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Purpose: To investigate the association between impaired thyroid hormone sensitivity and diabetic nephropathy (DN) in euthyroid 
patients with type 2 diabetes mellitus (T2DM).
Methods: 1305 euthyroid patients with T2DM who were hospitalized in the Endocrinology Department of the First Hospital of 
Lanzhou University between July 2021 and August 2023 were selected. Several indices, such as the parameters thyroid feedback 
quantile index (PTFQI), thyroid feedback quantile index (TFQI), thyroid stimulating hormone index (TSHI), serum-free triiodothyr
onine to free thyroxine (FT3/FT4) ratio, and thyrotropin thyroxine resistance index (TT4RI) to evaluate thyroid hormone sensitivity 
were used. The patients were subdivided into four groups (Q1 to Q4) based on the quartile levels of the five indices. The correlation 
between thyroid hormone sensitivity and DN was analyzed by binary logistic regression and restricted cubic spline (RCS) analysis.
Results: The levels of PTFQI, TFQI, and TSHI in the DN group were higher than those in the Non-DN group [0.04(−0.21, 0.31) vs 
−0.003(−0.27, 0.25), 0.05(−0.20, 0.30) vs 0.006(−0.26, 0.25), 2.54±0.52 vs 2.47±0.51, all P<0.05], while the FT3/FT4 levels were 
decreased in the DN group (0.40±0.07 vs 0.42±0.07, P<0.05). Multivariate logistic regression analysis showed that the increase in 
PTFQI and TFQI levels was positively correlated with DN [OR=1.518, 95% CI(1.074, 2.145) and OR=1.546, 95% CI(1.084, 2.204)]. 
RCS showed a linear dose-response relationship between PTFQI, TFQI, TSHI, FT3/FT4, TT4RI, and the tendency of DN (all Pnon- 

linear>0.05). As the levels of PTFQI, TFQI, and TSHI increased, and the FT3/FT4 levels decreased, the prevalence of DN and the 
urinary albumin-to-creatinine (UACR) level showed an upward trend (all Ptrend test<0.05), while the estimated glomerular filtration rate 
(eGFR) level showed a downward trend (all Ptrend test<0.05).
Conclusion: Among euthyroid patients with T2DM, impaired thyroid hormone sensitivity is associated with DN, as well as elevated 
UACR levels and decreased eGFR levels.
Keywords: type 2 diabetes mellitus, thyroid hormone sensitivity, diabetic nephropathy

Introduction
Diabetes Mellitus (DM) is a chronic and multi-factorial disease characterised by impaired glucose homeostasis due to 
abnormal insulin action.1,2 According to data from the International Diabetes Federation (IDF), by 2021, approximately 
536 million people have been diagnosed with diabetes, and it is expected to increase to 783 million by 2045,3 with type 2 
diabetes mellitus (T2DM) accounting for more than 90%.4 Diabetic nephropathy (DN), is one of the most common and 
severe chronic complications of DM, 30% to 40% of DM patients may develop DN.5,6 DN is a major cause of chronic 
kidney disease (CKD) and end-stage renal disease (ESRD), with approximately 30% to 50% of global ESRD cases 
attributed to DN.7 Even with good control of risk factors such as plasma glucose and blood pressure, the prevalence of 
DN remains high, and it frequently progresses to ESRD, contributing to mortality associated with DN.8 Furthermore, the 
clinical symptoms of early DN are not obvious and may only manifest as microalbuminuria, which can lead to delayed 
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diagnosis and treatment. Therefore, further exploration of potential risk factors and effective biomarkers for DN is crucial 
for early screening, diagnosis, and treatment of DN.

Clinically, thyroid function is typically assessed based on serum levels of free triiodothyronine (FT3), free thyroxine 
(FT4), and thyroid-stimulating hormone (TSH), with TSH being the most sensitive. Studies have reported that in 
euthyroid patients with T2DM, TSH levels positively correlate with the diabetic nephropathy (DN).9 However, some 
studies have suggested no statistical correlation between TSH and DN, only finding a negative correlation between FT3 
and DN,10 while other studies suggest that there is no correlation between thyroid dysfunction and DN in T2DM 
patients.11 Considering that the secretion of thyroid hormones (THs) is regulated by the negative feedback loop of the 
hypothalamic-pituitary-thyroid (HPT) axis, and the metabolic status of THs in the periphery, a single serological 
indicator may not systematically reflect thyroid function. Composite indices of THs sensitivity may provide a new 
perspective for explaining the correlation between thyroid function and renal function.

THs sensitivity encompasses central sensitivity, which reflects the negative feedback regulation of THs by the HPT 
axis, and peripheral sensitivity, which reflects the metabolic effects of THs. Laclaustra et al proposed the parameters of 
the thyroid feedback quantile index (PTFQI) and thyroid feedback quantile index (TFQI) for accurately assessing central 
sensitivity to THs.12 Similarly, the thyrotropin thyroxine resistance index (TT4RI) and the thyroid stimulating hormone 
index (TSHI) indicate central THs sensitivity, the FT3/FT4 ratio can estimate the conversion efficiency from FT4 to FT3, 
representing the peripheral sensitivity of THs.13 Recent studies have shown that elevated TFQI levels and a low FT3/FT4 
ratio are risk factors for the appearance of albuminuria in elderly healthy populations.14 In euthyroid patients with 
T1DM, impaired thyroid hormone sensitivity is associated with DN. They believe that impaired thyroid hormone 
sensitivity leads to relative thyroid hormone deficiency, which in turn affects renal function through the RAAS system, 
vascular function, and blood volume.13 However, the relationship between thyroid hormone sensitivity and the DN in 
T2DM patients remains unclear. Therefore, the purpose of this study is to explore the correlation between thyroid 
hormone sensitivity and the DN, as well as the urinary albumin-to-creatinine ratio (UACR), in euthyroid patients with 
T2DM, and to provide new scientific insights for the prevention and treatment of DN.

Subjects and Methods
Study Subjects
According to the inclusion and exclusion criteria, 1305 patients with T2DM hospitalized in the Endocrinology 
Department of the First Hospital of Lanzhou University in China from July 2021 to August 2023 were selected. 
According to the ethical standards of the Helsinki Declaration, this cross-sectional study was approved by the Ethics 
Committee of the First Hospital of Lanzhou University. Given the retrospective nature of this study, the Ethics 
Committee of the First Hospital of Lanzhou University waived the requirement for written informed consent 
(LDYYLL-2024-685). To preserve the patient’s privacy, we de-identified and anonymized the patient’s information 
before analysis.

Inclusion criteria: 1. age ≥ 18 years; 2. patients with complete clinical data.
Exclusion criteria: 1. type 1 diabetes and other special types of diabetes, like monogenic diabetes, diabetes due to 

pancreatic diseases, diabetes associated with endocrine disorders, drug-induced or chemical-induced diabetes, infections 
linked to diabetes, rare immune-mediated diabetes, genetic syndromes with diabetes, and diabetes caused by other 
specific mechanisms;15 2. complications of acute diabetes; 3. history of thyroid disease, history of taking thyroid 
medications, history of thyroid surgery, or history of radioactive iodine treatment; 4. patients with hypothalamic or 
pituitary diseases; 5. kidney damage not caused by diabetes; 6. severe liver dysfunction; 7. patients with severe infectious 
diseases, malignant tumors, or severe consumption status; 8. patients with missing data on the included indicators.

