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Association between serum lactate dehydrogenase and  
prevalence of diabetic kidney disease in Chinese patients 
with type 1 diabetes mellitus: a cross-sectional study

Hui Zhao1,2, Yu Wang1,3, Zouxi Du4, Limin Tian1,5*

Type 1 diabetes mellitus (T1DM) is an autoimmune disease marked 
by irreversible loss of pancreatic β-cells, which ultimately causes in-
sulin deficiency and hyperglycemia. As of 2022, the global prevalence 
reached 8.75 million cases [1]. T1DM demonstrates a rising global inci-
dence [2] and marked autoimmune comorbidity (thyroid disease, celi-
ac disease, Addison disease, and vitiligo), yet Mendelian randomization 
analysis suggests an independent causal relationship between T1DM 
and non-immune diseases [3]. Diabetic kidney disease (DKD) represents 
a prevalent and severe microvascular complication of T1DM, frequently 
progressing to end-stage renal disease (ESRD) [4]. ESRD associated with 
diabetes exerts a particularly heavy burden on low- and middle-income 
countries; this is especially true for China, which has the highest preva-
lence of diabetes globally [5]. Therefore, identifying biomarkers associat-
ed with DKD may help elucidate disease mechanisms and inform future 
research directions.

Lactate, the terminal glycolytic metabolite, is generated from pyru-
vate by lactate dehydrogenase (LDH) [6]. Beyond its crucial role in renal 
metabolism, lactate serves as a pathogenic factor in the progression of 
kidney disease. The lactate-LDH-lactation signaling axis is increasingly 
recognized for its significant role in disease pathogenesis [7, 8]. LDH is 
a frequently employed biomarker in various clinical contexts, including 
myocardial infarction and tissue injury [9], and has been associated with 
metabolic conditions such as diabetes [10]. Preclinical evidence suggests 
that targeting lactate metabolism may offer a potential strategy for renal 
protection.

Increasing evidence [11–13] suggests an association between LDH 
and DKD in type 2 diabetes mellitus (T2DM). Up-regulated LDH catalytic 
capacity and gene expression in DKD may drive disease initiation and 
progression. While LDH and lactate are emerging biomarkers for DKD in 
T2DM, their association with DKD in T1DM is unknown. We examined 
this relationship in Chinese hospital patients.

Methods. Study design and individuals. The present cross-sectional 
study included sociodemographic and laboratory data from patients who 
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first visited the endocrinology department be-
tween January 2015 and December 2024. T1DM 
diagnosis followed ADA criteria [14], requiring 
clinical features supported by laboratory confir-
mation: history of diabetic ketoacidosis/ketosis, 
symptoms of hyperglycemia at diagnosis, fasting 
or stimulated C-peptide < 200 pmol/l, or positivity 
for T1DM-associated autoantibodies. To confirm 
insulin dependency and exclude misdiagnosis, 
participants were followed for ≥ 18 months after 
initial diagnosis [15]. Medical records contained 
pre-admission laboratory data (≥ 3 months before 
admission) from external or outpatient sources, 
including at least one urinary albumin-to-creati-
nine ratio (UACR) and serum creatinine measure-
ment. 

Initially, 630 participants were diagnosed with 
T1DM. Exclusion criteria were: (1) UACR and se-
rum creatinine not measured within 3 months 
before and after admission, or discordant UACR 
results not confirmed by repeat testing; (2) miss-
ing LDH data; (3) history of acute myocardial in-
farction, myocarditis, pericarditis, heart failure, 
or surgery within 1 month; (4) rhabdomyolysis, 
myositis, muscular dystrophy, or strenuous exer-
cise within 7 days; (5) severe infection or pulmo-
nary embolism; (6) non-diabetic kidney disease;  
(7) liver impairment, cirrhosis, or malignant tu-
mors. Finally, 349 participants with complete LDH 
and DKD data were included. Figure 1 shows the 
flowchart of participant selection. 

Study variables and outcome. Demographics 
(sex, age, ethnicity, and marital status), clinical 
variables (height, weight, systolic and diastolic 
blood pressure [SBP and DBP]) and laboratory re-

sults were extracted from electronic medical re-
cords and manually verified to ensure complete-
ness and accuracy. After more than 5 min of rest, 
seated blood pressure was measured twice (2 min 
interval) and averaged; hypertension (HTN) was 
defined as systolic (SBP) ≥ 140 mm Hg, diastolic 
(DBP) ≥ 90 mm Hg, or antihypertensive use. Body 
mass index (BMI) was calculated as weight (kg) 
divided by height squared (m²).

