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Objective: This study aims to investigate the association between lactate
dehydrogenase (LDH) and the risk of diabetic kidney disease (DKD) in patients
with type 2 diabetes (T2D).

Methods: The study enrolled patients with diagnosis of T2D between 2009 and
2018 from the National Nutrition and Health Examination Survey (NHANES)
database. Demographic information, laboratory test, and diagnostic data were
collected. Restricted cubic spline (RCS) plots were used to assess the dose-effect
relationship between LDH levels and the risk of DKD in patients with T2D. Based
on LDH levels, individuals were divided into higher and lower groups using
dichotomy, and multivariate logistic regression analysis was conducted to
explore the relationship between different LDH levels and the risk of DKD in
T2D patients. Stratified analysis was performed to assess the consistency of
the result.

Results: A total of 4888 patients were included in the study, with 2976 (60.9%)
patients without DKD and 1912 (39.1%) patients with DKD. RCS plots showed that
the risk of DKD increased with increasing LDH levels. Multifactorial logistic
regression analysis revealed that T2D patients with higher LDH levels had a
45% increased risk of DKD compared to those with lower LDH levels (OR=1.45;
95% Cl: 1.11-1.89). Furthermore, each standard deviation increase in LDH level
was associated with a 24% increase in DKD incidence among T2D patients
(OR=1.24; 95% CI: 1.07-1.44). Stratified analysis consistently supported
these findings.

Conclusions: LDH can serve as a valuable biomarker for screening DKD in
patients with T2D.
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1 Introduction

Diabetes mellitus (DM) is a chronic metabolic disease
characterized by impaired insulin secretion and function. It was
considered irreversible and has become one of the leading causes of
death worldwide (1, 2). The International Diabetes Federation (IDF)
predicts that the number of diabetic patients will increase from 240
million in 2007 to 380 million in 2025, further rising to 439 million in
2030 (3). Diabetic kidney disease (DKD), found in approximately
40% of diabetic patients, was the main cause of chronic kidney disease
(CKD) and end-stage renal disease (ESRD) globally (4, 5). This
condition imposes a significant social and economic burden,
highlighting the importance of early identification of DKD.

LDH is an enzyme belonging to the family of 2-hydroxy acid
oxidoreductases. It plays a crucial role in both anaerobic and aerobic
glycolysis, converting pyruvate into lactic acid and nicotinamide
adenine dinucleotide (NADH), thereby affecting metabolism (6).
LDH was commonly used for diagnosing such as myocardial
infarction, vascular injury, tissue injury, advanced sarcoma, and
other mesenchymal tumors (7). It has now been found that LDH
can be used as a biomarker for the prognosis of diseases such as
tumors, metabolism-associated fatty liver disease, and malaria (8-10),
and it can also be used as a biomarker for predicting the pathological
status of the lungs (11) and for the possibility of DM (12).

Lactate dehydrogenase (LDH) is an enzyme composed of four
subtypes, namely LDH-A, LDH-B, LDH-C, and LDH-D. LDH-A is
mainly expressed in muscle and heart tissue, and is involved in the
production and dehydrogenation of lactate. It promotes glycolysis to
produce ATP under aerobic conditions, while converting lactate to
pyruvate under hypoxic conditions to maintain intracellular acid-
base balance. LDH-B mainly expressed in the liver and kidneys,
involved in lactate metabolism and clearance. which participates in
the gluconeogenesis pathway by converting lactate into glucose in the
liver, and helps clear excess lactate in the kidneys. LDH-C and LDH-
D are expressed in embryonic and germ cells, and their functions are
not fully understood, but they may be related to cell proliferation and
differentiation. Their proportion in the blood is usually 25-35% for
LDH-A (LDH-1), 30-40% for LDH-B (LDH-2), 20-30% for LDH-C
(LDH-3), and 5-10% for LDH-D. These proportions may have slight
variations, and the specific proportions may also be influenced by
different laboratories and measurement methods (13). More and
more studies found that LDH may be associated with the
development of DKD. Al-Rubeaan K et al. (14)found that the
progression of DKD was associated with elevated levels of LDH,
and elevated uric acid and LDH were associated with
microalbuminuria and an increased risk of ESRD. Mohammadi-
Karakani et al (15) observed significantly elevated urinary LDH and
microalbuminuria levels in diabetic patients compared to healthy
individuals. Lee DY et al. (16) found that elevated levels of LDHA
were associated with renal insufficiency in DKD patients. LDHA was
expressed at high levels in both glomerular and tubular epithelial cells
of renal tissues in DKD patients. The decrease in glomerular filtration
rate was associated with increased urinary lactate levels and LDHA
expression as well as increased fasting blood glucose and glycosylated
hemoglobin levels. In addition, LDH has considerable potential value
in early warning of rejection in renal transplant recipients, screening
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for renal disease, and detection of renal injury secondary to
hypertension, diabetes mellitus and rheumatoid arthritis (17).
Therefore, LDH activity and expression levels were elevated in
DKD and may be involved in the onset and progression of DKD.
However, there were no studies that clearly show the relationship
between LDH levels and the risk of DKD in Type 2 diabetes (T2D)
patients. Therefore, the aim of this study was to explore the
relationship between LDH and the risk of DKD in T2D patients.