Methods
Collection of General Information
All clinical and demographic data were retrospectively collected from the medical records of patients attending the 
Endocrinology Department of the First Hospital of Lanzhou University in China between July 2021 and August 2023. 
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The general information of each patients such as gender, age, duration of diabetes, medical history, history of surgery or 
trauma, and history of thyroid treatment was collected.

Standard methods were used to measure the subjects’ height, weight, systolic blood pressure (SBP) and diastolic 
blood pressure (DBP). Body mass index (BMI) was calculated as follows: BMI = weight(kg)/(height*height) (m2);

After fasting for 10~12 h, 5 mL of venous blood was extracted from each subject in the morning and serum was 
separated. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), total serum protein (TP), serum albumin 
(ALB), serum creatinine (Scr), uric acid (UA), potassium (K), calcium (Ca), homocysteine (Hcy), total cholesterol (TC), 
triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and 
fasting plasma glucose (FPG) were measured using a fully automated biochemical analyzer (AU5831, Shanghai 
Beckman Coulter Trading Co., Ltd., Shanghai, China). Glycosylated hemoglobin (HbA1c) levels were determined 
using high-performance liquid chromatography (Bio-Rad-D10, Shanghai Bio-Rad Life Science Products Co., Ltd., 
Shanghai, China). 25-hydroxyvitamin D3 [25(OH)VitD3] levels were measured using a chemiluminescent enzyme-linked 
immunosorbent assay and analyzer (RT-6000, Shenzhen Leadman Biotech Co., Ltd., Shenzhen, China). Fasting insulin 
(FINS) and C-peptide (FCP) levels were measured using an automated chemiluminescence immunoassay (Siemens 
Centaur-XP, Shanghai Siemens Medical Equipment Co., Ltd., Shanghai, China).

Homeostatic model of assessment of insulin resistance index (HOMA-IR) was calculated as FPG (mmol/L) × FINS 
(mIU/L)/22.5.16

The estimated glomerular filtration rate (eGFR) was calculated using the Modified Diet in Renal Disease: eGFR 
(mL/min/1.73 m2) = 186 * Scr (mg/dl) −1.154 * Age (years) −0.203 * 0.742 (if female) * 1.233 (if Chinese).17

UACR was calculated using urine albumin and urine creatinine levels: UACR (mg/g)= urine albumin (mg/L) / urine 
creatinine (g/L).

Serum FT3, FT4, TSH, antithyroid globulin antibody (TGAb), and antithyroid peroxidase antibody (TPOAb) levels 
were measured using a chemiluminescence (Roche, Cobas E801, Germany). The normal reference range of thyroid- 
related hormones were: FT4 (8.06~16.12 pmol/L), FT3 (3.54 ~ 7.39 pmol/L), TSH (0.56~5.91 mIU/L), TGAb (0~4 IU/ 
mL) and TPOAb (0~9 IU/mL). The within-batch variation was 1.60% for TSH, 1.40% for FT3, and 1.90% for FT4. The 
between-batch variation was 1.20% for TSH, 1.10% for FT3 and 1.40% for FT4.

Calculation of Thyroid Hormone Sensitivity Index
Firstly, the FT4 and TSH of patients in this clinical retrospective study were ranked from minimum to maximum. Then, 
according to the principle of the empirical cumulative distribution function (CDF), the probability distribution of FT4 and 
TSH in the population is transformed into the probability quantile between 0 (The percentage of people lower than this 
value in the total population is 0) and 1. The specific formulas are as follows.18

(1) TFQI = CDF_FT4 - (1 - CDF_TSH);
(2) The PTFQI is an approximation of the TFQI and is suitable for different study populations. PTFQI = NORM.DIST 

(FT4_cell, μ_FT4, σ_FT4, TRUE) + NORM.DIST[ln(TSH_cell), μ_lnTSH, σ_lnTSH, TRUE)] - 1;
(3) TSHI = ln(TSH) + 0.1345 * FT4;
(4) TT4RI = FT4 * TSH;
(5) FT3/FT4 ratio = FT3/FT4.

The PTFQI and PTFQI range from −1 to 1, with negative values indicating higher pituitary sensitivity to thyroid 
hormones and positive values indicating lower central sensitivity. Higher values of TSHI and TT4RI indicate lower 
central thyroid hormone sensitivity. A higher FT3/FT4 ratio suggests higher peripheral thyroid hormone sensitivity.

Diagnostic Criteria
(1) T2DM was diagnosed according to the 1999 WHO criteria for diabetes mellitus symptoms, with typical symptoms 

including polydipsia, polyuria, and unexplained weight loss, plus one of the following 3 items: (1) random blood 
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glucose (refers to blood glucose at any time of the day) ≥11.1 mmol/L; (2) FPG ≥7.0 mmol/L; and (3) 2hPG 
≥11.1 mmol/L.

(2) UACR≥30 mg/g for at least 3 months, and/or an eGFR<60 mL/min/1.73 m2, excluding other causes of nephro
pathy, regarded as DN.19

(3) Euthyroid was defined as FT4, FT3, and TSH in the normal range, without a known history of thyroid disease.

Statistical Analysis
All data were analyzed using the IBM SPSS 26.0 software and R Studio (version 4.4.1). Normally distributed continuous 
variables were expressed as means±standard deviations (�x� s), and group differences were compared using samples 
t-test or one-way analysis of variance (ANOVA). Non-normally distributed continuous variables were expressed as 
medians (P25, P75), and group comparisons were conducted using the Mann–Whitney U-test or the Kruskal–Wallis 
H-test. The enumeration data were expressed as frequencies and percentages (n [%]), and group comparisons were 
compared using the Chi-square test. Bonferroni correction was applied to adjust P values for multiple comparisons. 
Mantel-Haenszel chi-square test and univariate linear regression were employed for trend tests between groups. Pearson 
correlation coefficient was utilized to analyze whether multicollinearity existed between the included independent 
variables, with a correlation coefficient > 0.7 suggesting potential multicollinearity. Binary logistic regression was 
performed to assess the correlation between thyroid hormone sensitivity indices and the DN in T2DM patients. 
Restricted cubic spline (RCS) models were utilized to investigate the dose-response relationship between thyroid 
hormone sensitivity indices and the tendency of DN in T2DM patients, and the appropriate number of nodes was 
selected to fit the RCS model based on the akaike information criterion (AIC). The significance level α was set at 0.05.

Results
Clinical Characteristics of the Study Population
A total of 1305 patients with T2DM were divided into the Non-DN and the DN groups, the prevalence of DN is 36.2%, 
including 339 males (71.7%) and 134 females (28.3%).

Compared with the Non-DN group, the levels of Age, SBP, DBP, Duration, HbA1c, FPG, FINS, HOMA-IR, Scr, UA, 
K, LDL-C, Hcy, FT4, PTFQI, TFQI, and TSHI were higher, while ALB, eGFR, FT3, FT3/FT4 levels and Thyroid Ab 
positive rate were lower than those in the Non-DN group (all P<0.05) (Table 1).