After an overnight fast of 8 to 12 h, fasting 
venous blood and urine samples were collected. 
Routine biochemical analyses, including glycat-
ed hemoglobin (HbA1c), fasting blood glucose 
(FBG), aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), serum creatinine 
(SCr), serum albumin (ALB), uric acid (UA) and 
lactate dehydrogenase (LDH), were performed 
using the Abbott Architect ci8200. Triglycerides 
(TG, measured by GPO-PAP), total cholesterol 
(TC, measured by CHOD-PAP), low-density lipo-
protein cholesterol (LDL-C, measured using sur-
factant), and high-density lipoprotein cholesterol 
(HDL-C, measured by CAT) were quantified on 
the Beckman Coulter AU5800. Thyroid-stimu-
lating hormone levels were determined using 
chemiluminescence on the IMMULITE 2000. 
The UACR was calculated from morning spot 
urine samples, with specimens collected during 
menstruation, pregnancy, febrile illness, infec-
tion, or heavy exercise excluded when identi-
fied. DKD was diagnosed according to KDIGO  
2022 criteria [16] when UACR ≥ 30 mg/g was 
documented on at least 2 occasions ≥ 3 months 
apart (one prior, two at admission) or a reduced 
estimated glomerular filtration rate (eGFR) below 
60 ml/min/1.73 m². Diagnoses were verified by 
integrating historical and admission laboratory 
data.

Statistical analysis. Normality was examined 
with histograms, Q-Q plots, and the Kolmogor-
ov-Smirnov test. Continuous variables are pre-
sented as means ± standard deviations (SD) when 
normally distributed and as medians and inter-
quartile ranges (IQR) otherwise; categorical vari-
ables are reported as frequencies and percentages 
(%). Group comparisons employed χ² or Fisher ex-
act tests for categorical variables, one-way ANOVA 
for normally distributed continuous variables, and 
Kruskal-Wallis tests for non-normally distributed 
data. Logistic regression was used to evaluate the 
association between LDH (per 10 U/l increment) 
and DKD. Results are presented as odds ratios 
(OR) accompanied by 95% confidence intervals 
(CI). Covariates were selected based on prior lit-
erature and expert judgment. Multicollinearity 
among covariates was quantified using variance 
inflation factors (VIFs). Three progressively adjust-
ed models were constructed: Model 1 (unadjust-
ed); Model 2 (adjusted for age, sex, duration of 

Figure 1. Flowchart of the inclusion and exclusion 
of participants

Diagnosed with T1DM from 2015 to 2024  
(n = 630) 

Excluded individuals without UACR  
or serum creatinine (n = 203) 

Excluded individuals without LDH  
(n = 63) 

Excluded individuals: 
1. �Patients with severe liver 

impairment or cirrhosis (n = 5) 
2. �Patients with malignant tumors 

(n = 10) 

427 individuals with DKD data 

364 individuals with DKD and LDH data 

349 individuals analyzed 



Association between serum lactate dehydrogenase and prevalence of diabetic kidney disease in Chinese patients with type 1 diabetes mellitus:  
a cross-sectional study

Arch Med Sci� 3

diabetes, and HTN status); Model 3 (additionally 
adjusted for BMI, hemoglobin, ALB, ALT, SCr, UA, 
TC, TG, CRP, and HbA1c). 

To confirm consistency, LDH was analyzed both 
continuously and in tertiles (p for trend was cal-
culated); restricted cubic spline (RCS) regression 
was used to assess linearity and dose-response 
with respect to DKD after adjustment for Model 
3 covariates. Subgroup analyses were performed, 
with interactions tested using the likelihood ratio. 
Among 349 participants, missing data for each co-
variate were less than 20% (BMI, n = 38; HbA1c, 
n = 22; TC, n = 4; TG, n = 4; hemoglobin, n = 3; 
albumin, n = 1). Multiple imputation (m = 5) was 
performed under the missing-at-random assump-
tion. Sensitivity analyses comparing results with 
complete-case analysis confirmed the robustness 
of our findings. 

Analyses were performed with R Statistical 
Software (Version 4.2.2, http://www.R-project.org, 
The R Foundation) and the Free Statistics analy-
sis platform (Version 2.2.2, Beijing, China, http://
www.clinicalscientists.cn/freestatistics). Two-sid-
ed p < 0.05 indicated statistical significance.

