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                     Abstract 
  Background     Type II diabetes mellitus onset is linked with hormonal imbalances. However, the knowledge about hormonal 

alterations in pre-diabetes is limited. 

   Objective     The study aimed to examine type II diabetes mellitus-associated hormone levels during the pre-diabetes phase in 

participants aged 25–45 in a Durban-based clinical setting in South Africa. 

   Methods     Stored plasma samples from a retrospective study collected 364 samples that were divided into pre-diabetes and 

non-pre-diabetes groups. From the 364, 38 samples from the group of persons without pre-diabetes and 38 from persons 

with glycated haemoglobin determined pre-diabetes were blindly selected. The hormone concentrations (C-peptide, corti-

sol, adipokines, thyroids, incretins, and sex steroids) of the study participants were measured using the BIO-RAD Bio-Plex 

MAGPIX instrument. 

   Results     Hormone imbalances in several hormones were detected in study participants with pre-diabetes. Most of the hormone 

dysregulation associated with T2DM begins in pre-diabetes but at a moderate level. 

   Conclusion     The fi ndings reveal new possible hormone therapy targets for pre-diabetes and contribute to the growing support 

for targeting pre-diabetes as a preventative measure for T2DM prevention. 

    Keywords     Pre-diabetes    ·  Intermediate hyperglycaemia    ·  Glycated haemoglobin    ·  Incretins    ·  Adipokines    ·  Sex steroids    · 

 Thyroid hormones  

      Introduction 

 The African region has the highest proportion (73%) of 

deaths linked to diabetes in persons aged below 60 years 

[ 1 ,  2 ]. The prevalence of Type II Diabetes Mellitus (T2DM) 

continues to rise, especially in developing countries [ 2 ,  3 ]. 

This adverse metabolic disease is characterised by hyper-

glycaemia caused by insulin resistance, insuffi  cient insulin 

production, or both. The elevated blood glucose levels seen 

in T2DM are linked with hormonal imbalances. Neverthe-

less, T2DM will often be preceded by pre-diabetes [ 4 ,  5 ]. 

The pre-diabetic state is defi ned as an intermediate state of 

hyperglycemia, whereby the glucose concentration in the 

blood is higher than usual but below the T2DM thresh-

old [ 6 – 9 ]. Pre-diabetes is considered a viable target for 

preventative measures to attenuate the rising prevalence of 

T2DM [ 10 ]. However, in hormonal imbalances, pre-diabetes 

remains underexplored when compared to T2DM. 

 In T2DM, studies have shown that hormonal diff erences 

between the sexes infl uence the prevalence of diabetes [ 11 ]. 

The imbalance of sex hormones such as progesterone, estra-

diol and testosterone were linked with the development of 

T2DM [ 12 – 14 ]. The stress hormone cortisol was reported 

to alter insulin sensitivity in fat and muscle cells, thus ren-

dering them resistant [ 15 – 18 ]. Incretins such as GLP-1 and 

GIP are another group of hormones that regulate glucose 

metabolism by promoting pancreatic beta-cells to secrete the 

hormone insulin. In T2DM, the incretin hormone levels are 

dysregulated, resulting in hyperglycaemia [ 19 ,  20 ]. In addi-

tion, thyroid and adipokine hormone changes in the blood 

are associated with the development of T2DM. These inves-

tigations into hormonal imbalances in T2DM have assisted 

immensely in T2DM care and in creating antidiabetic drugs 

like GLP-1 agonists and Tirzepatide. Whether or not the 
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dysregulation of hormones observed in T2DM will refl ect 

in pre-diabetes remains elusive. 

 Pre-diabetes shares similar metabolic characteristics to 

T2DM. Yet the relationship between pre-diabetes and hor-

monal imbalances is not well studied. The outcomes have the 

potential to reveal specifi c hormone imbalances in pre-dia-

betes that can be considered therapeutic targets to improve 

pre-diabetes care and prevent T2DM onset. Therefore, the 

objective of the study was to appraise whether or not these 

hormone imbalances exist in individuals diagnosed with pre-

diabetes aged between 25 and 45 in a Durban-based clinical 

setting. 

    Methods and Materials 

   Study design 

 Ethical approval was obtained from the Ethics Committee 

of the University of KwaZulu Natal (Study ref: BE266/19). 

The study was part of a retrospective study. The initial data 

and sample collection were conducted, from March 2022 to 

November 2022 at the King Edward Hospital located in an 

urban area of Durban, South Africa, a developing country. 

Three hundred and sixty four (364) persons aged 25–45 par-

ticipated, of which 76 samples were selected in a blind study 

where only their diabetes status was known. The 76 samples 

included 38 samples selected from the group without pre-

diabetes, and the other 38 were selected from the group with 

pre-diabetes. 