Table 1 Clinical Characteristics of the Study Population

Variables Overall  
(n=1305)

Non-DN  
(n=832)

DN  
(n=473)

P

Sex, [n(%)] 0.077
Male 896 (68.7%) 557 (66.9%) 339 (71.7%)

Female 409 (31.3%) 275 (33.1%) 134 (28.3%)

Age (Years) 59.50±10.67 58.93±10.45 60.51±10.98 0.010
BMI (kg/m2) 24.15±3.02 24.13±2.98 24.18±3.09 0.755

SBP (mmHg) 144.88±23.51 141.47±22.12 150.88±24.67 <0.001

DBP (mmHg) 86.08±14.48 84.96±13.94 88.05±15.21 <0.001
Duration (Years) 10.00 (4.00, 15.00) 8.00 (3.00, 14.00) 11.00 (6.00, 18.50) <0.001

HbA1c (%) 8.75±2.12 8.41±2.01 9.34±2.19 <0.001

FPG (mmol/L) 9.16±3.32 8.69±3.11 9.97±3.51 <0.001
FINS (mIU/L) 6.31 (4.16, 9.73) 6.10 (4.03, 9.34) 7.11 (4.53, 10.09) 0.002

FCP (ng/mL) 1.24 (0.90, 1.68) 1.30 (0.94, 1.68) 1.24 (0.88, 1.64) 0.133
HOMA-IR 2.32 (1.40, 3.90) 2.27 (1.37, 3.53) 3.11 (1.74, 4.72) <0.001

25(OH)VitD3 (ng/mL) 13.60±5.90 13.76±5.93 13.33±5.85 0.216

(Continued)
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Collinearity Diagnosis
Variables that demonstrated statistical significance in the univariate linear regression analysis were evaluated for 
collinearity before being incorporated into the binary logistic regression model. After the collinearity diagnosis, we 
included Age, SBP, DBP, Duration, HbA1c, HOMA-IR, ALB, Scr, UA, K, LDL-C, and Hcy in the binary logistic 
regression analysis (Figure 1).

Association Between the Thyroid Hormone Sensitivity Index and the DN in Patients 
with T2DM
In Model 1, before adjusting for variables, compared to the Q1 group, the Q4 groups of PTFQI [OR=1.602, 95% CI (1.161, 
2.209)], TFQI [OR=1.587, 95% CI (1.151, 2.190)] and TSHI [OR=1.472, 95% CI (1.070, 2.025)] showed a positive association 
with the DN in euthyroid patients with T2DM, while the Q3 [OR=0.718, 95% CI (0.524, 0.985)] and Q4 [OR=0.525, 95% CI 
(0.379, 0.727)] groups of FT3/FT4 exhibited a negative association with the DN. PTFQI [OR=1.663, 95% CI (1.220, 2.267)], 
TFQI [OR=1.703, 95% CI (1.240, 2.339)], TSHI [OR=1.292, 95% CI (1.035, 1.614)], and TT4RI [OR=1.008, 95% CI (1.001, 
1.016)] were all associated positively with the DN; FT3/FT4 [OR=0.026, 95% CI (0.005, 0.126)] was associated with the DN 
negatively (Table 2).

Table 1 (Continued). 

Variables Overall  
(n=1305)

Non-DN  
(n=832)

DN  
(n=473)

P

AST (U/L) 21.08±9.62 21.13±9.67 20.99±9.53 0.807
ALT (U/L) 19.00 (14.00, 28.00) 19.00 (14.00, 28.50) 18.00 (14.00, 27.00) 0.062

TP (g/L) 69.86±6.31 69.91±5.79 69.77±7.14 0.717

ALB (g/L) 42.93±3.81 43.44±3.33 42.03±4.40 <0.001
Scr (μmol/L) 71.08±30.73 65.50 (57.53, 75.30) 68.10 (56.95, 84.05) <0.001

eGFR (mL/min/1.73 m2) 95.70 (79.34, 116.60) 98.40 (81.40, 118.91) 94.56 (74.50, 111.90) <0.001

UA (μmol/L) 335.12±87.15 327.71±87.05 340.60±96.29 0.016
K (mmol/L) 3.83±0.36 3.84±0.36 3.90±0.43 0.003

Ca (mmol/L) 2.19±0.10 2.19±0.12 2.18±0.12 0.624

TC (mmol/L) 4.24±1.05 4.22±1.00 4.33±1.17 0.097
TG (mmol/L) 1.52 (1.09, 2.25) 1.51 (1.09, 2.16) 1.56 (1.09, 2.36) 0.228

HDL-C (mmol/L) 1.04±0.24 1.04±0.24 1.06±0.24 0.159

LDL-C (mmol/L) 2.75±0.79 2.70±0.75 2.88±0.99 0.001
Hcy (mmol/L) 15.54±8.11 14.72±5.65 16.50±9.14 <0.001

FT3 (pmol/L) 4.87±0.67 4.91±0.66 4.80±0.69 0.003

FT4 (pmol/L) 11.92±1.65 11.82±1.67 12.10±1.61 0.003
TSH (mIU/L) 2.53 (1.75, 3.61) 2.50 (1.73, 3.60) 2.58 (1.81, 3.64) 0.211

Thyroid Ab positive, [n(%)] 138 (10.6%) 101 (12.1%) 37 (7.8%) 0.015

PTFQI 0.01 (−0.25, 0.26) −0.003 (−0.27, 0.25) 0.04 (−0.21, 0.31) 0.004
TFQI 0.02 (−0.24, 0.27) 0.006 (−0.26, 0.25) 0.05 (−0.20, 0.30) 0.003

TSHI 2.50±0.51 2.47±0.51 2.54±0.52 0.024
FT3/FT4 0.42±0.07 0.42±0.07 0.40±0.07 <0.001

TT4RI 30.38 (21.02, 42.47) 29.56 (20.61, 41.97) 31.55 (21.42, 43.31) 0.053

Notes: Data are expressed as the mean±standard deviations or medians (P25, P75) or numbers (%). 
Abbreviations: T2DM, type 2 diabetes mellitus; DN, nephropathy; BMI, body mass index; SBP, systolic blood pressure; DBP, 
diastolic blood pressure; HbA1c, glycosylated hemoglobin; FPG, fasting blood glucose; FINS, fasting insulin; FCP, fasting C peptide; 
HOMA-IR, homeostasis model assessment of insulin resistance; 25(OH)VitD3, 25-Hydroxyvitamin D3; AST, aspartate aminotrans
ferase; ALT, alanine aminotransferase; TP, total protein; ALB, serum albumin; Scr, serum creatinine; eGFR, estimated glomerular 
filtration rate; UA, uric acid; K, kalium; Ca, calcium; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; Hcy, homocysteine; FT3, free triiodothyronine; FT4, free thyroxine; TSH, 
thyroidstimulating hormone; PTFQI, parameter thyroid feedback quantile index; TFQI, thyroid feedback quantile-based index; TSHI, 
thyroid stimulating hormone index; FT3/FT4, free triiodothyronine/free thyroxine; TT4RI, thyrotropin thyroxine resistance index.
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In Model 2, after adjusting for Age, SBP, DBP, Duration, HbA1c, HOMA-IR, ALB, Scr, UA, K, LDL-C, and Hcy, 
PTFQI, and TFQI still showed a positive association with the DN (all P<0.05). For every one-unit increase in PTFQI and 
TFQI, the tendency of DN increased to 1.518 times (95% CI[1.074, 2.145]) and 1.546 times (95% CI [1.084, 2.204]), 
respectively. However, TSHI, FT3/FT4, and TT4RI were not associated with the DN (P>0.05). Compared to the Q1 

group, the Q4 groups of PTFQI (OR=1.501, 95% CI [1.048, 2.150]) and TFQI (OR=1.464, 95% CI [1.021, 2.100]) were 
associated with the DN positively (Table 2).

