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Aim: The mechanisms governing dynamic regulation of counterregulatory hormones in type 1 diabetes (T1DM) remain incompletely 
understood. To eliminate potential confounding effects of female sex hormones and menstrual cycle variations on insulin sensitivity 
and counter-regulatory hormone secretion, this study investigated the correlation between counter-regulatory hormone levels and 
insulin resistance in male patients with T1DM.
Research Design and Methods: From March 2022 to December 2022, 34 male patients with newly diagnosed T1DM and 8 male normal 
people without DM were included. Counter-regulatory hormone levels and clinical characteristics were collected. All the included T1DM 
subjects were treated with intensive insulin therapy by insulin pump for 1 week to achieve glycemic control, followed by using the 
hyperinsulinemic-hypoglycemic clamp to determine the steady-state glucose infusion rate, an indicator of insulin sensitivity. The chemilumi
nescent immunometric assay was also used to measure circulating counter-regulatory hormones, such as glucagon (GCG), insulin-like growth 
factor-1 (IGF-1), adrenocorticotropic hormone (ACTH), growth hormone (GH), and cortisol (Cor) at 0min and 30min during hyperinsuli
nemic-hypoglycemic test. Correlation analysis was conducted to investigate the relationship between insulin-stimulated glucose disposal rates 
(M value) and counter-regulatory hormone levels.
Results: The T1DM group exhibited lower fasting C-peptide levels than the normal group (p<0.050). During the hypoglycemic clamp 
test and in the hypoglycemic state, the T1DM group showed a greater magnitude of increase in Cor and GH levels than the control 
group, whereas GCG displayed an opposite trend. Moreover, the M value was negatively correlated with ACTH, COR, and GH, and 
positively correlated with IGF-1 in male patients with newly diagnosed T1DM.
Conclusion: The current study demonstrates that inhibiting the upregulation of insulin counter-regulatory hormone levels contributes 
to impaired insulin regurgitator response during hypoglycaemia in newly man diagnosed T1DM patients. This study provides insight 
into the glycaemic control benefits of insulin counter-regulatory hormones, and insulin counter-regulatory hormone levels may serve as 
a potential biomarker for assessing the blood glucose control risk of T1DM.
Trial Registration: This trial is registered at ClinicalTrials.gov (CT.gov identifier: NCT05290207).
Keywords: counter-regulatory hormone levels, insulin resistance, hyperinsulinemic-hypoglycemic clamp, type 1 diabetes mellitus, 
insulin-stimulated glucose disposal rates
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Introduction
Diabetes mellitus is a metabolic disease characterized by insulin resistance and deficiency, which is one of the most 
severe public health challenges in the world.1 In China, the nationally representative survey reports that the estimated 
overall prevalence of diabetes has increased to 10.6%.2 Studies have demonstrated that type 1 diabetes mellitus (T1DM) 
accounts for about 5–10% of all DM patients and even represents 90% of all DM in childhood.3

T1DM is characterized by absolute insulin deficiency and dysregulated glucagon secretion.4 Since glycemic control is 
often accompanied by an increased risk of hypoglycemia, insulin alone is still a challenge for clinicians, although insulin 
replacement is the primary treatment for T1DM.5–7 Hypoglycemia is widely regarded as the primary limiting factor in 
optimizing glycemic targets.8 Concerns about hypoglycemia also bring about the failure to achieve glycemic control in 
T1DM patients.5,6 Counter-regulatory hormone responses to hypoglycemia, such as adrenocorticotropic hormone 
(ACTH), growth hormone (GH), and cortisol (Cor), have attracted many studies to explore its relationship with blood 
glucose regulation in the latest years.9–11 Numerous studies have found hypoglycaemic counter-regulation at normal 
blood glucose concentrations in well-controlled T2DM.12,13 The findings indicate that exaggerated ACTH, norepinephr
ine, and glucagon (GCG) responses to hypoglycemia compared to lean counterparts.14 However, the dynamic regulation 
of counter-regulatory hormones in T1DM is still unclear.

