of remission at the time of attempting OGTT was 4.6 ± 1.9 months.

Oral glucose tolerance test (OGTT)

All four hundred participants under remission attempted the OGTT as part of the program.

Of these, 207 (52%) cleared the oral glucose tolerance test (OGTT), 175 (44%) showed

impaired glucose tolerance (IGT), and 18 (4%) were not able to clear the OGTT. At the time of

appearing for OGTT, the mean weight (kg), median BMI (kg/m2), and HbA1c (mmol/mol,) of

the participants were 65.3±9.8, 23.5 (21.9–25.3) and 39.8 (36.6–43.1), respectively. The mean

time taken to achieve remission before starting glycemic ladder training for the 3 groups was:

OGTT cleared group, 4.4 ± 2.0 months; IGT group, 4.7 ± 1.8 months; Not cleared group,

5.6 ± 2.5 months.

The sociodemographic profiles of the participants in the three groups are presented in

Table 1. All three groups had similar sociodemographic characteristics (P >0.1). Diabetes

Table 1. Socio-demographical profile of participants in three outcome groups (N = 400).

Parameters OGTT Status

OGTT-cleared
(N = 207)

IGT (N = 175) Not-cleared
(N = 18)

Age (Years) 52.0±9.4 51.1±10.0 52.8±9.8

Gender Male 116 [56.0] 107 [61.1] 12 [66.6]

Female 91 [44.0] 68 [38.9] 6 [33.4]

Education Graduate and below 109 [52.7] 98[56.0] 12 [66.7]

Post-Graduate and above 98 [47.3] 77[44.0] 6 [33.3]

Occupation Employed 118 [57.0] 113 [64.6] 13 [70.6]

Retired 28 [13.5] 19 [10.8] 3 [17.6]

Homemaker 39 [18.8] 32 [18.3] 2 [11.8]

Others a 22 [10.6] 11 [6.3] -

Marital Status Married 184 [88.8] 156 [89.1] 17 [94.1]

Single b 23 [11.2] 19 [10.9] 1 [5.9]

Family History Yes 160 [77.1] 133 [76.0] 14 [76.5]

No 47 [22.9] 42 [24.0] 4 [23.5]

Data are presented as mean ± standard deviation or frequency [percentage]
a Student/Preferred not to disclose
b Never married/separated/widowed; No significant differences were observed between the groups by Chi-square test

(p>0.1)

https://doi.org/10.1371/journal.pone.0302777.t001
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duration was significantly lower in the OGTT-cleared group than in the IGT group (p = 0.046)

(Fig 1A). Due to the low number of patients who did not clear the OGTT (N = 18), we could

not statistically compare the outcome for this group. No significant difference in OGTT results

was observed based on initial medication status (p>0.1) (Fig 1B).

Changes in anthropometric and biochemical parameters post-one-year lifestyle interven-

tion in three outcome groups (OGTT-cleared, IGT and Not-cleared) have been described in

Table 2.

Post-one-year intervention assessment showed significant improvement in weight, BMI,

HbA1c, fasting insulin, fasting blood sugar, post-prandial blood sugar, HOMA-IR, and

HOMA-β in all the participants who cleared OGTT and showed impaired glucose tolerance

Fig 1. Group-wise comparison (OGTT-cleared n = 207, IGT n = 175 and Not-cleared n = 18) of diabetes duration (A)

and medication status (B).

https://doi.org/10.1371/journal.pone.0302777.g001

Table 2. Changes in anthropometric and biochemical parameters post-one-year lifestyle intervention (N = 400).