Figure 1 Heat map of correlation between independent variables. 
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycosylated hemoglobin; FPG, fasting plasma glucose; FINS, fasting insulin; HOMA-IR, 
homeostasis model of assessment of insulin resistance; ALB, serum albumin; Scr, serum creatinine; UA, uric acid; K, kalium; LDL-C, low-density lipoprotein cholesterol; Hcy, 
homocysteine; PTFQI, parameter thyroid feedback quantile index; TFQI, thyroid feedback quantile-based index; TSHI, thyroid stimulating hormone index; FT3/FT4, free 
triiodothyronine/free thyroxine; TT4RI, thyrotropin thyroxine resistance index.
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Dose-Response Relationship Between Thyroid Hormone Sensitivity Indicators and the 
Risk of DN
After adjusting for Age, SBP, DBP, Duration, HbA1c, HOMA-IR, ALB, Scr, UA, K, LDL-C and Hcy, a linear dose- 
response relationship was performed between PTFQI, TFQI, TSHI, FT3/FT4, TT4RI, and the tendency of DN by 
restricted cubic spline analysis (all Poverall<0.001, Pnon-linear>0.05). With the PTFQI, TFQI, TSHI, and TT4RI increased, 
the FT3/FT4 level decreased, while the tendency of DN increased (Figure 2).

Analysis of Prevalence of DN, UACR, and eGFR Levels Among Different Thyroid 
Hormone Sensitivity Index Level Groups
With the increase of PTFQI, TFQI, and TSHI levels, and the decrease of FT3/FT4 levels, the prevalence rate of DN 
showed an upward trend. Among them, the prevalence of DN in the Q4 groups of PTFQI and TFQI (41.7% and 41.7%) 
was higher than that in the Q1 groups (30.9% and 31.1%), and the prevalence of DN in the Q1 and Q2 groups of FT3/FT4 
(42.8% and 39.0%) was higher than that in the Q4 group (28.2%) (all P<0.05) (Figure 3).

With the increase of PTFQI, TFQI, and TSHI levels, and the decrease of FT3/FT4 levels, UACR levels showed an 
upward trend. Specifically, the UACR levels of PTFQI, TFQI, and TSHI in the Q4 groups were higher than those in the 

Table 2 Binary Logistic Regression Analysis of DN and Thyroid Sensitivity Index in 
Patients with T2DM

Variables Case Model 1 P Model 2 P

PTFQI 1.663 (1.220, 2.267) 0.001 1.518 (1.074, 2.145) 0.018

Q1 (≤ −0.25) 101/473 Reference Reference

Q2 (−0.25~0.01) 122/473 1.332 (0.963, 1.842) 0.084 1.421 (0.992, 2.036) 0.055
Q3 (0.01~0.26) 114/473 1.209 (0.872, 1.677) 0.255 1.222 (0.849, 1.759) 0.280

Q4 (≥ 0.26) 136/473 1.602 (1.161, 2.209) 0.004 1.501 (1.048, 2.150) 0.027

TFQI 1.703 (1.240, 2.339) 0.001 1.546 (1.084, 2.204) 0.016
Q1 (≤ −0.24) 107/473 Reference Reference

Q2 (−0.24~0.02) 121/473 1.296 (0.937, 1.794) 0.117 1.337 (0.933, 1.915) 0.114
Q3 (0.02~0.27) 115/473 1.209 (0.872, 1.676) 0.255 1.234 (0.858, 1.776) 0.257

Q4 (≥ 0.27) 136/473 1.587 (1.151, 2.190) 0.005 1.464 (1.021, 2.100) 0.038

TSHI 1.292 (1.035, 1.614) 0.024 1.252 (0.975, 1.606) 0.078
Q1 (≤ 2.18) 107/473 Reference Reference

Q2 (2.18~2.55) 111/473 1.062 (0.767, 1.470) 0.719 0.979 (0.683, 1.403) 0.906

Q3 (2.55~2.89) 119/473 1.182 (0.856, 1.632) 0.310 1.194 (0.834, 1.710) 0.332
Q4 (≥ 2.89) 136/473 1.472 (1.070, 2.025) 0.018 1.370 (0.955, 1.966) 0.087

FT3/FT4 0.026 (0.005, 0.126) <0.001 0.181 (0.029, 1.132) 0.181

Q1 (≤ 0.36) 140/473 Reference Reference
Q2 (0.36~0.41) 127/473 0.852 (0.624, 1.165) 0.316 1.089 (0.768, 1.545) 0.631

Q3 (0.41~0.46) 114/473 0.718 (0.524, 0.985) 0.040 0.955 (0.666, 1.371) 0.804

Q4 (≥ 0.46) 92/473 0.525 (0.379, 0.727) <0.001 0.753 (0.518, 1.096) 0.139
TT4RI 1.008 (1.001, 1.016) 0.030 1.007 (0.999, 1.016) 0.097

Q1 (≤ 21.03) 114/473 Reference Reference

Q2 (21.03~30.38) 107/473 0.913 (0.660, 1.263) 0.582 0.849 (0.593, 1.215) 0.370
Q3 (30.38~42.47) 127/473 1.192 (0.867, 1.639) 0.278 1.171 (0.822, 1.669) 0.382

Q4 (≥ 42.47) 125/473 1.162 (0.845, 1.598) 0.356 1.117 (0.778, 1.604) 0.548

Notes: Model 1: Unadjusted; Model 2: Adjusted for Age, SBP, DBP, Duration, HbA1c, HOMA-IR, ALB, Scr, UA, 
K, LDL-C, Hcy and Thyroid Ab positive. 
Abbreviations: T2DM, type 2 diabetes mellitus; DN, diabetic nephropathy; SBP, systolic blood pressure; DBP, 
diastolic blood pressure; HbA1c, glycosylated hemoglobin; HOMA-IR, homeostasis model of assessment of 
insulin resistance; ALB, serum albumin; Scr, serum creatinine; UA, uric acid; K, kalium; Ca, calcium; LDL-C, low- 
density lipoprotein cholesterol; Hcy, homocysteine; PTFQI, parameter thyroid feedback quantile index; TFQI, 
thyroid feedback quantile-based index; TSHI, thyroid stimulating hormone index; FT3/FT4, free triiodothyronine/ 
free thyroxine; TT4RI, thyrotropin thyroxine resistance index.
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Q1 group [22.69 (10.37, 65.43) vs 15.60 (8.05, 45.42), 22.39(9.92, 64.40) vs 15.60 (7.97, 45.54), 23.42(10.70, 57.49) vs 
16.04 (8.65, 45.92), all P<0.05]. The Q1 and Q2 groups of FT3/FT4 showed elevated UACR levels[23.89(9.70, 92.34), 
20.69(10.35, 49.94)] compared to those in group Q4 [15.85(8.20, 35.42), both P<0.05] (Figure 4).