 The inclusion and exclusion criteria for the study are 

described as follows: The included samples had to be from 

participants of any ethnicity who fell within the age group of 

25 – 45 years. The 25–45 age limit was chosen to eliminate 

the infl uence of the ageing factor on hormone concentration 

changes [ 21 ]. The American Diabetes Association (ADA) 

criteria were used to diagnose pre-diabetes by measuring the 

glycated haemoglobin (HbA1c). The ADA criterion confi rms 

pre-diabetes with an HbA1c value between 5.7–6.4%. There-

fore, for eligibility, the patients had to be within the age range 

of 25–45, have an HbA1c of less than 6.5%. Haemoglobin 

variants, kidney failure, anaemia, pregnancy, and medica-

tions such as opioids are known to aff ect the reliabilities of 

HbA1c readings. To circumnavigate these conditions, study 

participants with hypertension, anaemia, kidney disease, liver 

disease, a previous history of diabetes and who were pregnant 

were excluded. Furthermore, the impaired fasting glucose 

results were also used to validate HbA1c outcomes. 

    Clinical data collection and biochemical analysis 

 All participants were asked to fast overnight and arrive in the 

morning for blood collection. Therefore, the blood samples 

of all participants were drawn in the morning. In turn, the 

diurnal variation in any hormonal concentrations was mini-

mised. The fasting blood glucose was measured from study 

participants who fasted overnight. Before the whole blood 

was separated, the HbA1c was measured using a clinically 

validated NGSP and IFCC-certifi ed, laboratory-based Tosoh 

G8 HPLC Analyzer [ 22 ]. The analyser is an ion-exchange 

HPLC instrument for separating and quantifying HbA1c 

in whole blood. The whole blood was centrifuged (Eppen-

dorf centrifuge 5403, Germany) to collect plasma that was 

stored in a -80 °C freezer (Snijders Scientifi c, Holland). 

The Luminex MAGPIX System was utilised to measure the 

hormone concentrations in plasma samples using Multiplex 

immunoassays. The manufacturer’s instructions were fol-

lowed for each immunoassay kit (MilliPlex, Merck, USA 

and Procarta Plex, ThermoFisher, USA). 

    Statistical analysis 

 A normality test assessed whether or not the data was para-

metric or non-parametric. Parametric data were presented as 

Mean ± 95% Confi dence Interval (CI) and Median + Inter-

quartile range for non-parametric data or in proportion (per-

centage) where appropriate. To compare the two groups, 

the Independent Student’s t-test or Mann–Whitney U test 

was utilised for parametric and non-parametric data to detect 

the diff erence between them. Spearman correlation analysis 

was conducted to determine hormones that are associated 

with HbA1c. Given that gender is a possible confounder for 

hormone concentrations, the data was therefore stratifi ed by 

gender in Table  1 .  

     Results 

 Various T2DM-linked hormonal imbalances in persons with 

pre-diabetes compared to persons without were investigated. 

This was achieved by conducting multiplex analyses contain-

ing the hormones of interest. The study outcomes showed 

that specifi c hormone concentrations are dysregulated sig-

nifi cantly in the Pre-Diabetes (PD) group compared to the 

Non-Diabetes (ND) group in the pre-diabetes condition. 

 The characterisation of study participants is recorded in 

Table  2 . The multiplexed assay results for hormone concen-

trations are recorded in the Fig.  1  layout. The adipokines 

(adiponectin and adipsin), thyroid (T3 and T4), GIP, C-pep-

tide, sex steroids (testosterone, estradiol and progesterone), 

and cortisol hormones were elevated in the pre-diabetes 

(PD) group when compared to the non-prediabetes (NPD) 

group ( p  < 0.05). In Table  3 , the Spearman correlation anal-

ysis indicates that c-peptide, cortisol, progesterone, estra-

diol, T3, T4, and adiponectin are correlated with the HbA1c 

signifi cantly.           
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    Discussion 

 Overt T2DM is a complex metabolic condition involving 

various endocrine hormone interactions. Since hormones 

tend to fl uctuate with ageing, the fi ndings for this study 

are adjusted for ageing by only including participants 

between 25–45 years of age. It is unclear if the hormone 

dysregulations observed in T2DM will be seen in individu-

als with pre-diabetes between 25 – 45 years. Hence, this 

study highlights the various hormones linked with T2DM 

in persons with pre-diabetes. 

 C-peptide is a parameter for insulin sensitivity and 

insulin production. Therefore, in Fig.  1 , it is unsurprising 

that high c-peptide levels were detected in the pre-diabetes 

participants. Another study showed increased concentra-

tions of C-peptide detected in insulin-resistant individuals 

recently diagnosed with T2DM, which supports the study’s 

C-peptide outcome in subjects with pre-diabetes [ 23 ]. In 

Table  3 , c-peptide positively correlates with HbA1c, sug-

gesting that c-peptide contributes to glycemic control. We 

speculate that C-peptides remain elevated chronically dur-

ing pre-diabetes to compensate for insulin resistance. If 

insulin resistance is unattended during pre-diabetes, then 

the C-peptide levels will continue to rise and reach the 

levels observed in T2DM. Interestingly, in Table  2 , the 

hormone insulin levels are higher but not statistically sig-

nifi cant in pre-diabetes participants. This may indicate that 

the level of insulin resistance is still moderate in persons 

with pre-diabetes. 