Parameters Groups Based on OGTT Status

OGTT-cleared (N = 207) P values IGT (N = 175) P values Not-cleared (N = 18) P values

Pre-

Intervention

Post-

Intervention

Pre-

Intervention

Post-

Intervention

Pre-

Intervention

Post-

Intervention

Weight (kg) 76.4±13.6 66.0±10.4 <0.001 71.4±11.1 64.6± 9.2 <0.001 72.2±10.9 66.9±11.3 <0.001

BMI (kg/m2) 27.8 (24.6–31.3) 23.8 (21.8–25.8) <0.001 26.0 (23.0–28.3) 23.1 (21.9–25.3) <0.001 25.8 (24.8–26.9) 23.4 (22.7–25.2) 0.002

HbA1c (mmol/mol) 55.2±17.2 38.1±4.6 <0.001 56.1±18.0 41.1±5.1 <0.001 52.2±9.2 44.7±4.4 0.001

Fasting Insulin (pmol/

L)

52.1 (33.6–81.4) 36.6 (25.7–53.4) <0.001 52.1 (36.3–76.7) 40.7 (28.2–60.0) <0.001 61.6 (43.9–92.1) 65.4 (40.4–75.0) 0.127

Fasting Blood Sugar

(mmol/L)

6.5±1.9 5.2±0.73 <0.001 6.9±1.9 5.9±0.79 <0.001 6.5±1.0 6.1±0.67 0.122

PP-Blood Sugar (mmol/

L)

7.1±2.6 6.2±1.9 <0.001 7.7±2.7 6.9±1.9 0.001 7.8±2.2 7.8±2.1 0.979

HOMA-IR 2.4 (1.4–4.0) 1.4 (1.0–2.1) <0.001 2.7 (1.7–3.8) 1.7 (1.1–2.7) <0.001 3.3 (2.5–5.5) 2.8 (1.8–3.4) 0.044

HOMA-β 62.7 (41.3–103) 72.6 (48.7–113) <0.001 55.7 (35.0–81.0) 58.3 (39.4–86.9) 0.357 79.4 (54.8–141) 92.1 (46.4–114) 0.877

Data are presented as mean ± standard deviation or median (Interquartile range)

OGTT: Oral Glucose Tolerance Test; IGT: Impaired Glucose Tolerance; BMI: Body mass index; PP: Post-Prandial; HbA1c: glycosylated haemoglobin; HOMA-IR:

Homeostatic model assessment of Insulin resistance (HOMA-IR); HOMA-β: Homeostatic model assessment of β-cell function

https://doi.org/10.1371/journal.pone.0302777.t002
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(IGT) except for HOMA-β in IGT group. Additionally, the Not-cleared group showed signifi-

cant improvement in weight, BMI HbA1c and HOMA-IR; notably the post-intervention val-

ues for HOMA-IR remained outside the normal range (<2.5) [21] (Table 2).

Comparison of anthropometric and biochemical profiles between groups

after one year of lifestyle intervention

The group-wise analysis based on OGTT status showed that percentage change in weight (p =

<0.001), BMI (p<0.001), HbA1c (p = 0.025), and HOMA-IR (p = 0.023) was significantly

higher in the OGTT-cleared group when compared to the IGT group. Moreover, the OGTT-
cleared group showed significantly higher percentage changes in weight (p = 0.003), BMI

(p = 0.004), and HbA1c (p = 0.003) compared to the Not-cleared group. Furthermore, the IGT
group showed a significantly higher percentage change in HbA1c (p = 0.039) compared to the

Not-cleared group. It’s crucial to note that the sample size in the Not-cleared group was insuffi-

cient for a robust statistical analysis (Table 3).

Discussion

The present study highlights the likelihood of achieving a normal glycemic profile (FBSL <5.6

mmol/L and PP blood glucose < 7.8 mmol/L) in terms of clearing OGTT in participants

undergoing T2D remission following a one-year holistic lifestyle intervention program. Com-

pared to OGTT which is more reliable as a screening tool for diabetes, an HbA1c of less than

48 mmol/mol neither predicts nor screens the normal glucose level in those at high risk for

T2D [16, 22]. We tested the hypothesis that those achieving remission can achieve a normal

glycemic profile post-lifestyle modification and observed that around 50% did achieve it with

another 44% reaching the pre-diabetes stage.

The participants were able to achieve and maintain significant weight loss and a drop in

HbA1c at the end of the one-year intervention, emphasising the significance of weight loss and

a drop in HbA1c for remission. These results are consistent with earlier reports on lifestyle

Table 3. Between-group comparison of percentage change in anthropometric and biochemical parameters post-one-year intervention.