In pathophysiology, decreased β-cell function (BCF) and insulin resistance (IR) are the two main factors involved in 
DM. The interaction of pancreatic BCF with IR plays an important role in the pathogenesis of T1DM and T2DM.15 

While the insulin-stimulated glucose disposal rate (M value) is a well-established metric for assessing insulin sensitivity 
in T2DM, emerging evidence highlights heterogeneity in insulin sensitivity among T1DM patients.16 At present, the 
relationship between counter-regulatory hormone levels during hypoglycemia and insulin resistance in T1DM patients 
remains controversial. Therefore, this study aims to explore the differences in insulin counter-regulatory hormones during 
hypoglycemia between T1DM patients and normal people. The hypoglycemic clamp test were used to evaluate whether 
the M value affects counter-regulatory hormones in response to hypoglycemia in T1DM patients in our study.

Patients and Methods
Study Design and Population
According to the Declaration of Helsinki guidelines, this study protocol was approved by the Institutional Ethical 
Committee of Nanjing First Hospital in January, 2022 (Approval Number. KY20220124-07). This trial is also registered 
at ClinicalTrials.gov (ClinicalTrials.gov ID: NCT05290207). The written informed consent was provided by all patients. 
In this study, male, drug-naive patients aged 18–60 years with newly diagnosed T1DM were recruited. The WHO 1999 
diagnostic criteria were used as the basis for the diagnostic criteria of diabetes.17 The WHO 1999 and 2019 diabetes 
diagnostic criteria differ in core indicators and diagnostic methods. For the first time, HbA1c ≥6.5% was included as one 
of the diagnostic criteria for diabetes in WHO 2019 Criteria. However, the applicability of HbA1c may be limited by 
factors such as anemia and hemoglobinopathies, requiring integration with clinical judgment. So we use the WHO 1999 
criteria in our study. The first patient enrollment for this study occurred in March 2022. The exclusion criteria were (a) 
patients with secondary hypogonadism, (b) patients with acute infection or stress, (c) patients with acute complications of 
diabetes, (d) patients with serious systemic disease or any other condition that is considered unsuitable for this study, and 
(e) patients who used systemic SAIDs or any medication that may affect testosterone levels in the past 3 months. Finally, 
a total of 48 eligible male T1DM patients admitted to Nanjing First Hospital between March and December 2022 were 
included.

Experimental Procedures
Anthropometric parameters including blood pressure, height, weight and age were recorded. Blood samples of all 
patients were gathered after overnight fasting. Body mass index (BMI) was measured as weight divided by the square 
of height (kg/m2). The standard enzymatic assay was used to analyze liver and renal functions including creatinine (Cr), 
albumin (Alb), aspartate aminotransferase (AST), alanine aminotransferase (ALT), and lipid profiles such as apolipo
protein B (ApoB), apolipoprotein A1 (ApoA1), low-density lipoprotein (LDL), high-density lipoprotein (HDL), 
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triglyceride (TG), and total cholesterol (TC). The chemiluminescent immunometric assay and high-performance liquid 
chromatography assay were used to measure fasting C-peptide (FCP) and glycated hemoglobin (HbA1c), respectively. 
The chemiluminescent immunometric assay was also used to measure circulating counter-regulatory hormones, such as 
glucagon (GCG), IGF-1, GH, Cor, and ACTH, which were collected at 0 and 30 minutes during hyperinsulinemic- 
hypoglycemic test.