2 Methods
2.1 Study design and participants

The data for this study were obtained from the National
Nutrition and Health Survey (NHANES) database from 2009 to
2018, which includes information on patients with T2D. NHANES
aims to explore the individual-level demographic, health, and
nutritional information through personal interviews and
standardized physical exams at specialized Mobile Examination
Centers (MECs), as well as evaluate the health and nutritional status
of non-hospitalized civilians in the United States (18).

In this study, a total of 4,888 patients were included, consisting of
2976 (60.9%) T2D patients without DKD and 1912 (39.1%) T2D
patients with DKD. To ensure the accuracy of the study, specific
diagnostic criteria were employed to determine the presence of
diabetes and DKD. The diagnostic criteria for diabetes included: 1)
doctor diagnosis of diabetes, 2) glycated hemoglobin (HbA1lc) level >
6.5%, 3) fasting blood glucose level > 7.0 mmol/L, 4) random blood
glucose level > 11.1 mmol/L, or 5) random blood glucose level after a
two-hour oral glucose tolerance test (OGTT) > 11.1 mmol/L, meet
any one of the above (19). Antidiabetic drugs administration was
obtained through a questionnaire.

The diagnostic criteria for DKD were based on the diagnosis of
diabetes and met the guidelines for CKD established by the working
group for kidney disease improving global outcomes (KDIGO).
These criteria included a urinary albumin-to-creatinine ratio (ACR)
exceeding 30 mg/g or an estimated glomerular filtration rate (eGFR)
below 60 ml/min/1.73m? (20). Exclusion criteria for the study were:
1) age under 18 years, 2) pregnancy, 3) type 1 diabetes mellitus, 4)
missing lactate dehydrogenase (LDH) data or abnormally high
LDH values, and 5) missing diagnoses of T2D or CKD. NHANES
is a survey project conducted by the National Center for Health
Statistics of the Centers for Disease Control and Prevention (CDC)
and approved by the National Center for Health Statistics
Institutional Review Board. The study protocol conformed to the
ethical standards of the 1964 Declaration of Helsinki and its
subsequent amendments and was approved by the National
Ethics Review Board for Health Statistics Research. All
participants had signed an informed consent form (19).

2.2 Statistical analysis

Following the guidelines of the US Centers for Disease Control
and Prevention, the study utilized weighted samples and employed
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stratification and clustering techniques to generate estimates
representative of the overall US population. Continuous variables
were summarized using means and standard errors, while classified
variables were expressed as percentages and standard errors. To
assess differences between different groups, weighted t-tests and chi-
square tests were used for continuous variables and categorical
variables, respectively.

The relationship between LDH levels and the risk of DKD in T2D
patients was evaluated using a restricted cubic spline (RCS) plot of
complex sampling. Individuals were classified into two groups, higher
LDH group and lower LDH group, through dichotomy. Additionally,
a complex sampling multivariate linear regression model was
established to evaluate the correlation between LDH and clinical
variables after adjusting for multiple factors. Furthermore, a weighted
multivariate Cox regression model analysis was performed to identify
risk factors for DKD in T2D patients, and the consistency of the
results was evaluated through subgroup analysis. Weights were
calculated by determining the smallest subset of variables based on
their inclusion in the study and selecting the corresponding weights.
Finally, the weights were combined over the years. All statistical
analyses were performed with R version 4.3.1 software. A significance
level of P<0.05 was used for all statistical analyses.

3 Results
3.1 Baseline characteristics

In our study, we utilized the data of 49,693 individuals
registered in the NHANES database from 2009 to 2018. In this
dataset, we included 4,888 patients diagnosed with T2D (Figure 1).
The patients enrolled were both male and female, the percentage of
males was 51.58. And the average age of T2D patients was 59.59
years. The mean level of LDH was 138.85 U/L. When comparing
T2D patients without DKD, we observed that those with DKD were
older and had a higher proportion of hypertension and smoking, as
well as a lower proportion of drinkers (All P<0.05). Additionally,
T2D patients with DKD showed lower eGFR, higher levels of LDH,
uric acid, triglyceride, glycosylated hemoglobin, and ACR, and
lower levels of hemoglobin and serum albumin (All P<0.05)
(Table 1). Among the use of antidiabetic drugs, 43.73% of the
patients used the oral hypoglycemic agents, 10.87% of the patients
used insulin while 6.04% of the patients used each of them.
Furthermore, compared with patients with lower LDH, patients
with higher LDH were older, had a higher prevalence of women and
hypertension, had lower rates of alcohol use and smoking, higher
levels of total cholesterol and high-density lipoprotein (HDL), and
lower levels of hemoglobin, eGFR, and triglycerides. (all
P<0.05) (Table 2).