Parameters Percentage Change

OGTT-cleared IGT Not-cleared
Weight (Kg) (-12.9±7.7) a, b (-9.0± 6.8) (-7.4±5.1)

BMI (Kg/m2) [-13.3 (-19.0 –-8.0)] a, b [-9.2 (-14.9 –-3.7)] [-5.9 (-9.6 –-2.6)]

HbA1c (mmol/mol) (-26.5±18.7) a, b (-21.9 ± 19.8) b (-11.7±17.9)

Fasting Insulin (pmol/L) [-32.1 (-55.6–0.10)] [-18.5 (-45.4–14.8)] [-7.6 (-36.0–12.8)]

Fasting Blood Sugar (mmol/L) (-14.1±19.8) (-11.6±17.4) (-4.7±13.9)

PP-Blood Sugar (mmol/L) (-7.5±32.7) (-6.2±32.4) (7.2±40.1)

HOMA-IR [-37.1 (-65.8 –-8.0)] a [-22.8 (-52.7–2.9)] [-13.8 (-49.2–4.1)]

HOMA-β [11.8 (-23.5–79.3)] [0.53 (-26.4–50.0)] [-4.5 (-30.1–29.6)]

Data for percentage change is presented as Mean ± Standard Deviation or median (Interquartile range)

OGTT: Oral Glucose Tolerance Test; IGT: Impaired Glucose Tolerance; BMI: Body mass index; PP: Post-Prandial; HbA1c: glycosylated haemoglobin; HOMA-IR:

Homeostatic model assessment of Insulin resistance (HOMA-IR); HOMA-β: Homeostatic model assessment of β-cell function

The percentage decrease in weight, BMI, HbA1c, Fasting Insulin, Fasting Blood Sugar, PP-Blood Sugar, and HOMA-IR along with a percentage increase in HOMA-β

indicates a positive effect and benefit to the participants
a Significantly different than IGT
b significantly different than the Not-cleared group at p-value <0.05

https://doi.org/10.1371/journal.pone.0302777.t003
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interventions, showing that sustained weight loss and lower HbA1c levels are crucial for remis-

sion [23].

Further analysis to determine factors associated with a return to normal glycemic profile

indicated that a shorter diabetes duration was significantly associated with OGTT clearance.

This is consistent with earlier findings in which shorter diabetes duration was cited as one of

the critical predictors of T2D remission [24, 25]. Since pharmacotherapy cessation is one of

the mandates for remission, we examined the role of baseline (pre-intervention) medication

status in the clearance of OGTT. Pre-intervention pharmacotherapy showed no significant

association with OGTT clearance. This highlights that even those on multi-drug therapy have

the potential to attain remission through lifestyle intervention.

The pathogenesis of diabetes and pre-diabetes is substantially impacted by insulin resis-

tance and pancreatic β-cell dysfunction [26, 27]. In the present study, we assessed how our

holistic lifestyle intervention affected insulin resistance (HOMA-IR) and β-cell function

(HOMA-β) in T2D-diagnosed participants who had achieved remission. Our results indicate

significant improvement in insulin resistance (HOMA-IR < 2.5) and β-cell function post-

intervention compared to baseline in all the participants who appeared for OGTT. Our find-

ings are consistent with the HOMA-IR results but not with the HOMA-β, as reported by

Gravel et al. (2015) [28] where their lifestyle intervention which included High-intensity

Interval Training (HIIT) and Mediterranean diet, showed significant improvement in insulin

resistance but no significant improvement in β-cell function after a 9-month intervention.