 The incretin, glucose-dependent insulinotropic polypep-

tide (GIP) levels shown in Fig.  1  are signifi cantly lower in 

the pre-diabetes group compared to the non-pre-diabetes 

group. The GIP hormone is critical in maintaining the glu-

cose homeostatic range by stimulating beta-cell proliferation 

and insulin secretion [ 24 ]. Comparable results have been 

observed in studies using participants with T2DM, where 

the eff ectiveness of GIP is almost completely lost [ 25 ,  26 ]. 

A meta-analysis study on individuals with T2DM showed 

that higher glycated haemoglobin (HbA1c) concentrations 

and ageing were linked with reduced GIP responses [ 27 ]. 

However, the results of this study reveal that the decrease 

in GIP levels begins at the pre-diabetic stage. We speculate 

that sustained low levels of GIP may be necessary to trigger 

the onset of hyperglycaemia and, in turn, T2DM. During the 

pre-diabetes phase, the low levels of GIP may be compen-

sated by another incretin hormone known as GLP-1 to keep 

glucose levels below the T2DM diagnosis threshold. 

 The concentrations of GLP-1 in Fig.  1  remained relatively 

the same between the two groups, as no statistical signifi -

cance was observed. A prospective study by Hoff mann et al .  

  Table 1       Characteristics of 

persons in the NPD PD groups 

of participants involved in 

analysing hormonal changes  

 The data are presented as mean (95% CI) or median (IQR) depending on the normality and proportion 

     Non-Pre-Diabetes (NPD) 38      Pre-diabetes (PD) 38   

   Age; mean (95% CI)     37,45 (35,47- 39,42)    37,82 (35,77—39,86)  

   Race       

   African     25 (66%)    24 (63%)  

   White     6 (16%)    2 (5%)  

   Indian     7 (18%)    10 (26%)  

   Coloured     0 (0%)    2 (5%)  

   Gender       

   Male     13    18  

   Female     25    20  

   IFG, median (IQR), mmol/l     5,7 (0,7)    6,5 (0,5)  

   HbA1c, mean % (95% CI)     5.3% (5,2–5,4)    6.1% (6,0—6,2)  

   Insulin, median (IQR) pg/ml     12,232 (11,341—13,123)    12,413 (11,789—13,037)  

  Table 2       Hormones that are correlated with changes in HbA1c  

 The non-parametric data is presented as Spearman r and 95% CI. A 

 p -value < 0,05 is considered statistically signifi cant. * represents a 

 p -value < 0,05; ** represents a  p -value < 0,01;  p -value < 0,001 

  Correlation    HbA1c, Spear-

man r value  

  95% CI     p  value  

  HbA1c    1    1,000 to 1,000    0,000  

  Male    -0,141    -0,37—0,07    0,22  

  C-peptide    0,343    0,02—0,49    0,006 **  

  Cortisol    0,314    -0,08—0,43    0,018 *  

  estradiol    0,501    -0,03—0,42     < 0,001 ***  

  Progesterone    0,626    0,37- 0,70     < 0,001 ***  

  Testosterone    0,216    -0,09—0,36    0,064  

  T3    0,384    0,12—0,53     < 0,001 ***  

  T4    0,355    0,10—0,52    0,002 **  

  Adiponectin    -0,314    -0,53—-0,12    0,006 **  

  Adipsin    0,195    0,02—0,45    0,099  

  GIP    -0,237    -0,50—0,05    0,054  

  GLP-1    0,119    -0,10—0,38    0,341  
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(2023) also detected no changes in GLP-1 levels at the pre-

diabetes state, but a decline in GLP-1 concentrations was 

seen in patients progressing to diabetes [ 28 ]. Therefore, it is 

plausible that the imbalance of GLP-1 may be a triggering 

point for the development of T2DM. Therefore, a longitu-

dinal study is warranted to investigate the role of both GIP 

and GLP-1 in the progression from pre-diabetes to T2DM. A 

clear understanding of their roles in developing pre-diabetes 

and its passage to T2DM can play a pivotal role in introduc-

ing new therapeutic medications for pre-diabetes patients. 