Results. Baseline characteristics. A total of 349 
individuals with T1DM were included in this study. 
The median LDH level was 179 U/L (range: 86–506 
U/l) among all participants. The median age was 
30.8 years, and 52.4% of the participants were 
male. The overall prevalence of DKD was 43%. 
Table I  shows the baseline characteristics of the 
groups stratified by LDH levels. Participants in the 
highest LDH tertile (Q3) exhibited longer diabe-

tes duration, higher SBP and DBP, elevated renal 
markers (BUN, SCr, UA, UACR), lower eGFR, and 
adverse lipid profiles (TC, TG, LDL-C) compared to 
lower tertiles (all p < 0.01). Notably, DKD preva-
lence increased markedly across ascending ter-
tiles (Q1: 26.7%, Q2: 33.9%, Q3: 67.8%, p < 0.001). 
No significant differences were detected for sex, 
age, ethnicity, marital status, BMI, HDL-C, HbA1c, 
FBG, or TSH (all p > 0.05).

Association between LDH and the presence of 
DKD. To investigate the association between LDH 
and DKD in patients with T1DM, we fitted logistic 
regression models (Table II). Elevated LDH levels 
were significantly associated with DKD prevalence 
in multivariable analyses (Table II). Each 10 U/l in-
crease in LDH conferred 8% higher odds of DKD in 
the fully adjusted model (OR = 1.08, 95% CI: 1.01–
1.14, p = 0.017). Tertile analysis revealed that 
compared with the reference tertile (< 160 U/l), 
the highest tertile (≥ 203 U/l) exhibited 3.49-fold 
higher odds of prevalent DKD (OR = 3.49, 95% CI: 
1.60–7.58, p = 0.002), whereas the middle tertile 
(160–203 U/l) showed no significant association 
(p > 0.05). Significant trend associations persisted 
across models (p for trend = 0.002).

In this study, RCS analysis was used to further 
explore the non-linear relationship between LDH 
and the prevalence of DKD. As the level of LDH 
increased, the prevalence of DKD showed an up-
ward trend. Within the sample population, a linear 
relationship was observed between LDH and DKD 
prevalence, with a  p-value of 0.71 indicating no 
significant non-linearity (Figure 2). 

Table I. Baseline characteristics of participants

Variables Total (n = 349) Q1
< 160

(n1 = 116)

Q2
160–203

(n2 = 115)

Q3
≥ 203

(n3 = 118)

P-value

Sex (%) 0.765

Male 183 (52.4) 61 (52.6) 63 (54.8) 59 (50)  

Female 166 (47.6) 55 (47.4) 52 (45.2) 59 (50)  

Age [years] 30.8 ±15.4 31.0 ±12.8 28.4 ±16.3 32.8 ±16.7 0.095

Duration of 
diabetes [months]

48.0 (8.0, 132.0) 48.0 (3.5, 84.0) 24.0 (3.0, 108.0) 96.0 (24.0, 156.0) 0.004

Ethnicity (%) 0.67

Han 315 (90.3) 107 (92.2) 103 (89.6) 105 (89)  

Non-Han 34 (9.7) 9 (7.8) 12 (10.4) 13 (11)  

Marital status (%) 0.201

Unmarried 150 (43.6) 43 (38.4) 57 (50) 50 (42.4)  

Married 194 (56.4) 69 (61.6) 57 (50) 68 (57.6)  

BMI [kg/m2] 19.8 ±3.7 19.6 ±3.7 19.6 ±3.7 20.3 ±3.6 0.299

SBP [mm Hg] 116.0 ±21.4 110.7 ±18.3 113.9 ±18.4 123.7 ±24.8 < 0.001

DBP [mm Hg] 75.0 ±12.7 71.7 ±10.4 75.3 ±12.1 78.2 ±14.5 < 0.001

Hb [g/l] 139.1 ±24.7 138.4 ±22.1 147.1 ±22.1 131.9 ±27.2 < 0.001

http://www.clinicalscientists.cn/freestatistics).
http://www.clinicalscientists.cn/freestatistics).
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Variables Total (n = 349) Q1
< 160

(n1 = 116)

Q2
160–203

(n2 = 115)

Q3
≥ 203

(n3 = 118)

P-value

ALB [g/l] 41.0 ±6.3 41.5 ±4.3 42.8 ±5.3 38.8 ±8.0 < 0.001

ALT [U/l] 19.0 (13.0, 30.0) 15.0 (10.7, 24.2) 19.0 (13.5, 27.7) 23.0 (15.0, 44.8) < 0.001