Additionally, the improvement in both HOMA-IR and HOMA- β was significantly higher in

the OGTT-cleared group compared to the IGT group. This observation is in line with the study

by Kahn et al 2014 [29] who reported that insulin resistance and loss of β-cell activity are criti-

cal in the development and progression of impaired glucose control due to elevated glucose

levels. Despite low numbers, a substantial reduction in insulin resistance (HOMA-IR) was

observed post-intervention in the Not-cleared group, yet the results remained suboptimal

(HOMA-IR = 2.8); concurrently there was a decrease in HOMA-β, contradicting Kahleova

et al.’s 2019 [30] reports of improved beta-cell function and fasting insulin sensitivity in a

16-week dietary intervention for overweight individuals without diabetes history. The intricate

interplay of genetic and age-related factors, baseline metabolic status, and diabetes duration

may contribute to the observed variations [13, 31]. The small sample size poses a challenge in

drawing definitive conclusions, due to the inherent variability in our study population for the

Not-cleared group, emphasizing the need for cautious interpretation. Future research with a

larger sample size could delve into the specific mechanisms underlying the observed changes,

concerning HOMA-IR and HOMA-β. However, our study implies that with lifestyle interven-

tion, it may be possible to improve insulin resistance along with β- cell function and achieve

remission with a normal glucose profile, provided that there is no permanent damage to β-

cells as suggested by Nagi et al. 2019 [5].

Adhering to the lifestyle intervention protocol and sustaining weight loss is necessary for

maintaining the state of remission with a normal glycemic profile [4, 32]. Significant weight

loss can improve hepatic insulin sensitivity and redifferentiation of β-cells, resulting in a β-cell

recovery in the pancreas in T2D patients [33]. These findings are consistent with our study,

where we observed that post-intervention all three groups showed sustained weight loss. How-

ever, participants who cleared OGTT had significantly higher weight loss compared to the IGT
group, and they were able to sustain the weight loss at the end of one year with improved

HOMA-IR and HOMA-β. We also observed a significant and sustained drop in the HbA1c

levels for the OGTT-cleared group compared to the IGT group. Over half of the participants

with shorter diabetes duration achieved remission by attaining a normal glycemic profile,

including a fasting plasma glucose level of 5.6 mmol/L, a post-prandial plasma glucose level of
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7.8 mmol/L, and an HbA1c level of less than 39 mmol/mol. This was achieved through sus-

tained weight loss and improved HOMA-IR and HOMA-β function post-one-year lifestyle

intervention. We previously published similar findings in a case series in which four T2D-

diagnosed participants under remission were able to clear OGTT consecutively for three years,

implying the possibility of long-term remission through lifestyle changes [34]. Irrespective of

OGTT status, our data showed that at the end of the one-year lifestyle intervention program,

all the participants were able to maintain the weight loss and drop in HbA1c level and contin-

ued to be in remission, indicating the sustainability of the intervention.

As far as our knowledge extends, no previous research has investigated the remission of

Type 2 diabetes with a focus on attaining a normal glucose profile, as assessed through an

OGTT following a customized lifestyle intervention. However, our study had certain limita-

tions. In the absence of a control group, the generalizability of our findings to broader popula-

tions or contexts was limited. Nevertheless, given the ethical concerns that would arise from

withholding the intervention in a real-world setting, this shortcoming may be overlooked. Fur-

ther, this was a quasi-experimental pre-post study design which reduces the generalizability of

the results. On the other hand, it allowed us to study the effect of the intervention as it naturally

occurs in real-world settings. Additionally, due to the holistic nature of the intervention with

many factors at play, we could not study the isolated effect of any one component. Despite

being a limitation, our research highlights the significant effectiveness of the lifestyle manage-

ment program in achieving a better outcome in T2D management compared to a single inter-

vention. The importance of holistic lifestyle intervention has been widely reported in several

other studies, which highlights the importance of our findings in contributing to the body of

knowledge in T2D management. Another limitation is the selection bias due to the voluntary

nature of participation in our lifestyle management program. Those who choose to participate

may be more motivated or have unique traits when compared to the broader diabetes commu-

nity. This self-selection could impact the external validity of our findings. Although the results

of our lifestyle intervention program may not generalize to the broader population with diabe-

tes, this does not diminish the importance of our findings within a specific group of

participants.