 The cortisol concentration in Fig.  1  is signifi cantly higher 

in individuals with pre-diabetes when compared to those in 

the non-pre-diabetes group. In Table  3 , a positive correla-

tion between cortisol and HbA1c was determined. Elevated 

cortisol levels have been shown to promote disturbance in 

glucose homeostasis by inducing visceral fat accumulation, 

reducing insulin sensitivity in skeletal muscles, and caus-

ing lipolysis. The reduction in insulin sensitivity may be 

exacerbated by the signifi cantly lower levels of the hormone 

adiponectin. Studies have linked the decrease of adiponectin 

with insulin resistance and T2DM [ 29 ,  30 ]. Moreover, dys-

regulation of adiponectin has been observed in non-obese 

individuals, indicating its potential utility in studies where 

BMI data is unavailable. [ 31 ]. Therefore, adiponectin may 

be one of the critical causes and markers of interest that 

promote glycaemic dysregulation, resulting in pre-dia-

betes and T2DM if left unattended. However, the adverse 

complications of high cortisol and low adiponectin levels 

seen in pre-diabetes may be attenuated by the signifi cantly 

elevated adipsin levels. The hormone adipsin is responsible 

for sustaining adipose tissue homeostasis and boosts insu-

lin secretion in response to glucose [ 32 ]. Hence, adipsin is 

associated with protection from T2DM and may be one of 

the key compensatory mechanisms that delay pre-diabetes 

progression to overt diabetes. However, a longitudinal study 

that will adjust for the confounding variable, body weight, 

and trace adipsin levels from pre-diabetes to T2DM is neces-

sary to have a conclusive statement. 

 The role of sex hormones in T2DM is well-documented 

[ 33 – 35 ]. Their role in pre-diabetes remains limited. The 

risk of developing diabetes is more signifi cant in men with 

low testosterone [ 36 ]. In females, however, high testoster-

one concentrations were associated with an elevated risk of 

diabetes onset [ 37 ]. In Table  3 , this study observed no sig-

nifi cant changes in testosterone levels in the male groups. 

This suggests that in males aged 25–45 with pre-diabetes, 

the testosterone levels are not yet dysregulated and may 

decrease upon the onset of overt diabetes. This also sug-

gests that the leading cause of testosterone drop observed 

in other studies may be ageing since testosterone levels 

are known to decrease with age [ 38 ]. In females, Table  3  

results show that testosterone was higher in participants 

with pre-diabetes, which supports other literature fi ndings 

that indicate a higher risk of diabetes in females with high 

  Fig. 1       Hormone concentration changes observed between the PD and ND groups. (Values are presented as mean ± 95% CI for parametric data or 

median ± IQR for non-parametric. ★ (ND vs PD,  p  < 0.05); ★★ (ND vs PD,  p  < 0.01); ★★★ (ND vs PD,  p  < 0.001))  
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testosterone levels. The other sex hormone investigated is 

estradiol. Estradiol has a protective impact on the insulin 

β cells. Compared to the control group, females with pre-

diabetes have higher estradiol levels. This may explain 

why the proportion of females with pre-diabetes is less 

when compared to males. There is literature evidence 

showing an increased incidence of diabetes in females 

who have reached menopause. Estradiol defi ciency occurs 

after menopause, increasing the risk of T2DM onset [ 39 ]. 

Therefore, maintaining the homeostatic range of estradiol 

may be part of the compensatory mechanisms responsible 

for preventing T2DM and opens the door for designing 

new therapeutic targets [ 40 ]. 

 Triiodothyronine (T3) and tetraiodothyronine (T4) levels 

were signifi cantly elevated in the pre-diabetes group and 

correlated with HbA1c levels, indicating a proportional rela-

tionship between thyroid hormones and pre-diabetes onset. 

In literature, both hypothyroidism and hyperthyroidism have 

been shown to be associated with T2DM [ 41 ]. Hyperthy-

roidism has been reported to worsen glycaemic control in 

patients with T2DM. Therefore, it can be one of the essential 

hormones responsible for the progression from pre-diabetes 

  Table 3       Hormone changes 

stratifi ed by gender  

 Parametric and non-parametric data are presented as mean ± 95% CI and median ± IQR. A  p  < 0.05 is 

regarded as statistically signifi cant 

  Hormone (units)    NPD    PD     p  value  

   GIP (pg/mL)         

  Male, median (IQR)    125,0 (80,3—296,2)    123,8 (100,1–290,8)     p  = 0,7438  

  Female, mean (95% CI)    355,7 (235,7–475,7)    126,6 (78,97–174,2)     p   = 0,0055   
   C-peptide (pg/mL)         

  Male, mean (95% CI)    675,8 (208,1–1144)    502,0 (372,7–631,3)     p  = 0,3742  

  Female, mean (95% CI)    476,7 (339,6–613,8)    886,3 (623,8–1149)     p   = 0,0051   
   Insulin (pg/mL)         

  Male    12,801 (10,492–15110)    12,451 (11,436–13,466)     p  = 0,7406  

  Female    11,969 (11,081–12858)    12,382 (11,525–13,239)     p  = 0,4997  

   GLP-1 (pg/mL)         

  Male    415,6 (265,9–565,4)    469,0 (279,8–658,1)     p  = 0,6559  

  Female    369,1 (287,1–470,0)    466,4 (310,9–635,4)     p  = 0,1892  

   Adiponectin (ng/mL)         

  Male, mean (95% CI)    32,835,6 (22,953–42,718,2)    26,818,3 (18,318–35,318,5)     p  = 0,3316  