With the increase of PTFQI, TFQI, TSHI, and TT4RI levels, and the decrease of FT3/FT4 levels, eGFR levels showed 
a downward trend. To be specific, the eGFR levels of PTFQI, TFQI in the Q1 group were higher than those in the Q4 group 
[97.80(82.50, 116.30) vs 92.28(73.74, 113.36), 97.80(82.35, 115.95) vs 92.23(73.74, 112.40), both P<0.05]. Similarly, the 
eGFR levels of TSHI in the Q1 and Q3 groups [99.10(82.86, 119.50) and 96.20(81.03, 118.13)] were higher than those in the 
Q4 group [91.20(73.30, 109.15), both P<0.05]. The Q4 group of FT3/FT4 showed elevated eGFR levels[101.60(87.30, 

Figure 2 Dose-response relationship between thyroid hormone sensitivity index and the risk of DN in patients with T2DM. 
Abbreviations: DN, diabetic nephropathy; T2DM, type 2 Diabetes Mellitus; PTFQI, parameter thyroid feedback quantile index; TFQI, thyroid feedback quantile-based 
index; TSHI, thyroid stimulating hormone index; FT3/FT4, free triiodothyronine/free thyroxine; TT4RI, thyrotropin thyroxine resistance index.
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124.63)] compared to those in the Q1 and Q2 groups [90.70(67.60, 108.70) and 94.56(78.31, 112.5), both P<0.05], and 
similarly the Q3 group of FT3/FT4 showed elevated eGFR levels compared to those in the Q1 group [97.05(80.55, 118.93) vs 
90.70(67.60, 108.70), P<0.05]. The eGFR levels of TT4RI in the Q1 and Q3 groups[99.20(81.80, 119.65) and 97.15(81.58, 
117.78)] were higher than those in the Q4 group [91.21(73.68, 109.15), both P<0.05] (Figure 5).

Discussion
Diabetic nephropathy (DN) is one of the main causes of death in T2DM patients, and its pathogenesis is very complex, 
which may be related to hemodynamic abnormalities, oxidative stress and RASS system activation caused by 
hyperglycemia.20,21 Hyperglycemia dilates into the arterioles by increasing the release of vasoactive substances such 
as insulin-like growth factor-1, and the increased levels of angiotensin II and endothelin-1 cause constriction of the 
arterioles, resulting in glomerular hypertension, which leads to glomerular sclerosis and hypertrophy.22 In addition, the 
activation of protein kinase C pathway and polyol pathway, as well as the decrease of antioxidant capacity in the state of 
high glucose, lead to the production of a large number of glycoylation end products and reactive oxygen species, destroy 
endothelial nitric oxide synthase, reduce nitric oxide production, while high blood glucose stimulates the RAS system to 
produce a large number of angiotensin II, damage glomerular endothelial cells, promote renal fibrosis.23,24

As a key hormone regulating body growth and development and energy homeostasis, THs is dynamically regulated 
through the classical negative feedback loop mechanism -HPT axis. Studies have found that thyroid dysfunction is a risk 
factor for metabolic diseases such as T2DM, hyperhomocysteinemia, and metabolic syndrome.25–27 As previously 

Figure 3 Changes in the prevalence of DN at the quartile levels of thyroid hormone sensitivity index. 
Note: *P<0.05. 
Abbreviations: DN, diabetic nephropathy; PTFQI, parameter thyroid feedback quantile index; TFQI, thyroid feedback quantile-based index; TSHI, thyroid stimulating 
hormone index; FT3/FT4, free triiodothyronine/free thyroxine; TT4RI, thyrotropin thyroxine resistance index.
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mentioned, most of the current research conclusions tend to be closely related to hypothyroidism and the occurrence of 
DN, but there are also studies that suggest that there is no correlation between thyroid dysfunction and DN in T2DM 
patients. Part of the reason for the inconsistent conclusions may be attributed to differences in the characteristics of the 
subjects, including race, age, iodine intake, and sex hormone differences.11 More importantly, it also further indicates that 
relying solely on single indicators of TSH, FT3, and FT4 may not adequately reflect the relationship between thyroid 
functional status and DN.Interestingly, it was found in this study that compared with the non-DN group, FT3 level was 
decreased and FT4 level was increased in the DN group, but the most sensitive index TSH was not significantly different 
between the two groups, which further validates this point.

Laclaustra et al believe that acquired thyroid hormone resistance is not only a rare genetic syndrome but may also be 
relatively common in the general population. It is characterized by high TT4 and TSH in patients at the same time, which 
may provide a reasonable explanation for the above contradictory results. They first proposed the TFQI index. TSHI, 
TT4RI, and FT3/FT4 indices were used to explore the relationship between impaired thyroid hormone sensitivity and 
metabolic diseases, and it was found that impaired thyroid hormone sensitivity was associated with obesity, metabolic 
syndrome, DM, and DM-related mortality.12 In euthyroid patients with T2DM, recent studies have shown that impaired 
thyroid hormone sensitivity is associated with a higher risk of osteoporosis, diabetic retinopathy, elevated homocysteine, 
metabolic dysfunction-related fatty liver disease, atherosclerosis, and other diseases.28–32

This study found that increased levels of PTFQI and TFQI were associated with the DN, and RCS analysis suggested 
that there was a linear dose-response relationship between PTFQI, TFQI, TSHI, FT3/FT4 and TT4RI and the tendency of 

Figure 4 Changes in UACR levels at the quartile levels of thyroid hormone sensitivity index. 
Note: *P<0.05. 
Abbreviations: UACR, urinary albumin-to-creatinine ratio; PTFQI, parameter thyroid feedback quantile index; TFQI, thyroid feedback quantile-based index; TSHI, thyroid 
stimulating hormone index; FT3/FT4, free triiodothyronine/free thyroxine; TT4RI, thyrotropin thyroxine resistance index.
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DN. Similar to our results, previous studies also showed that the reduction of FT3/FT4 levels in T1DM patients with 
normal thyroid function was associated with a high risk of developing DN. However, RCS analysis found that PTFQI, 
TSHI, TT4RI, and the risk of developing DN showed an M-shaped nonlinear dose-response relationship,13 the reasons 
leading to the difference in conclusions may be related to the different study population and sample size. In addition, 
albuminuria is the most significant feature of DN. In this study, with the increase of PTFQI, TFQI, and TSHI levels and 
the decrease of FT3/FT4 levels, the level of UACR in T2DM patients showed an upward trend, while the eGFR level 
showed a downward trend. Similarly, a cross-sectional study of 1729 euthyroid patients with T2DM showed that 
decreased FT3/FT4 ratio was significantly correlated with increased UACR (r=−0.13, P<0.01) and elevated FT3/FT4 
ratio was positively correlated with eGFR (r=0.19, P<0.01),which showed that low FT3/FT4 were independent risk 
factors for DKD [OR = 2.36, 95 CI% (1.63, 3.43), P<0.05].33 A retrospective study of 2831 euthyroid patients of chronic 
kidney disease showed that the increase of TFQI is independently correlated with the decrease of eGFR.18 Moreover, 
other studies have also shown that an increase in TFQI levels and a decrease in FT3/FT4 in healthy populations are 
positively correlated with UACR levels,14 and PTFQI, TSHI, TT4RI are negatively correlated with eGFR,18 suggesting 
that thyroid hormone sensitivity was correlated with the severity of DN patients.