AST [U/l] 18.0 (13.7, 26.0) 14.7 (12.0, 20.0) 18.0 (15.0, 23.8) 24.2 (17.0, 36.8) < 0.001

BUN [mmol/l] 5.8 (4.6, 7.5) 5.4 (4.3, 6.9) 5.5 (4.7, 6.8) 6.9 (5.2, 10.2) < 0.001

SCr [μmol/l] 55.4 (41.8, 73.2) 50.6 (41.9, 65.5) 52.0 (41.1, 64.2) 65.0 (43.2, 114.1) < 0.001

UA [μmol/l] 320.3 ±171.8 284.7 ±137.8 301.8 ±153.3 373.3 ±204.5 < 0.001

TC [mmol/l] 4.5 ±1.4 4.1 ±1.2 4.5 ±1.3 5.0 ±1.5 < 0.001

TG [mmol/l] 1.1 (0.8, 2.0) 0.9 (0.7, 1.4) 1.1 (0.8, 1.6) 1.4 (1.0, 2.7) < 0.001

LDL-C [mmol/l] 2.5 ±1.0 2.3 ±0.9 2.4 ±0.9 2.8 ±1.1 < 0.001

HDL-C [mmol/l] 1.3 ±0.5 1.3 ±0.4 1.3 ±0.6 1.3 ±0.4 0.432

HbA1c (%) 11.0 ±3.5 10.9 ±4.3 11.5 ±3.3 10.5 ±2.9 0.113

FBG [mmol/l] 14.5 (8.5, 20.3) 14.5 (9.3, 18.4) 14.0 (9.0, 19.6) 15.1 (8.2, 23.2) 0.604

TSH [mIU/l] 1.9 (1.1, 3.2) 1.7 (1.0, 3.1) 1.9 (1.0, 2.8) 2.1 (1.4, 3.5) 0.067

CRP [mg/l] 0.6 (0.3, 2.6) 0.4 (0.2, 0.8) 0.6 (0.4, 2.9) 1.4 (0.5, 4.7) < 0.001

UACR [mg/g] 17.7 (7.9, 56.2) 10.6 (6.0, 28.6) 14.1 (7.1, 32.3) 44.3 (14.4, 1157.0) < 0.001

eGFR  
[ml/min·1.73 m2]

117.2 ±41.3 128.9 ±29.7 123.0 ±39.4 99.7 ±47.1 < 0.001

RAASi < 0.001

No 275 (78.8) 105 (90.5) 97 (84.3) 73 (61.9)

Yes 74 (21.2) 11 (9.5) 18 (15.7) 45 (38.1)

SGLT2i 0.146

No 328 (94.0) 113 (97.4) 107 (93) 108 (91.5)

Yes 21 (6.0) 3 (2.6) 8 (7) 10 (8.5)

HTN (%) < 0.001

No 253 (79.3) 100 (90.9) 84 (81.6) 69 (65.1)  

Yes 66 (20.7) 10 (9.1) 19 (18.4) 37 (34.9)  

DKD (%) < 0.001

No 199 (57.0) 85 (73.3) 76 (66.1) 38 (32.2)  

Yes 150 (43.0) 31 (26.7) 39 (33.9) 80 (67.8)  

Data are expressed as mean ± standard deviation or median (interquartile range) or percentage (%). BMI – body mass index,  
SBP – systolic blood pressure, DBP – diastolic blood pressure, Hb – hemoglobin, ALB – serum albumin, ALT – alanine aminotransferase, 
AST – glutamic oxaloacetic transaminase, BUN – blood urea nitrogen, SCr – serum creatinine, UA – uric acid, TC – total cholesterol,  
TG – triglycerides, LDL-C – low-density lipoprotein cholesterol, HDL-C – high-density lipoprotein cholesterol, HbA1c – glycated hemoglobin, 
FBG – fasting blood glucose, TSH – thyroid stimulating hormone, CRP – C-reactive protein, UACR – urinary albumin-to-creatinine ratio, 
eGFR – estimated glomerular filtration rate, RAASi – renin-angiotensin-aldosterone  system inhibitors, SGLT2i – sodium-glucose linked 
transporter-2 inhibitors, HTN – hypertension, DKD – diabetic kidney disease.