  Female, mean (95% CI)    38,926,4 (30,462,3–47,390,4)    26,224,5 (18,018,4–34,430,6)     p   = 0,0324   
   Adipsin (ng/mL)         

  Male, mean (95% CI)    7272,7 (6014,5–8530,9)    17,284,5 (10,925,3–23,643,7)     p   = 0,0183   
  Female, mean (95% CI)    9266,8 (7206,7–11,326,9)    11,602,1 (7860,3–15,344,8)     p  = 0,2370  

   Cortisol (ng/mL)         

  Male, mean (95% CI)    50,4 (44–56,9)    61,9 (53,8–70,1)     p   = 0,0455   
  Female, median (IQR)    42,9 (37,3- 47,9)    49,6 (41,4- 63,7)     p   = 0,0232   
   Estradiol (ng/mL)         

  Male, median (IQR)    0,39 (0,25–0,44)    0,570(0,42–0,83)     p   = 0,0007   
  Female, mean (95% CI)    0,27 (0,2–0,3)    0,5(0,4–0,6)     p   = 0,0001   
   Progesterone (ng/mL)         

  Male    7,6 (4,5–10,7)    18,9 (13,9–23,9)     p   = 0,0030   
  Female    5,5 (3,5–7,5)    20,6 (16,2–24,9)     p   =  < 0,0001   
   Testosterone (ng/mL)         

  Male, mean (95% CI)    7,8 (4,62–10,96)    8,6 (6,2–11,1)     p  = 0,6518  

  Female, mean (95% CI)    0,9 (0,7–1,1)    1,2(0,9–1,5)     p   = 0,0344   
   T3 (ng/mL)         

  Male, mean (95% CI)    1,8 (1,4–2,2)    2,7 (2,3–3,1)     p   = 0,0026   
  Female, median (IQR)    2,1 (1,5- 2,7)    2,8 (2,5- 3,5)     p   = 0,0036   
   T4 (ng/mL)         

  Male    70 (47,2–92,7)    106,4 (87,9–124,9)     p   = 0,0133   
  Female    86,9 (75,5–98,4)    120,9 (92,9–149,0)     p   = 0,0116   
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to T2DM over time [ 42 ]. Females are more susceptible to 

developing thyroid dysfunction than males [ 43 ]. The study 

observed the same trend for women with pre-diabetes in 

Table   3 . However, the understanding of the association 

remains unclear and necessitates further investigation into 

the pre-diabetes condition. An intervention study target-

ing hyperthyroidism in women can be done on participants 

with diabetes and pre-diabetes to provide empirical evidence 

that will improve individualised care and management of 

diabetes. 

 The fi ndings, although not yet conclusive, raise a question 

about possible alternative treatments to metformin, such as 

hormone replacement medications and GIP/GLP-1 agonists, 

which could be administered in persons with pre-diabetes. 

For example, a study by Iskra Bitoska et al .  (2016) showed 

that hormone replacement therapy improves insulin sensitiv-

ity in women with T2DM [ 44 ]. A dual GIP/GLP-1 receptor 

co-agonist, Tirzepatide, has been sanctioned for managing 

T2DM. It is a modifi ed acylated peptide that stimulates GIP 

and GLP-1 receptors [ 45 ]. These receptors play pivotal roles 

in insulin secretion and are also present in areas of the brain 

responsible for regulating food intake. These interventions 

may prove benefi cial in the management of pre-diabetes; 

thus, preclinical trials are warranted. 

    Conclusion 

 The irregular hormonal changes of adipsin, thyroid, GIP, 

C-peptide, sex steroids, and cortisol hormones detected in 

pre-diabetes contribute to the growing body of research 

suggesting that pre-diabetes is an unfavourable metabolic 

condition. The study could not determine conclusively the 

causes of these imbalances due to the retrospective nature 

of the study as it lacked some confounding variable data, 

such as the subjects’ weight. Adiponectin, C-peptide, pro-

gesterone, estradiol, T3, T4, and cortisol hormones exhibit 

correlations with HbA1c levels, indicating that persistent 

dysregulation of these hormones may disrupt glucose 

homeostasis and predispose individuals to the develop-

ment of overt diabetes if left unaddressed. Hence, our 

study supports Bailey (2023) in the notion that it is never 

too early to intervene for pre-diabetes [ 10 ]. Subsequently, 

it opens a window for clinical trials investigating pharma-

cological interventions that would restore hormonal home-

ostasis, which may attenuate intermediate hyperglycaemia. 

However, prior to the intervention trials, future studies 

evaluating the mechanism behind the observed impairment 

in the hormonal control of adipokines, sex, and thyroid 

hormones are needed. In addition, a longitudinal study 

that tracks these hormone changes from the pre-diabetes 

phase to diabetes is necessary. Although surrogate markers 

for obesity were reported, the unavailability of data for 

other possible confounders was a limitation in the study, 

as it did not allow adjustment for confounding variables 

like BMI (Body Mass Index), diet, and physical activity. 