Insulin Sensitivity Assessment
All participants underwent intensive insulin therapy via insulin pump for 1 week to achieve glycemic control, defined as >80% 
of fasting blood glucose (FBG) readings ≤7.0 mmol/L and 2-hour postprandial glucose ≤11.1 mmol/L, monitored via flash 
glucose monitoring (FGM). The insulin pump was stopped 12 hours before the start of the clamp, and the hyperinsulinemic- 
hypoglycemic clamp was used to evaluate insulin sensitivity.18 After an overnight fast, patients reported to the laboratory at 
8:00 AM. Intravenous catheters were placed in the left antecubital fossa for insulin/glucose infusion and in the right 
antecubital fossa for blood sampling. A primed continuous insulin infusion (9 pmol/kg/min) was administered for 30 minutes, 
supplemented with potassium chloride (5 mmol/h) to prevent hypokalemia. Plasma glucose levels were monitored every 
5 minutes, with a controlled reduction rate (~0.08 mmol/min) until a hypoglycemic nadir (2.9 ± 0.1 mmol/L) was achieved and 
stabilized using a modified glucose clamp technique.19,20 There were no Serious Adverse Events (SAEs) were reported during 
the course of this study. Counter-regulatory hormones were sampled at 0 and 30 minutes during hypoglycemia. Insulin 
sensitivity was quantified as the glucose infusion rate (GIR, mg/kg/min) during the final 30 minutes of steady-state 
hypoglycemia (M value).21

Statistical Analysis
Categorical variables were presented as the percentage (%). Continuous variables were described as the mean ± SE or 
median. The characteristics of patients in different treatment groups were compared using the χ2 test for categorical 
variables and one-way variance (ANOVA) for continuous variables. The correlation was detected by Spearman correla
tion coefficient. A non-parametric test was used when the data distribution was skewed. All statistical analyses were 
conducted using GraphPad Prism 6.0 and SPSS 22.0. P<0.05 was considered statistically significant.

Results
Baseline Characteristics
In this study, 34 male patients with newly diagnosed T1DM and 8 healthy controls were included. Clinical characteristics 
of the participants are summarized in Table 1. Using a glucose infusion rate (GIR) threshold of 5.700 mg/(kg·min) for 
insulin sensitivity stratification,16 participants were categorized into T1DM (n=34) and control (n=8) groups. The two 
groups were well matched in the history of hypertension, BMI, and age (all p > 0.05). The HbA1c level was higher in the 
T1DM group than in the normal group (p = 0.0012). The Fasting C-peptide level was lower in the T1DM group than in 
the normal group (p < 0.0001). There was no significant difference in ApoA1/ApoB, ApoB, ApoA1, LDL, HDL, TG, 
TC, Cr, AST, and ALT between the two groups (all p > 0.05).

Circulating Counter-Regulatory Hormone Levels Between Groups
Counter-regulatory hormone, including ACTH, Cor, GH, IGF-1 and glucagon (GCG), profiles are presented in Table 2. 
At the beginning of hypoglycemic clamp test, the T1DM group had lower GH levels than the normal group (p = 0.0041) 
and had higher IGF-1 levels than the normal group (p = 0.0016). There was no difference in ACTH, Cor, and GCG 
between the two groups (all p > 0.050). Following 30 minutes of hypoglycemia, the T1DM group displayed reduced 
GCG responses (P = 0.0014) but elevated Cor (P = 0.0041) and GH (P = 0.0123) levels relative to controls. ACTH levels 
remained comparable between groups post-clamp (P > 0.05).
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Linear Correlation Between Changes in Counter-Regulatory Hormone Levels and 
M Value in Male Patients with T1DM
The observed changes in counter-regulatory hormone levels and insulin resistance were validated in patients using 
Spearman correlation analysis. M value was negatively related to ΔACTH (r= −0.3055, p = 0.0303), ΔCor (r =- 0.2869, 
p = 0.0132), ΔGH (r = −0.2098, p = 0.0366), while M value was positively associated with ΔIGF-1 (r = 0.2838, p = 0.1894), 
instead of ΔGCG (r = 0.0089, p = 0.0478) (Figure 1). To address potential confounding by diabetes duration and metabolic 
parameters, multivariate linear regression models were constructed. ACTH and GH were excluded due to their upstream 
regulatory roles in IGF-1 and Cor secretion, which could introduce multicollinearity. After adjusted for Age, T1DM 
duration, BMI and HbA1c, M value was not independently correlated with IGF-1 and Cor levels (date not shown).