Conclusion

More than half of the participants in diabetes remission were able to clear the OGTT post-one-

year lifestyle intervention indicating the ability to achieve normal glycemic profile. Participants

who cleared OGTT showed shorter diabetes duration, sustained weight loss and a reduction in

HbA1c levels. Additionally, improvements in insulin resistance markers suggest their role in

increasing the chances of achieving normal glycemic control in patients with T2D. Future ran-

domized controlled trials with longer follow-up periods may substantiate our findings.

Supporting information

S1 Dataset.

(XLSX)

Acknowledgments

The authors would like to thank the staff of Freedom from Diabetes. Furthermore, we are

grateful to all the participants who agreed to participate in the study and gave their consent to

use the data for analysis.

PLOS ONE OGTT clearance in T2DM after remission

PLOS ONE | https://doi.org/10.1371/journal.pone.0302777 May 3, 2024 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302777.s001
https://doi.org/10.1371/journal.pone.0302777


Author Contributions

Conceptualization: Pramod Tripathi, Nidhi Kadam, Thejas Kathrikolly.

Data curation: Diptika Tiwari, Anagha Vyawahare, Baby Sharma.

Formal analysis: Diptika Tiwari, Anagha Vyawahare, Baby Sharma.

Methodology: Diptika Tiwari, Baby Sharma, Thejas Kathrikolly.

Project administration: Nidhi Kadam.

Supervision: Pramod Tripathi.

Writing – original draft: Diptika Tiwari, Anagha Vyawahare, Maheshkumar Kuppusamy,

Venugopal Vijayakumar.

Writing – review & editing: Baby Sharma, Thejas Kathrikolly, Maheshkumar Kuppusamy,

Venugopal Vijayakumar.

References
1. Galicia-Garcia U, Benito-Vicente A, Jebari S, Larrea-Sebal A, Siddiqi H, Uribe KB, et al. Pathophysiol-

ogy of Type 2 Diabetes Mellitus. IJMS. 2020; 21: 6275. https://doi.org/10.3390/ijms21176275 PMID:

32872570

2. Linkeviciute-Ulinskiene D, Kaceniene A, Dulskas A, Patasius A, Zabuliene L, Smailyte G. Increased

Mortality Risk in People with Type 2 Diabetes Mellitus in Lithuania. IJERPH. 2020; 17: 6870. https://doi.

org/10.3390/ijerph17186870 PMID: 32962295

3. Gregg EW, Chen H, Wagenknecht LE, Clark JM, Delahanty LM, Bantle J, et al. Association of an Inten-

sive Lifestyle Intervention With Remission of Type 2 Diabetes. JAMA. 2012; 308: 2489. https://doi.org/

10.1001/jama.2012.67929 PMID: 23288372

4. Lean MEJ, Leslie WS, Barnes AC, Brosnahan N, Thom G, McCombie L, et al. Durability of a primary

care-led weight-management intervention for remission of type 2 diabetes: 2-year results of the DiRECT

open-label, cluster-randomised trial. The Lancet Diabetes & Endocrinology. 2019; 7: 344–355. https://

doi.org/10.1016/S2213-8587(19)30068-3 PMID: 30852132

5. Nagi D, Hambling C, Taylor R. Remission of type 2 diabetes: a position statement from the Association

of British Clinical Diabetologists (ABCD) and the Primary Care Diabetes Society (PCDS). Br J Diabetes.

2019; 19: 73–76. https://doi.org/10.15277/bjd.2019.221

6. World Health Organization. Global report on diabetes. Geneva: World Health Organization; 2016.

Available: https://apps.who.int/iris/handle/10665/204871

7. American Diabetes Association. 4. Comprehensive Medical Evaluation and Assessment of Comorbidi-

ties: Standards of Medical Care in Diabetes-2021. Diabetes Care. 2021; 44: S40–S52. https://doi.org/

10.2337/dc21-S004 PMID: 33298415

8. Chapman A, Liu S, Merkouris S, Enticott JC, Yang H, Browning CJ, et al. Psychological Interventions

for the Management of Glycemic and Psychological Outcomes of Type 2 Diabetes Mellitus in China: A