A future study with a larger sample size is recommended 

to generate results that can be generalised for the entire 

country and, in turn, validate our suggestion to consider 

incorporating these hormones in the screening processes 

to improve pre-diabetes care. 

       Acknowledgements     The Endocrine research team, technicians, Mr. D 

Makhubela and Dr S Sing are gratefully acknowledged for their techni-

cal support. Staff  from King Edward VIII Hospital who assisted in the 

sample collection are also acknowledged  

  Author contributions     AMS and AK conceptualised the research, 

designed the study, and drafted the manuscript. AMS, NCM, AK and 

PSN were responsible for reviewing and approving the fi nal draft of 

the manuscript.  

  Funding     Open access funding provided by University of KwaZulu-

Natal. The National Research Foundation (Grant number: 121558) and 

the College of Health Sciences, University of KwaZulu-Natal, South 

Africa.  

  Declarations    

   Ethical approval     The study was approved by the Ethics Committee 

of the University of KwaZulu Natal (Study ref: BE266/19) and was 

performed in line with the principles of the Declaration of Helsinki. 

    Informed consent     Informed consent was obtained from all individual 

study participants. 

    Conflict of interest     The authors declare no confl ict of interests.    

   Open Access  This article is licensed under a Creative Commons Attri-

bution 4.0 International License, which permits use, sharing, adapta-

tion, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, 

provide a link to the Creative Commons licence, and indicate if changes 

were made. The images or other third party material in this article are 

included in the article’s Creative Commons licence, unless indicated 

otherwise in a credit line to the material. If material is not included in 

the article’s Creative Commons licence and your intended use is not 

permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 

copy of this licence, visit   http://creativecommons.org/licenses/by/4.0/    .  

  References 

      1.                                      Nojilana B, et al. Emerging trends in non-communicable dis-

ease mortality in South Africa, 1997–2010. S Afr Med J. 

2016;106(5):477–84.  

      2.                                   Saeedi P, et al. Mortality attributable to diabetes in 20–79 years 

old adults, 2019 estimates: Results from the International Dia-

betes Federation Diabetes Atlas. Diabetes Res Clin Pract. 

2020;162:108086.   https:// doi. org/ 10. 1016/j. diabr es. 2020. 108086    .  

      3.                                         Ong KL, et al. Global, regional, and national burden of diabe-

tes from 1990 to 2021, with projections of prevalence to 2050: a 



422 International Journal of Diabetes in Developing Countries (April–June 2025) 45(2):416–423

systematic analysis for the Global Burden of Disease Study 2021. 

The Lancet. 2023;402(10397):203–34.   https:// doi. org/ 10. 1016/ 

S0140- 6736(23) 01301-6    .  

      4.                                       Tuso P. Prediabetes and lifestyle modifi cation: time to prevent a 

preventable disease. Perm J. 2014;18(3):88–93.   https:// doi. org/ 

10. 7812/ TPP/ 14- 002    .  

      5.                                         Heianza Y, et al. Screening for pre-diabetes to predict future dia-

betes using various cut-off  points for HbA1c and impaired fast-

ing glucose: the Toranomon Hospital Health Management Center 

Study 4 (TOPICS 4). Diabet Med. 2012;29(9):e279–85.   https:// 

doi. org/ 10. 1111/j. 1464- 5491. 2012. 03686.x    .  

      6.                                      Tabák AG, et al. Prediabetes: a high-risk state for diabetes devel-

opment. The Lancet. 2012;379(9833):2279–90.  

      7.                                               Edwards CM, Cusi K. Prediabetes: A Worldwide Epidemic. Endo-

crinol Metab Clin North Am. 2016;45(4):751–64.   https:// doi. org/ 

10. 1016/j. ecl. 2016. 06. 007    .  

      8.                                  American Diabetes Association. Erratum. Classification and 

diagnosis of diabetes. Sec. 2. In Standards of Medical Care in 

Diabetes–2016. Diabetes Care 39(Suppl 1), S13–S22. Diabetes 

Care. 2016;39(9):1653–1653.   https:// doi. org/ 10. 2337/ dc16- er09    .  

      9.                                         Rooney MR, et al. Global Prevalence of Prediabetes. Diabetes 

Care. 2023;46(7):1388–94.   https:// doi. org/ 10. 2337/ dc22- 2376    .  

      10.                                       Bailey CJ. Prediabetes: never too early to intervene. Lancet Dia-

betes Endocrinol. 2023;11(8):529–30.   https:// doi. org/ 10. 1016/ 

S2213- 8587(23) 00152-3    .  

      11.                                         Hu J, et al. Combined eff ects of sex hormone-binding globulin 

and sex hormones on risk of incident type 2 diabetes. J Diabetes. 

2016;8(4):508–15.   https:// doi. org/ 10. 1111/ 1753- 0407. 12322    .  

      12.                                      Ding EL, et al. Sex diff erences of endogenous sex hormones and 

risk of type 2 diabetes: a systematic review and meta-analysis. 