Table 2 Circulating Counter-Regulatory Hormones Levels Between 
Groups

Normal Group (N=8) T1DM Group (N=34) P value

ACTH 33.74±14.82 29.31±11.84 0.3692

ACTH-30min 125.62±112.16 105.60±84.97 0.5759

Cor 9.64±3.14 12.82±7.64 0.2587
Cor-30min 11.64±2.65 17.49±5.25 0.0041

GH 0.17±0.23 4.08±5.31 0.0457

GH-30min 3.23±1.67 9.40±2.06 0.0123
IGF-1 154.25±30.08 103.08±40.14 0.0016

IGF-1-30min 148.38±23.56 116.21±43.93 0.0532

GCG 104.70±61.93 87.85±57.22 0.4646
GCG-30min 105.17±55.26 55.64±31.35 0.0014

Notes: Data are presented as mean ± standard deviation (SD), median (interquartile range) or 
percentages as appropriate Student’s t test for comparison of normally distributed quantitative 
variables; Mann–Whitney U-test for comparison of asymmetrically distributed quantitative variables. 
Abbreviations: ACTH, adrenocorticotropic hormone; Cor, cortisol; GH, growth hormone; 
IGF-1, insulin-like growth factor-1; GCG, glucagon.

Table 1 Characteristics of Clinical Characteristics of Study Patients

Normal Group (N=8) T1DM Group (N=34) P value

Age 45.50±8.02 38.92±13.87 P>0.99
BMI (kg/m2) 24.64±3.87 22.05±3.17 0.0528

HbA1c (%) 5.35±0.21 9.12±3.02 0.0012

FCP 2.46(±0.17) 0.17±0.42 < 0.0001
ALT (U/L) 20.50±9.19 16.81±8.68 P>0.99

AST (U/L) 19.00±5.65 15.24±5.42 P>0.99

Cr (μmol/L) 64.55±4.60 58.18±13.23 P>0.99
TC (mmol/L) 5.66±1.50 4.94±1.12 P>0.99

TG (mmol/L) 2.17±0.46 1.24±0.67 0.0006
HDL (mmol/L) 1.21±0.11 1.39±0.40 P>0.99

LDL (mmol/L) 4.34±0.92 2.56±0.83 < 0.0001

ApoA1 (g/L) 1.55±0.19 1.45±0.26 P>0.99
ApoB (g/L) 0.87±0.42 0.83±0.23 P>0.99

Notes: Data are presented as mean ± standard deviation (SD), median (interquartile range) or 
percentages as appropriate Student’s t test for comparison of normally distributed quantitative 
variables; Mann–Whitney U-test for comparison of asymmetrically distributed quantitative 
variables. 
Abbreviations: BMI, body mass index; HbA1c, glycosylated hemoglobin; FCP, fasting C peptide; 
ALT, alanine aminotransferase; AST, aspartate aminotransferase; Alb, albumin; Cr, creatinine; TC, 
total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; 
ApoA1, apolipoprotein A1; ApoB, apolipoprotein B.
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Discussion
In the present study, insulin counter-regulatory hormones were first examined in response to hypoglycemia in male 
patients with newly diagnosed T1DM and normal people. Key findings demonstrate that the T1DM group had 
a significantly higher multiple of Cor and GH elevation than the normal group in the hypoglycemic state during the 
hyperinsulinemic-hypoglycemic clamp test, which is an oppositive trend in GCG. Furthermore, insulin sensitivity 
(quantified as the M value) showed significant negative correlations with changes in adrenocorticotropic hormone 
(ΔACTH), ΔCor, and ΔGH, while displaying a nonsignificant positive association with ΔIGF-1 in male patients with 
newly diagnosed T1DM.