Systematic Review and Meta-Analyses of Randomized Controlled Trials. Front Public Health. 2015; 3:

252. https://doi.org/10.3389/fpubh.2015.00252 PMID: 26636054

9. Safren SA, Gonzalez JS, Wexler DJ, Psaros C, Delahanty LM, Blashill AJ, et al. A Randomized Con-

trolled Trial of Cognitive Behavioral Therapy for Adherence and Depression (CBT-AD) in Patients With

Uncontrolled Type 2 Diabetes. Diabetes Care. 2014; 37: 625–633. https://doi.org/10.2337/dc13-0816

PMID: 24170758

10. Riddle MC, Cefalu WT, Evans PH, Gerstein HC, Nauck MA, Oh WK, et al. Consensus Report: Definition

and Interpretation of Remission in Type 2 Diabetes. Diabetes Care. 2021; 44: 2438–2444. https://doi.

org/10.2337/dci21-0034 PMID: 34462270

11. Thom G, Messow C - M., Leslie WS, Barnes AC, Brosnahan N, McCombie L, et al. Predictors of type 2

diabetes remission in the Diabetes Remission Clinical Trial (DiRECT). Diabet Med. 2021; 38: e14395.

https://doi.org/10.1111/dme.14395 PMID: 32870520

12. Park JY. Prediction of Type 2 Diabetes Remission after Bariatric or Metabolic Surgery. JOMES. 2018;

27: 213–222. https://doi.org/10.7570/jomes.2018.27.4.213 PMID: 31089566

PLOS ONE OGTT clearance in T2DM after remission

PLOS ONE | https://doi.org/10.1371/journal.pone.0302777 May 3, 2024 10 / 12

https://doi.org/10.3390/ijms21176275
http://www.ncbi.nlm.nih.gov/pubmed/32872570
https://doi.org/10.3390/ijerph17186870
https://doi.org/10.3390/ijerph17186870
http://www.ncbi.nlm.nih.gov/pubmed/32962295
https://doi.org/10.1001/jama.2012.67929
https://doi.org/10.1001/jama.2012.67929
http://www.ncbi.nlm.nih.gov/pubmed/23288372
https://doi.org/10.1016/S2213-8587%2819%2930068-3
https://doi.org/10.1016/S2213-8587%2819%2930068-3
http://www.ncbi.nlm.nih.gov/pubmed/30852132
https://doi.org/10.15277/bjd.2019.221
https://apps.who.int/iris/handle/10665/204871
https://doi.org/10.2337/dc21-S004
https://doi.org/10.2337/dc21-S004
http://www.ncbi.nlm.nih.gov/pubmed/33298415
https://doi.org/10.3389/fpubh.2015.00252
http://www.ncbi.nlm.nih.gov/pubmed/26636054
https://doi.org/10.2337/dc13-0816
http://www.ncbi.nlm.nih.gov/pubmed/24170758
https://doi.org/10.2337/dci21-0034
https://doi.org/10.2337/dci21-0034
http://www.ncbi.nlm.nih.gov/pubmed/34462270
https://doi.org/10.1111/dme.14395
http://www.ncbi.nlm.nih.gov/pubmed/32870520
https://doi.org/10.7570/jomes.2018.27.4.213
http://www.ncbi.nlm.nih.gov/pubmed/31089566
https://doi.org/10.1371/journal.pone.0302777


13. De Hoogh IM, Oosterman JE, Otten W, Krijger A-M, Berbée-Zadelaar S, Pasman WJ, et al. The Effect

of a Lifestyle Intervention on Type 2 Diabetes Pathophysiology and Remission: The Stevenshof Pilot

Study. Nutrients. 2021; 13: 2193. https://doi.org/10.3390/nu13072193 PMID: 34202194

14. Phillips PJ. Oral glucose tolerance testing. Aust Fam Physician. 2012; 41: 391–393. PMID: 22675678

15. Emily Eyth, Hajira Basit, Cathi J. Swift. Glucose Tolerance Test. https://www.statpearls.com/; 2023.

Available: https://www.ncbi.nlm.nih.gov/books/NBK532915/?report=reader#!po=96.1538

16. Jagannathan R, Neves JS, Dorcely B, Chung ST, Tamura K, Rhee M, et al. The Oral Glucose Toler-

ance Test: 100 Years Later. DMSO. 2020;Volume 13: 3787–3805. https://doi.org/10.2147/DMSO.