Table II. Association between LDH and DKD in Chinese patients with T1DM

Exposure Model 1 Model 2 Model 3

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

LDH 1.14 (1.09–1.19) < 0.001 1.10 (1.05–1.15) 0.011 1.08 (1.01–1.14) 0.017

RC tertile

< 160 U/l 1 (Ref) 1 (Ref) 1 (Ref)

160–203 U/l 1.41 (0.80–2.47) 0.236 1.20 (0.63–2.27) 0.581 1.45 (0.72–2.92) 0.299

203–506 U/l 5.77 (3.28–10.15) < 0.001 4.44 (2.33–8.45) < 0.001 3.49 (1.60–7.58) 0.002

P-value for trend < 0.001 < 0.001 0.002

LDH was entered as a continuous variable per 10 U/l increase. Model 1: unadjusted; Model 2: adjusted for age, sex, BMI, duration of 
diabetes, and HTN; Model 3: adjusted for age, sex, BMI, duration of diabetes, HTN, Hb, ALB, ALT, SCr, UA, TC, TG, CRP, and HbA1c.

Table I. Cont.
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Stratified analysis. To assess the effect on the 
relationship between LDH and DKD, stratified 
analyses were conducted across predefined sub-
groups: sex, age, BMI, and HTN. A significant in-
teraction by sex was observed (p for interaction 
= 0.026), with elevated LDH showing a  stronger 
DKD association in females (adjusted OR = 1.11, 
95% CI: 1.02–1.22) versus males (adjusted OR 
= 1.02, 95% CI: 0.92–1.13), whereas no additive 
interaction was evident (Supplementary Table 
SI). No interactions were observed for age, BMI, 
or HTN (all p for interaction > 0.05). The overall 
adjusted association followed a consistent trend 
(aOR = 1.11, 95% CI: 0.99–1.25) (Figure 3).

Sensitivity analysis. Sensitivity analyses using 
the complete-case analysis yielded consistent 
findings for the association between LDH tertiles 
and DKD (Supplementary Table SII). The highest 
tertile (≥ 203 U/l) had higher odds of DKD com-
pared with the lowest tertile (< 160 U/l) (OR = 
4.21, 95% CI: 1.23–14.46, p = 0.022), whereas the 
middle tertile showed no significant association. 
The continuous LDH variable did not show a sig-
nificant association (OR = 1.11 per 10 U/l increase, 
95% CI: 0.99–1.25, p = 0.066); however, the trend 
test remained significant (p for trend = 0.024).

Discussion. This study demonstrated that el-
evated LDH levels were concurrently associated 

Figure 2. The smooth curve fit for the association 
between LDH and DKD. Data were fit by a multi-
variable logistic regression model based on restrict-
ed cubic splines. LDH was entered as a continuous 
variable. Data were adjusted for age, sex, BMI, du-
ration of diabetes, HTN, Hb, ALB, ALT, SCr, UA, TC, 
TG, CRP, and HbA1c. The background histograms 
(light blue color) represent the percentage of the 
density distribution of LDH in the study population. 
Solid lines signify the predicted values, while the 
95% confidence intervals are marked with dashed 
lines. Only 95% of the data is shown

p for overall: 0.014

p for non-linearity: 0.71
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Overall