The mechanism by which the THs and sensitivity of THs affects DN is not very clear at present and may be related to the 
following potential mechanisms: (1) Influence on the RAAS system. In Calu-6 cells, THs can stimulate the promoter activity of 
the renin gene, affect the RAAS system and hemodynamics, and thus affect the size, weight, and structure of the kidney;34 (2) 
THs also directly affects the expression or activity of some ion channels and transporters, thereby affecting renal tubule function, 

Figure 5 Changes in eGFR levels at the quartile levels of thyroid hormone sensitivity index. 
Note: *P<0.05. 
Abbreviations: eGFR, estimated glomerular filtration rate; PTFQI, parameter thyroid feedback quantile index; TFQI, thyroid feedback quantile-based index; TSHI, thyroid 
stimulating hormone index; FT3/FT4, free triiodothyronine/free thyroxine; TT4RI, thyrotropin thyroxine resistance index.
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renal blood flow and urinary flow rate;35 (3) Affect of systemic hemodynamics. In hypothyroidism, cardiac output decreased, 
along with decreased expression of vascular endothelial growth factor and insulin-like growth factor-1, peripheral vascular 
resistance increased, renal vasoconstriction decreased, and renal blood flow decreased;36 (4) Influence on the glomerular 
structure, renal vessels, and glomerular capillary permeability. In hypothyroidism, the glomerular basement membrane thickens 
and the mesangial matrix dilates, which may also lead to decreased renal blood flow.36 Elevated TSH levels may lead to renal 
vascular endothelial dysfunction and promote urinary albumin excretion;37 (5) Hyperglycemia is an independent risk factor for 
DN. THs are closely related to glucose metabolism, they can promote the phosphorylation of insulin receptor substrate tyrosine 
and the activation of phosphoinositol 3-kinase, which indirectly affects insulin signaling. Serum FT3 level is also related to 
insulin secretion.38 (6) FT3 in THs is the main form that binds to thyroid hormone receptors. Type II deiodinase (DIO2) plays 
a key role in the transformation of peripheral FT4 deiodination into more active FT3. DIO2 activates THs in cells, which can 
reduce the cell’s dependence on aerobic glycolysis, reduce mitochondrial respiration and ROS production, and thus minimize 
oxidative stress,13,39 the decrease of FT3/FT4 ratio reflected the decrease of DIO2 activity,40 which led to the increase of 
oxidative stress and inflammation, thus promoting the development of DN. In addition, a decrease in the FT3/FT4 ratio typically 
reflects a relative decline in FT3 levels or a relative increase in FT4 levels. When FT3 levels are reduced, it may not only affect 
the development of DN through the previously mentioned mechanisms but also lead to a decrease in the expression of silent 
information regulator 1 (SIRT1). The reduction in SIRT1 expression weakens the inhibitory effect on the NF-κB and JNK 
pathways, both of which play a key role in the progression of DN.41 The mechanism of the association between thyroid hormone 
sensitivity and renal function remains to be further explored, but the relative deficiency of thyroid hormone caused by reduced 
thyroid hormone sensitivity may also affect renal function through the above mechanisms.

Conversely, renal insufficiency affects the peripheral metabolism of the HPT axis and THs. Previous studies have shown 
that CKD is a common cause of non-thyroid syndrome. When the expression of the TRH gene in the paraventricular nucleus of 
the hypothalamus is reduced and the stimulation of the hypothalamus is inhibited, the setting-point of the HPT axis may shift 
downward, resulting in the reduction of T3, normal or decreased T4, and decreased TSH level.42 ESRD can inhibit the 
pituitary response to thyrotropin-releasing hormone (TRH), and interfere with TSH glycosylation and circadian rhythms, 
resulting in prolonged TSH half-life and decreased clearance.43 In addition, various complications caused by ESRD, such as 
metabolic acidosis, micronutrient deficiency, and malnutrition, can also cause thyroid dysfunction.44 The accumulation of 
iodine and toxins in uremia patients can inhibit the binding of THs and transporters, and reduce the conversion of peripheral T4 
to T3, thus affecting the peripheral metabolism of THs.45 It has been suggested that patients with severe proteinuria lose THs 
bound to the protein, resulting in a significantly increased risk of hypothyroidism.46

This study also has limitations: (1) As a cross-sectional study, it cannot determine the causal relationship between 
impaired thyroid hormone sensitivity and DN in euthyroid patients with T2DM; (2) This study is a single-center 
retrospective study, and the study subjects may have selection and admission rate biases. Further confirmation requires 
larger samples and multicenter prospective studies; (3) Although this study adjusted for multiple confounding factors, it 
did not consider the impact of diet, nutrition, and medication on DN, which may affect thyroid hormone sensitivity and 
DN; (4) Furthermore, we did not consider some environmental or genetic factors that may influence thyroid hormone 
sensitivity. Therefore, these potential residual confounding factors must be considered when interpreting the results of 
this study.

Conclusion
In summary, compared to TSH, FT3, or FT4, thyroid hormone sensitivity indices provide a more comprehensive and 
systematic method for evaluating thyroid function status. This study found that in euthyroid patients with T2DM, impaired 
thyroid hormone sensitivity is associated with DN, as well as elevated UACR levels and decreased eGFR levels. We 
recommend that T2DM patients with impaired thyroid hormone sensitivity should promptly assess for the presence of DN. 
For patients with DN, even if thyroid function is normal, we suggest monitoring changes in thyroid sensitivity indices and 
promptly implementing appropriate treatment measures to prevent further disease progression. However, the underlying 
mechanisms linking thyroid hormone sensitivity and DN remain to be further investigated.

https://doi.org/10.2147/DMSO.S507750                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2025:18 1218

Ma et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)



Data Sharing Statement
The datasets used and/or analyzed during the current study are available from the corresponding author upon reasonable 
request.

Ethical Approval
According to the ethical standards of the Helsinki Declaration, this cross-sectional study was approved by the Ethics 
Committee of the First Hospital of Lanzhou University. Given the retrospective nature of this study, the Ethics Committee 
of the First Hospital of Lanzhou University waived the requirement for written informed consent (LDYYLL-2024-685). To 
preserve the patient’s privacy, we de-identified and anonymized the patient’s information before analysis.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Funding
The authors gratefully acknowledge the financial support from National Natural Science Foundation of China 
(No. 81960155 and No. 82360161), the Science and Technology planning project of Lanzhou City (No. 2022-3-46).

Disclosure
All authors declare that they have no competing interests in this work.

References
1. Sever B, Altıntop MD, Demir Y, et al. Identification of a new class of potent aldose reductase inhibitors: design, microwave-assisted synthesis, 

in vitro and in silico evaluation of 2-pyrazolines. Chem Biol Interact. 2021;345:109576. doi:10.1016/j.cbi.2021.109576
2. Sever B, Altintop MD, Demir Y, et al. An extensive research on aldose reductase inhibitory effects of new 4H-1,2,4-triazole derivatives. J Mol 

Struct. 2021;1224:129446. doi:10.1016/j.molstruc.2020.129446
3. Sun H, Saeedi P, Karuranga S, et al. IDF Diabetes Atlas: global, regional and country-level diabetes prevalence estimates for 2021 and projections 

for 2045. Diabet Res Clin Pract. 2022;183:109119. doi:10.1016/j.diabres.2021.109119
4. Ahmad E, Lim S, Lamptey R, et al. Type 2 diabetes. Lancet. 2022;400(10365):1803–1820. doi:10.1016/s0140-6736(22)01655-5
5. Demir Y, Tokalı FS, Kalay E, et al. Synthesis and characterization of novel acyl hydrazones derived from vanillin as potential aldose reductase 

inhibitors. Mol Divers. 2023;27(4):1713–1733. doi:10.1007/s11030-022-10526-1
6. Demir Y, Köksal Z. Some sulfonamides as aldose reductase inhibitors: therapeutic approach in diabetes. Arch Physiol Biochem. 2022;128 