It was found that T1DM patients exhibited lower levels of ACTH, IGF-1, and GCG, and showed higher trends in GH 
and Cor at the beginning of the hypoglycemic clamp. Some studies have shown that the basic GH level in T1DM patients 
is normal or elevated, which is related to the negative feedback regulation of IGF-1 in the hypothalamus and 
pituitary.22,23 The various insulin counter-regulatory hormones mentioned above, such as Cor, GH, and ACTH, are 
mainly regulated by the central nervous system. In contrast, GCG is primarily regulated by glucose levels in the islet 
environment and also regulated by the central nervous system through counter-regulatory hormones and the autonomic 
nervous system.24–26 Some studies have found that the function of glucagon secretion is impaired with the prolongation 
of the T1DM course, which is closely related to blood glucose fluctuations, especially hypoglycaemia.27,28 After 
30 minutes of the hypoglycemic clamp test, the results indicated that ACTH in T1DM patients showed no significant 
changes, Cor increased significantly, but GCG decreased significantly. This is consistent with previous findings. Previous 

Figure 1 Correlation between changes in counter-regulatory hormone levels and M value in male patients with T1DM in linear regression.
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studies have shown that even though the glucagon response to hypoglycemia has been weakened during the first year of 
T1DM, the adrenergic response has not been weakened, which suggests that the mechanism for the loss of insulin 
counter-regulatory hormones is different.29,30 This may explain the drastic decline in GCG. The study also showed that 
the average peak ACTH level of insulin-induced hypoglycemia was 3.5 times higher than the baseline level. This is also 
consistent with our findings.31 In premenopausal women with obesity, the ACTH-Cor relationship is characterized by 
reduced efficacy and sensitivity, which explains the absence of elevated serum Cor concentrations despite elevated 
plasma ACTH levels.32,33 The key finding is not just that these defects exist, but that they are already present and 
functionally significant at the clinical onset of the disease. It shows the entire counter-regulatory system is dysregulated 
from the very beginning, which is a significant pathophysiological insight. By studying drug-naive patients as new 
T1DM patients during the honeymoon phase, the study removes the confounding effects of long-term insulin therapy, 
chronic complications, and beta-cell exhaustion. This allows for a clearer view of the intrinsic hormonal dysregulation at 
play in early T1DM.

Our results showed that during the hypoglycemia test in T1DM patients, M values were negative correlated with 
ΔACTH, ΔCor, and ΔGH. Specifically, some studies showed cor (via ACTH stimulation) antagonizes insulin action by 
upregulating hepatic gluconeogenesis through increased expression of enzymes such as phosphoenolpyruvate carbox
ykinase (PEPCK) and glucose-6-phosphatase, thereby elevating blood glucose levels.34 Additionally, cor reduces 
peripheral glucose uptake in skeletal muscle and adipose tissue by downregulating GLUT4 transporters and impairing 
insulin receptor signalling.35 It also stimulates lipolysis, increasing free fatty acids (FFAs), which inhibit insulin signaling 
via lipid intermediates like diacylglycerols and ceramides that disrupt IRS-1/PI3K-Akt pathways.36 GH exhibits dual 
effects: while acute exposure may transiently mimic insulin-like actions, chronic elevation induces insulin resistance. GH 
promotes lipolysis, raising FFAs that interfere with muscle glucose uptake and enhance hepatic glucose production.37 

Furthermore, GH activates JAK-STAT signaling pathways, inducing suppressor of cytokine signaling (SOCS) proteins 
that inhibit insulin receptor substrates (IRS) and PI3K-Akt signalling-critical for GLUT4 translocation-while also 
increasing hepatic glucose output via gluconeogenesis and glycogenolysis.38 Collectively, these hormones may antag
onize insulin by amplifying hepatic glucose production, suppressing peripheral glucose uptake, and impairing insulin 
signaling through lipolysis, transcriptional modulation, and intracellular pathway interference, ultimately contributing to 
reduced M values during hypoglycemia.