JAMA. 2006;295(11):1288–99.  

      13.                                         Ding EL, et al. Plasma sex steroid hormones and risk of develop-

ing type 2 diabetes in women: a prospective study. Diabetologia. 

2007;50(10):2076–84.   https:// doi. org/ 10. 1007/ s00125- 007- 0785-y    .  

      14.                                               Gambineri A, Pelusi C. Sex hormones, obesity and type 2 diabe-

tes: is there a link? Endocr Connect. 2019;8(1):R1-r9.   https:// doi. 

org/ 10. 1530/ ec- 18- 0450    .  

      15.                                      Lehrke M, et al. Serum concentrations of cortisol, interleukin 6, 

leptin and adiponectin predict stress induced insulin resistance in 

acute infl ammatory reactions. Crit Care. 2008;12(6):R157.   https:// 

doi. org/ 10. 1186/ cc7152    .  

      16.                                                    Geer EB, Islam J, Buettner C. Mechanisms of glucocorticoid-

induced insulin resistance: focus on adipose tissue function and 

lipid metabolism. Endocrinol Metab Clin. 2014;43(1):75–102.  

      17.                                   Higgs JA, et al. Pathophysiological Link between Insulin Resist-

ance and Adrenal Incidentalomas. Int J Mol Sci. 2022;23(8):4340.  

      18.                                      Kamba A, et al. Association between Higher Serum Cortisol 

Levels and Decreased Insulin Secretion in a General Population. 

PLoS ONE. 2016;11(11):e0166077.   https:// doi. org/ 10. 1371/ journ 

al. pone. 01660 77    .  

      19.                                       Hinnen D. Glucagon-Like Peptide 1 Receptor Agonists for Type 

2 Diabetes. Diabetes Spectr. 2017;30(3):202–10.   https:// doi. org/ 

10. 2337/ ds16- 0026    .  

      20.                                               Drucker DJ, Holst JJ. The expanding incretin universe: from basic 

biology to clinical translation. Diabetologia. 2023;66(10):1765–

79.   https:// doi. org/ 10. 1007/ s00125- 023- 05906-7    .  

      21.                                                       Pataky MW, Young WF, Nair KS. Hormonal and Metabolic 

Changes of Aging and the Infl uence of Lifestyle Modifi cations. 

Mayo Clin Proc. 2021;96(3):788–814.   https:// doi. org/ 10. 1016/j. 

mayocp. 2020. 07. 033    .  

      22.                                         Chapelle JP, et al. Multicentre evaluation of the Tosoh HbA1c G8 

analyser. Clin Chem Lab Med. 2010;48(3):365–71.   https:// doi. org/ 

10. 1515/ cclm. 2010. 062    .  

      23.                                      Wang L, et al. C-Peptide Is Independently Associated with an 

Increased Risk of Coronary Artery Disease in T2DM Subjects: A 

Cross-Sectional Study. PLoS ONE. 2015;10(6):e0127112.   https:// 

doi. org/ 10. 1371/ journ al. pone. 01271 12    .  

      24.                                         Nauck MA, et al. The evolving story of incretins (GIP and GLP-

1) in metabolic and cardiovascular disease: A pathophysiological 

update. Diabetes Obes Metab. 2021;23(S3):5–29.   https:// doi. org/ 

10. 1111/ dom. 14496    .  

      25.                                            Fisman EZ, Tenenbaum A. The dual glucose-dependent insuli-

notropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) 

receptor agonist tirzepatide: a novel cardiometabolic therapeutic 

prospect. Cardiovasc Diabetol. 2021;20(1):225.   https:// doi. org/ 

10. 1186/ s12933- 021- 01412-5    .  

      26.                                      Gasbjerg LS, et al. Separate and combined glucometabolic eff ects 

of endogenous glucose-dependent insulinotropic polypeptide 

and glucagon-like peptide 1 in healthy individuals. Diabetes. 

2019;68(5):906–17.  

      27.                                         Calanna S, et  al. Secretion of glucose-dependent insulino-

tropic polypeptide in patients with type 2 diabetes: systematic 

review and meta-analysis of clinical studies. Diabetes Care. 

2013;36(10):3346–52.   https:// doi. org/ 10. 2337/ dc13- 0465    .  

      28.                                   Hoff mann C, et al. Circulating levels of gastrointestinal hor-

mones in prediabetes reversing to normoglycemia or progress-

ing to diabetes in a year–A cross-sectional and prospective 

analysis. Diabetes Res Clin Pract. 2023;199:110636.   https:// 

doi. org/ 10. 1016/j. diabr es. 2023. 110636    .  

      29.                                                    Goldsammler M, Merhi Z, Buyuk E. Role of hormonal and 

infl ammatory alterations in obesity-related reproductive dys-

function at the level of the hypothalamic-pituitary-ovarian 

axis. Reprod Biol Endocrinol. 2018;16(1):45.   https:// doi. org/ 

10. 1186/ s12958- 018- 0366-6    .  