(4):979–984. doi:10.1080/13813455.2020.1742166
7. Umanath K, Lewis JB. Update on Diabetic Nephropathy: core Curriculum 2018. Am J Kidney Dis. 2018;71(6):884–895. doi:10.1053/j. 

ajkd.2017.10.026
8. Donate-Correa J, Luis-Rodríguez D, Martín-Núñez E, et al. Inflammatory Targets in Diabetic Nephropathy. J Clin Med. 2020;9(2):458. 

doi:10.3390/jcm9020458
9. Wang J, Li H, Tan M, et al. Association between thyroid function and diabetic nephropathy in euthyroid subjects with type 2 diabetes mellitus: a 

cross-sectional study in China. Oncotarget. 2019;10(2):88–97. doi:10.18632/oncotarget.26265
10. Zou J, Tian F, Zhang Y, et al. Association between Thyroid Hormone Levels and Diabetic Kidney Disease in Euthyroid Patients with Type 2 

Diabetes. Sci Rep. 2018;8(1):4728. doi:10.1038/s41598-018-22904-7
11. Iwakura H, Takagi T, Inaba H, et al. Thyroid function, glycemic control, and diabetic nephropathy in patients with type 2 diabetes over 24 months: 

prospective observational study. BMC Endocr Disord. 2023;23(1):146. doi:10.1186/s12902-023-01393-4
12. Laclaustra M, Moreno-Franco B, Lou-Bonafonte JM, et al. Impaired Sensitivity to Thyroid Hormones Is Associated With Diabetes and Metabolic 

Syndrome. Diabetes Care. 2019;42(2):303–310. doi:10.2337/dc18-1410
13. Shi C, Liu X, Du Z, et al. Impaired Sensitivity to Thyroid Hormones is Associated with the Risk of Diabetic Nephropathy in Euthyroid Patients 

with Type 1 Diabetes Mellitus. Diabetes Metab Syndr Obes. 2024;17:611–618. doi:10.2147/dmso.S449870
14. Liu X, Li Y, Chai Y, et al. Thyroid function and thyroid homeostasis parameters are associated with increased urinary albumin excretion in 

euthyroid individuals over 60 years old from NHANES. Front Endocrinol (Lausanne). 2023;14:1285249. doi:10.3389/fendo.2023.1285249
15. van Wilpe R, Hulst AH, Siegelaar SE, et al. Type 1 and other types of diabetes mellitus in the perioperative period. What the anaesthetist should 

know. J Clin Anesth. 2023;84:111012. doi:10.1016/j.jclinane.2022.111012
16. Wen Q, Hu M, Lai M, et al. Effect of acupuncture and metformin on insulin sensitivity in women with polycystic ovary syndrome and insulin 

resistance: a three-armed randomized controlled trial. Hum Reprod. 2022;37(3):542–552. doi:10.1093/humrep/deab272

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                          https://doi.org/10.2147/DMSO.S507750                                                                                                                                                                                                                                                                                                                                                                                                   1219

Ma et al

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.cbi.2021.109576
https://doi.org/10.1016/j.molstruc.2020.129446
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/s0140-6736(22)01655-5
https://doi.org/10.1007/s11030-022-10526-1
https://doi.org/10.1080/13813455.2020.1742166
https://doi.org/10.1053/j.ajkd.2017.10.026
https://doi.org/10.1053/j.ajkd.2017.10.026
https://doi.org/10.3390/jcm9020458
https://doi.org/10.18632/oncotarget.26265
https://doi.org/10.1038/s41598-018-22904-7
https://doi.org/10.1186/s12902-023-01393-4
https://doi.org/10.2337/dc18-1410
https://doi.org/10.2147/dmso.S449870
https://doi.org/10.3389/fendo.2023.1285249
https://doi.org/10.1016/j.jclinane.2022.111012
https://doi.org/10.1093/humrep/deab272


17. Ma YC, Zuo L, Chen JH, et al. Modified glomerular filtration rate estimating equation for Chinese patients with chronic kidney disease. J Am Soc 
Nephrol. 2006;17(10):2937–2944. doi:10.1681/asn.2006040368

18. Yang S, Lai S, Wang Z, et al. Thyroid Feedback Quantile-based Index correlates strongly to renal function in euthyroid individuals. Ann Med. 
2021;53(1):1945–1955. doi:10.1080/07853890.2021.1993324

19. Bakris GL, Agarwal R, Anker SD, et al. Effect of Finerenone on Chronic Kidney Disease Outcomes in Type 2 Diabetes. N Engl J Med. 2020;383 
(23):2219–2229. doi:10.1056/NEJMoa2025845

20. Anil DA, Aydin BO, Demir Y, et al. Design, synthesis, biological evaluation and molecular docking studies of novel 1H-1,2,3-Triazole derivatives 
as potent inhibitors of carbonic anhydrase, acetylcholinesterase and aldose reductase. J Mol Struct. 2022;1257:132613. doi:10.1016/j. 
molstruc.2022.132613

21. Demir Y, Ozaslan MS, Duran HE, et al. Inhibition effects of quinones on aldose reductase: antidiabetic properties. Environ. Toxicol. Pharmacol. 
2019;70:103195. doi:10.1016/j.etap.2019.103195

22. Lin YC, Chang YH, Yang SY, et al. Update of pathophysiology and management of diabetic kidney disease. J Formos Med Assoc. 2018;117 
(8):662–675. doi:10.1016/j.jfma.2018.02.007

23. Güleç Ö, Türkeş C, Arslan M, et al. Novel spiroindoline derivatives targeting aldose reductase against diabetic complications: bioactivity, 
cytotoxicity, and molecular modeling studies. Bioorg Chem. 2024;145:107221. doi:10.1016/j.bioorg.2024.107221

24. Demir Y, Ceylan H, Türkeş C, et al. Molecular docking and inhibition studies of vulpinic, carnosic and usnic acids on polyol pathway enzymes. 
J Biomol Struct Dyn. 2022;40(22):12008–12021. doi:10.1080/07391102.2021.1967195

25. Biondi B, Kahaly GJ, Robertson RP. Thyroid Dysfunction and Diabetes Mellitus: two Closely Associated Disorders. Endocr Rev. 2019;40 
(3):789–824. doi:10.1210/er.2018-00163

26. Teixeira P, Dos Santos PB, Pazos-Moura CC. The role of thyroid hormone in metabolism and metabolic syndrome. Ther Adv Endocrinol Metab. 
2020;11:2042018820917869. doi:10.1177/2042018820917869

27. Zou J, Wang Y. Association Between Serum Thyroid Measurements and Hyperhomocysteinemia in Euthyroid Subjects: a Retrospective 
Cross-Sectional Study. Diabetes Metab Syndr Obes. 2023;16:3425–3433. doi:10.2147/dmso.S436381

28. Ding X, Wang Y, Liu J, et al. Impaired Sensitivity to Thyroid Hormones Is Associated With Elevated Homocysteine Levels in the Euthyroid 
Population. J Clin Endocrinol Metab. 2022;107(9):e3731–e3737. doi:10.1210/clinem/dgac371

29. Du J, Zhao X, Xu X, et al. Association Between Thyroid Parameters and Subclinical Atherosclerosis in Hospitalised Euthyroid Patients with Type 2 
Diabetes Mellitus. Diabetes Metab Syndr Obes. 2023;16:3163–3171. doi:10.2147/dmso.S429941