   Crude	 150 (43.0)	 1.14 (1.09–1.19)�

   Adjusted		  1.11 (0.99–1.25)�

Sex			   0.026

   Male	 66 (36.1)	 1.02 (0.92–1.13)�

   Female	 84 (50.6)	 1.11 (1.02–1.22)�

Age [years]			   0.505

   < 30 	 63 (33.5)	 1.08 (0.99–1.17)�

   ≥ 30	 87 (54.0)	 0.97 (0.87–1.07)�

BMI [kg/m2]			   0.724

   < 18	 34 (33.3)	 1.02 (0.87–1.18)�

   ≥ 18	 116 (47.0)	 1.10 (1.02–1.18)�

Hypertension			   0.906

   No	 93 (33.1)	 1.06 (0.99–1.13)�

   Yes	 57 (83.8)	 1.06 (0.68–1.65)�

Figure 3. The relationship between LDH and DKD in different subgroups. This figure shows the association be-
tween LDH and DKD, stratified by age, sex, BMI, and HTN. A potential multiplicative interaction was observed for 
sex (p for interaction = 0.026), with a stronger association in females (OR = 1.11, 95% CI: 1.02–1.22) compared to 
males (OR = 1.02, 95% CI: 0.92–1.13). No significant interactions were found for age, BMI, or HTN (all p for interac-
tion > 0.5). LDH was entered as a continuous variable per 10 U/l increase. Except for the stratification component 
itself, each stratification factor was adjusted for all other variables (age, sex, BMI, duration of diabetes, HTN, Hb, 
ALB, ALT, SCr, UA, TC, TG, CRP, and HbA1c)
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with higher DKD prevalence in Chinese patients 
with T1DM. Multiple imputation analysis showed 
that continuous LDH was significantly associated 
with DKD (Table II), although this association at-
tenuated in complete case analysis (Supplemen-
tary Tables SII–SIV), likely due to selection bias 
from non-random missing data [17]. Notably, the 
tertile analysis remained consistent across both 
approaches, reinforcing robustness. A preliminary 
subgroup analysis suggested a potential multipli-
cative interaction by sex; however, the additive 
interaction was not significant, the sample was 
underpowered for interaction testing, and no cor-
rection for multiple comparisons was applied. This 
observation is therefore highly exploratory and 
should be interpreted with extreme caution.

LDH is released from damaged cells and par-
ticipates in lactate metabolism; elevated LDH has 
been reported to coexist with early renal dys-
function in previous investigations [18]. Elevated 
lactate itself has been independently associated 
with acute kidney injury [19] and CKD progres-
sion [20]. In the present cross-sectional analysis, 
a graded increase in DKD prevalence across LDH 
tertiles was observed, suggesting that LDH levels 
are closely correlated with DKD prevalence even 
within the normal reference range. 

The observed cross-sectional association be-
tween LDH and DKD could be consistent with 
concurrent glomerular injury (manifested as albu-
minuria, a  key feature of DKD [21]) and tubular 
damage. Hyperglycemia-induced mitochondrial 
dysfunction has been proposed to elevate lactate 
and LDH, which are regarded as markers of cellular 
injury and cytotoxicity [22, 23]. LDH has also been 
hypothesized to reflect tubular metabolic stress 
under hypoxic and oxidative conditions [24, 25]. 
However, because LDH is released non-specifically 
from injured tissues, non-renal injury may atten-
uate its association with UACR. Whether LDH is 
associated with DKD in prospective settings war-
rants further investigation rather than inference 
from cross-sectional data alone.

The observed association between LDH and 
DKD is consistent with previous reports in T2DKD 
[12, 26] and hemodialysis patients [27]. Existing 
mechanistic studies suggest that lactate may con-
tribute to kidney injury beyond being a nonspe-
cific damage marker, but the present data cannot 
confirm whether lactate exerts direct pathogenic 
effects or define causal directionality in this study. 
As a  novel epigenetic modification, lactylation 
influences kidney disease progression [28–30]. 
In DKD, elevated lactate drives histone H3K14la 
modification, activating KLF5 and triggering tu-
bular epithelial-to-mesenchymal transition [31]. 
Podocyte-specific lactate accumulation induces 
global histone lactylation, suppressing nephrin 

and tight junction proteins while upregulating 
fibrotic markers [32]. These modifications collec-
tively accelerate renal fibrosis. These mechanistic 
hypotheses provide biological plausibility for the 
observed cross-sectional association but do not 
establish causality or temporal direction from the 
present data.

This study is among the first to examine the 
relationship between LDH and the prevalence of 
DKD in Chinese populations using hospital-based 
data. The observed association may generate 
mechanistic and etiological hypotheses for future 
research. However, several limitations are evident. 
First, as a cross-sectional study, the associations 
identified here do not establish causality and may 
be subject to unmeasured confounding (e.g., insu-
lin doses, smoking status, and physical activity). 
Second, this was a  single-center hospital-based 
study, and participants were limited to patients 
at their first admission; such a  design may not 
represent the overall T1DM population and may 
introduce selection bias, thereby limiting exter-
nal validity and generalizability. Third, excluding 
patients with severe hepatic dysfunction or ma-
lignancies may further restrict generalizability to 
individuals with these comorbidities. Fourth, this 
study is an observational association analysis 
and did not evaluate model discrimination (AUC), 
calibration, or comparative performance against 
standard clinical predictors; therefore, no clinical 
application or translation can be supported at this 
stage. Future research should address these lim-
itations through carefully designed multicenter, 
population-based prospective studies with formal 
predictive modeling, discrimination, and calibra-
tion assessments to validate these observations 
and explore the potential role of lactate metabo-
lism in DKD progression.

In conclusion, elevated LDH levels are inde-
pendently associated with DKD in Chinese pa-
tients with T1DM. These findings are hypothe-
sis-generating only. Future longitudinal studies 
should validate these findings in diverse popu-
lations and investigate the causal role of lactate 
metabolism in DKD progression.
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