      30.                                      Liu W, et al. Serum leptin, resistin, and adiponectin levels in 

obese and non-obese patients with newly diagnosed type 2 dia-

betes mellitus: A population-based study. Medicine (Baltimore). 

2020;99(6):e19052.   https:// doi. org/ 10. 1097/ md. 00000 00000 

019052    .  

      31.                                                    Hammarstedt A, Graham TE, Kahn BB. Adipose tissue dysregu-

lation and reduced insulin sensitivity in non-obese individuals 

with enlarged abdominal adipose cells. Diabetol Metab Syndr. 

2012;4(1):42.   https:// doi. org/ 10. 1186/ 1758- 5996-4- 42    .  

      32.                                         Gómez-Banoy N, et al. Adipsin preserves beta cells in diabetic 

mice and associates with protection from type 2 diabetes in 

humans. Nat Med. 2019;25(11):1739–47.   https:// doi. org/ 10. 

1038/ s41591- 019- 0610-4    .  

      33.                                      Xu Y, et al. The relationship between sex hormones and glycated 

hemoglobin in a non-diabetic middle-aged and elderly popula-

tion. BMC Endocr Disord. 2022;22(1):1–6.  

      34.                                         Ding EL, et al. Sex Diff erences of Endogenous Sex Hormones 

and Risk of Type 2 DiabetesA Systematic Review and Meta-

analysis. JAMA. 2006;295(11):1288–99.   https:// doi. org/ 10. 

1001/ jama. 295. 11. 1288    .  

      35.                                            Gambineri A, Pelusi C. Sex hormones, obesity and type 2 dia-

betes: is there a link? Endocr Connect. 2019;8(1):R1–9.  

      36.                                   Goto A, et al. Associations of sex hormone-binding globulin 

and testosterone with diabetes among men and women (the 

Saku Diabetes study): a case control study. Cardiovasc Diabe-

tol. 2012;11:130.   https:// doi. org/ 10. 1186/ 1475- 2840- 11- 130    .  

      37.                                         Zietz B, et al. Association of increased C-peptide serum levels and 

testosterone in type 2 diabetes. Eur J Intern Med. 2000;11(6):322–

8.   https:// doi. org/ 10. 1016/ s0953- 6205(00) 00122-9    .  

      38.                                         Persky V, et al. Sex Hormones and Diabetes in 45- to 74-year-

old Men and Postmenopausal Women: The Hispanic Community 

Health Study. J Clin Endocrinol Metab. 2023;108(7):1709–26. 

  https:// doi. org/ 10. 1210/ clinem/ dgad0 18    .  

      39.     Merino, B. and M. García-Arévalo, Chapter Two- Sexual hor-

mones and diabetes: The impact of estradiol in pancreatic β cell, 

in International Review of Cell and Molecular Biology, I. Santin 

and L. Galluzzi, Editors. 2021, Academic Press. p. 81–138  



423International Journal of Diabetes in Developing Countries (April–June 2025) 45(2):416–423 

      40.                                         Merino B, García-Arévalo M. Sexual hormones and diabetes: The 

impact of estradiol in pancreatic β cell. Int Rev Cell Mol Biol. 

2021;359:81–138.  

      41.                                                       Biondi B, Kahaly GJ, Robertson RP. Thyroid Dysfunction and 

Diabetes Mellitus: Two Closely Associated Disorders. Endocr 

Rev. 2019;40(3):789–824.   https:// doi. org/ 10. 1210/ er. 2018- 00163    .  

      42.                                                       Kalra S, Aggarwal S, Khandelwal D. Thyroid Dysfunction and 

Type 2 Diabetes Mellitus: Screening Strategies and Implications 

for Management. Diabetes Therapy. 2019;10(6):2035–44.   https:// 

doi. org/ 10. 1007/ s13300- 019- 00700-4    .  

      43.                                   Jali M, et al. Prevalence of thyroid dysfunction among type 2 dia-

betes mellitus patients. Diabetes Metab Syndr. 2017;11:S105–8.  

      44.                                         Bitoska I, et al. Eff ects of Hormone Replacement Therapy on 

Insulin Resistance in Postmenopausal Diabetic Women. Open 

Access Maced J Med Sci. 2016;4(1):83–8.   https:// doi. org/ 10. 

3889/ oamjms. 2016. 024    .  

      45.     Nauck, MA and D.A. D‘Alessio, 2022 Tirzepatide, a dual GIP/

GLP-1 receptor co-agonist for the treatment of type 2 diabetes 

with unmatched eff ectiveness regrading glycaemic control and 

body weight reduction .  Cardiovasc Diabetol 21(1): p. 169   https:// 

doi. org/ 10. 1186/ s12933- 022- 01604-7       

  Publisher's note     Springer Nature remains neutral with regard to 

jurisdictional claims in published maps and institutional affi  liations.  

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2025-06-07T00:50:12+0000
	Preflight Ticket Signature