S246062 PMID: 33116727

17. Kuo FY, Cheng K-C, Li Y, Cheng J-T. Oral glucose tolerance test in diabetes, the old method revisited.

World J Diabetes. 2021; 12: 786–793. https://doi.org/10.4239/wjd.v12.i6.786 PMID: 34168728

18. Song Y, Manson JE, Tinker L, Howard BV, Kuller LH, Nathan L, et al. Insulin Sensitivity and Insulin

Secretion Determined by Homeostasis Model Assessment and Risk of Diabetes in a Multiethnic Cohort

of Women. Diabetes Care. 2007; 30: 1747–1752. https://doi.org/10.2337/dc07-0358 PMID: 17468352

19. Alberti KG, Zimmet PZ. Definition, diagnosis and classification of diabetes mellitus and its complica-

tions. Part 1: diagnosis and classification of diabetes mellitus provisional report of a WHO consultation.

Diabet Med. 1998; 15: 539–553. https://doi.org/10.1002/(SICI)1096-9136(199807)15:7<539::AID-

DIA668>3.0.CO;2-S PMID: 9686693

20. ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, et al. 2. Classification and

Diagnosis of Diabetes: Standards of Care in Diabetes—2023. Diabetes Care. 2023; 46: S19–S40.

https://doi.org/10.2337/dc23-S002 PMID: 36507649

21. Singh Y, Garg MK, Tandon N, Marwaha RK. A study of insulin resistance by HOMA-IR and its cut-off

value to identify metabolic syndrome in urban Indian adolescents. J Clin Res Pediatr Endocrinol. 2013;

5: 245–251. https://doi.org/10.4274/Jcrpe.1127 PMID: 24379034

22. Bergman M, Abdul-Ghani M, DeFronzo RA, Manco M, Sesti G, Fiorentino TV, et al. Review of methods

for detecting glycemic disorders. Diabetes Research and Clinical Practice. 2020; 165: 108233. https://

doi.org/10.1016/j.diabres.2020.108233 PMID: 32497744

23. Taylor R. Type 2 diabetes and remission: practical management guided by pathophysiology. J Intern

Med. 2021; 289: 754–770. https://doi.org/10.1111/joim.13214 PMID: 33289165

24. Schauer PR, Kashyap SR, Wolski K, Brethauer SA, Kirwan JP, Pothier CE, et al. Bariatric surgery ver-

sus intensive medical therapy in obese patients with diabetes. N Engl J Med. 2012; 366: 1567–1576.

https://doi.org/10.1056/NEJMoa1200225 PMID: 22449319

25. Akkus G, Tetiker T. Which predictors could effect on remission of type 2 diabetes mellitus after the met-

abolic surgery: A general perspective of current studies? World J Diabetes. 2021; 12: 1312–1324.

https://doi.org/10.4239/wjd.v12.i8.1312 PMID: 34512896

26. Aoyama-Sasabe S, Fukushima M, Xin X, Taniguchi A, Nakai Y, Mitsui R, et al. Insulin Secretory Defect

and Insulin Resistance in Isolated Impaired Fasting Glucose and Isolated Impaired Glucose Tolerance.

J Diabetes Res. 2016; 2016: 1298601. https://doi.org/10.1155/2016/1298601 PMID: 26788515

27. Roden M, Shulman GI. The integrative biology of type 2 diabetes. Nature. 2019; 576: 51–60. https://doi.

org/10.1038/s41586-019-1797-8 PMID: 31802013

28. Marquis-Gravel G, Hayami D, Juneau M, Nigam A, Guilbeault V, Latour É, et al. Intensive lifestyle inter-
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