Our results also showed the IGF-1 secretion response was significantly impaired in during the hypoglycemia test in 
T1DM patients. It can be speculated that this is because glucagon independent of insulin action induces a decrease in 
biologically active IGF-1 levels by regulating IGFBP-1 and IGFBP-2 levels, which is the mechanism by which glucagon 
induces GH secretion.39 Therefore, severe damage to GCG further leads to abnormal secretion of IGF-1. Meanwhile, it 
was found that compared with the normal group, the GH level was significantly elevated in T1DM patients at 0 min of 
the hypoglycemic clamp test, but the GH reactivity was decreased in T1DM patients at 30 min of the hypoglycemic 
clamp test. As we know, two endocrine systems are the insulin and GH/IGF-I axis which are interconnected at many 
levels. IGF-I production can be regulated by insulin, acting on the GH receptor or at a post-receptor site. The increased 
GH level may be due to a reduction in feedback inhibition or an alteration in hypothalamic/pituitary control. The former 
may, in turn, result from a low level of IGF-I, a reduction in the availability of IGF-I to relevant receptors, or an increase 
in the level of inhibitors.40 The normal individuals included in this study had a higher level of IGF-1 compared to T1DM 
patients, and it can be thus speculated that this may also be a contributing factor to this outcome.

Given the close association between M values and insulin counter-regulatory hormones in T1DM patients, long
itudinal studies are required to explore how changes in insulin counter-regulatory hormone levels occur, especially in 
T1DM patients predisposed to these conditions. Moreover, there is a significantly negative linear correlation between 
M values and ACTH, Cor and GH, while a positive linear correlation between M values and IGF-1. These results 
demonstrate that changes in insulin counter-regulatory hormone levels may contribute to the increased insulin sensitivity 
in T1DM patients. After adjusted for Age, T1DM duration, BMI and HbA1c, M value was not independently correlated 
with IGF-1 and Cor levels by multivariate linear regression models. This state triggers the very counter-regulatory 
hormone responses we measured, meaning that the significant correlations we observed between ΔACTH, ΔCor, ΔGH, 
and the M-value are, in part, a reflection of this integrated stress response. This difference may be due to multiple factors. 
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Firstly, this is a cross-sectional study that failed to draw a causal role for insulin counter-regulatory hormones in the 
pathogenesis of insulin resistance. The male-only focus controls for female hormonal variation but means the results are 
not applicable to females with T1DM. Secondly, this study was conducted in a singer center and with a small number of 
patients due to the high cost and complexity of the hyperinsulinemic-hypoglycemic clamp, thus limiting the power of our 
results to some extent. Data from cross-sectional study in a single center, while valuable, also has other limitations such 
as geographic bias, selection bias, institutional practices, recall bias, reproducibility issues, Unmeasured Confounders and 
so on, which can affect the generalizability, reliability, and applicability of research findings. The Thirdly, blood samples 
for 30 min into the hypoglycemic state were collected due to the financial resources of this study, possibly missing peak 
GCG secretion. Catecholamine, Cor and GH should also be observed if the blood glucose level is 2.2 mmol/L for more 
than 2 hours. However, in this study, it is risky and challenging from an ethical perspective.

Conclusion
In conclusion, the current study demonstrates that the abnormal insulin counter-regulatory hormone levels may contribute 
to an impaired insulin response during hypoglycaemia in patients with men newly diagnosed T1DM. This preliminary 
study provides a detailed pathophysiological snapshot, confirming that counter-regulatory hormone dysregulation and its 
correlation with insulin resistance are present at the diagnosis of T1DM in men. While the cross-sectional nature and 
limited sample size prevent causal inferences, the strong correlations between the stress hormone axis and metabolic 
function establish a foundation for future research. These findings highlight the need to explore whether this early 
hormonal milieu influences the long-term clinical course of the disease.
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