30. Wu X, Zhai F, Chang A, et al. Association between sensitivity to thyroid hormone indices and osteoporosis in euthyroid patients with type 2 
diabetes mellitus. Ther Adv Chronic Dis. 2023;14:20406223231189230. doi:10.1177/20406223231189230

31. Zhang X, Chen Y, Ye H, et al. Correlation between thyroid function, sensitivity to thyroid hormones and metabolic dysfunction-associated fatty 
liver disease in euthyroid subjects with newly diagnosed type 2 diabetes. Endocrine. 2023;80(2):366–379. doi:10.1007/s12020-022-03279-2

32. Zhao X, Sun J, Xu X, et al. The effect of Central and peripheral thyroid resistance indices on diabetic retinopathy: a study of hospitalized euthyroid 
patients with T2DM in China. Ann Med. 2023;55(2):2249017. doi:10.1080/07853890.2023.2249017

33. Zhao X, Sun J, Xin S, et al. Predictive Effects of FT3/FT4 on Diabetic Kidney Disease: an Exploratory Study on Hospitalized Euthyroid Patients 
with T2DM in China. Biomedicines. 2023;11(8):2211. doi:10.3390/biomedicines11082211

34. Eşme M, Bulur O, Atak MC, et al. Treatment of hypothyroidism improves glomerular filtration rate (GFR) in geriatric patients. Turk J Med Sci. 
2021;51(3):1267–1272. doi:10.3906/sag-2011-257

35. Massolt ET, Salih M, Beukhof CM, et al. Effects of Thyroid Hormone on Urinary Concentrating Ability. Eur Thyroid J. 2017;6(5):238–242. 
doi:10.1159/000478521

36. Basu G, Mohapatra A. Interactions between thyroid disorders and kidney disease. Indian J Endocrinol Metab. 2012;16(2):204–213. doi:10.4103/ 
2230-8210.93737

37. Das G, Taylor PN, Abusahmin H, et al. Relationship between serum thyrotropin and urine albumin excretion in euthyroid subjects with diabetes. 
Ann Clin Biochem. 2019;56(1):155–162. doi:10.1177/0004563218797979

38. Lin Y, Sun Z. Thyroid hormone potentiates insulin signaling and attenuates hyperglycemia and insulin resistance in a mouse model of type 2 
diabetes. Br J Pharmacol. 2011;162(3):597–610. doi:10.1111/j.1476-5381.2010.01056.x

39. Sagliocchi S, Cicatiello AG, Di Cicco E, et al. The thyroid hormone activating enzyme, type 2 deiodinase, induces myogenic differentiation by 
regulating mitochondrial metabolism and reducing oxidative stress. Redox Biol. 2019;24:101228. doi:10.1016/j.redox.2019.101228

40. Brent GA. Mechanisms of thyroid hormone action. J Clin Invest. 2012;122(9):3035–3043. doi:10.1172/jci60047
41. Wu J, Li X, Tao Y, et al. Free Triiodothyronine Levels Are Associated with Diabetic Nephropathy in Euthyroid Patients with Type 2 Diabetes. 

Int J Endocrinol. 2015;2015:204893. doi:10.1155/2015/204893
42. Chatzitomaris A, Hoermann R, Midgley JE, et al. Thyroid Allostasis-Adaptive Responses of Thyrotropic Feedback Control to Conditions of Strain, 

Stress, and Developmental Programming. Front Endocrinol (Lausanne). 2017;8:163. doi:10.3389/fendo.2017.00163
43. Soylu H, Ersoy R, Keske PB, et al. The diurnal change of thyroid-stimulating hormone and the effect of this change on thyroid functions in patients 

with chronic kidney disease. Endocrine. 2023;82(3):580–585. doi:10.1007/s12020-023-03446-z
44. Rhee CM. Thyroid disease in end-stage renal disease. Curr Opin Nephrol Hypertens. 2019;28(6):621–630. doi:10.1097/mnh.0000000000000542
45. Xu H, Brusselaers N, Lindholm B, et al. Thyroid Function Test Derangements and Mortality in Dialysis Patients: a Systematic Review and 

Meta-analysis. Am J Kidney Dis. 2016;68(6):923–932. doi:10.1053/j.ajkd.2016.06.023
46. Kwong N, Medici M, Marqusee E, et al. Severity of Proteinuria Is Directly Associated With Risk of Hypothyroidism in Adults. J Clin Endocrinol 

Metab. 2021;106(2):e757–e762. doi:10.1210/clinem/dgaa872

https://doi.org/10.2147/DMSO.S507750                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2025:18 1220

Ma et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1681/asn.2006040368
https://doi.org/10.1080/07853890.2021.1993324
https://doi.org/10.1056/NEJMoa2025845
https://doi.org/10.1016/j.molstruc.2022.132613
https://doi.org/10.1016/j.molstruc.2022.132613
https://doi.org/10.1016/j.etap.2019.103195
https://doi.org/10.1016/j.jfma.2018.02.007
https://doi.org/10.1016/j.bioorg.2024.107221
https://doi.org/10.1080/07391102.2021.1967195
https://doi.org/10.1210/er.2018-00163
https://doi.org/10.1177/2042018820917869
https://doi.org/10.2147/dmso.S436381
https://doi.org/10.1210/clinem/dgac371
https://doi.org/10.2147/dmso.S429941
https://doi.org/10.1177/20406223231189230
https://doi.org/10.1007/s12020-022-03279-2
https://doi.org/10.1080/07853890.2023.2249017
https://doi.org/10.3390/biomedicines11082211
https://doi.org/10.3906/sag-2011-257
https://doi.org/10.1159/000478521
https://doi.org/10.4103/2230-8210.93737
https://doi.org/10.4103/2230-8210.93737
https://doi.org/10.1177/0004563218797979
https://doi.org/10.1111/j.1476-5381.2010.01056.x
https://doi.org/10.1016/j.redox.2019.101228
https://doi.org/10.1172/jci60047
https://doi.org/10.1155/2015/204893
https://doi.org/10.3389/fendo.2017.00163
https://doi.org/10.1007/s12020-023-03446-z
https://doi.org/10.1097/mnh.0000000000000542
https://doi.org/10.1053/j.ajkd.2016.06.023
https://doi.org/10.1210/clinem/dgaa872


Diabetes, Metabolic Syndrome and Obesity                                                                                 

Publish your work in this journal 
Diabetes, Metabolic Syndrome and Obesity is an international, peer-reviewed open-access journal committed to the rapid publication of the 
latest laboratory and clinical findings in the fields of diabetes, metabolic syndrome and obesity research. Original research, review, case reports, 
hypothesis formation, expert opinion and commentaries are all considered for publication. The manuscript management system is completely 
online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to 
read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/diabetes-metabolic-syndrome-and-obesity-journal

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                                  1221

Ma et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Subjects and Methods
	Study Subjects

	Methods
	Collection of General Information
	Calculation of Thyroid Hormone Sensitivity Index
	Diagnostic Criteria
	Statistical Analysis

	Results
	Clinical Characteristics of the Study Population
	Collinearity Diagnosis
	Association Between the Thyroid Hormone Sensitivity Index and the DN in Patients with T2DM
	Dose-Response Relationship Between Thyroid Hormone Sensitivity Indicators and the Risk of DN
	Analysis of Prevalence of DN, UACR, and eGFR Levels Among Different Thyroid Hormone Sensitivity Index Level Groups

	Discussion
	Conclusion
	Data Sharing Statement
	Ethical Approval
	Author Contributions
	Funding
	Disclosure