3.2 Association of LDH with
clinical characteristics

After adjusting for age, sex, race, alcohol use (“Yes” or “No”),
smoking (“Yes” or “No”), multivariate linear regression model
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analysis showed that LDH significantly impacted serum albumin,
ACR, and eGFR. The level of LDH was positively correlated with
urinary ACR (B=1.48, P<0.001) and negatively correlated with
serum albumin (B=-0.01, P<0.001) and eGFR (B=-0.06,
P<0.001) (Table 3).

3.3 Association between LDH and risk
of DKD

In the 4888 T2D patients, 1912 (39.1%) of T2D patients without
DKD, whereas 2976 (60.9%) of T2D patients with DKD. The
patients were grouped into a lower LDH level group (<134 U/L)
(n=2452) and a higher LDH level group (=134 U/L) (n=2436) based
on dichotomization. The results of RCS plots showed a linear
relationship between LDH and the risk of DKD in T2D, with the
risk of DKD increased in patients with T2D as LDH was elevated
(Figure 2). Compared with T2D patients with lower LDH, the risk
of DKD in T2D with higher LDH (134 < LDH < 367)(U/L) was 39%
higher (OR: 1.39; 95% CI, 1.15-1.68, P < 0.001) (Figure 3). After
adjusting for baseline age, sex, and race, Model 1° revealed that the
risk of DKD in T2D patients with higher LDH was 48% higher
compared to those with lower LDH (OR = 1.48; 95% CI, 1.23-1.77,
P<0.001). Model 2° which included adjustments for covariates
from Model 1% as well as alcohol use (“Yes” or “No”) and
smoking (“Yes” or “No”), demonstrated that the risk of DKD in
T2D patients with higher LDH was 43% higher than those with
lower LDH (OR = 1.43; 95% CI, 1.18-1.74, P<0.001). Model 3¢ was
adjusted for covariates from Model 2° as well as hypertension
(“Yes” or “No”), hemoglobin, serum albumin, and uric acid. The

Survival data from the
NDI in the year of 2019

|  Exclude age < 18(y)(n; = 19341)

NHANES Cotinuous
2009-2018
(N=49693)

» Exclude p (np, =316)

Without diabetes mellitus (n; = 24507)

Y

P Type 1 diabetes (n, = 122)

Missing LDH data (ns = 445)
extremely LDH value (ng = 7)

Y

Finally included diabetes mellitus (N=4955)

p»| Missing DKD diagnosis (ng = 67)

A 4 A 4

T2DM without CKD
(N} =2976)

T2DM with DKD
N, =1912)

FIGURE 1
Flowchart of included individuals in this study.
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TABLE 1 Baseline clinical features of enrolled T2D patients without and with CKD.

T2DM without CKD

10.3389/fendo.2024.1369968

Variable (N1 = 2976) T2DM with CKD (N2 = 1909) P-value
LDH (U/L) 138.85 (0.92) 135.01 (0.92) 145.74 (1.54) < 0.001
Age (years) 59.59 (0.32) 56.52 (0.37) 65.10 (0.45) <0.001
BMI (kg/m?) 33.16 (0.18) 3321 (0.21) 33.05 (0.29) 0.62
Hemoglobin (g/dL) 14.00 (0.03) 14.17 (0.04) 13.69 (0.06) < 0.001
Serum albumin (g/L) 41.38 (0.08) 41.77 (0.10) 40.67 (0.13) < 0.001
Uric_acid (umol/L) 341.41 (2.06) 327.10 (2.21) 367.06 (2.98) < 0.001
Total cholesterol (mmol/L) 4.76 (0.02) 4.78 (0.03) 4.71 (0.03) 0.08
Triglyceride (mmol/L) 2.22 (0.04) 2.15 (0.06) 2.34 (0.05) 0.01
HDL (mmol/L) 1.23 (0.01) 1.22 (0.01) 1.24 (0.01) 0.48
LDL (mmol/L) 2.72 (0.03) 2.76 (0.04) 2.65 (0.04) 0.06
CRP 0.57 (0.04) 0.55 (0.05) 0.61 (0.05) 0.39
eGFR (ml/min/1.73m?) 83.60 (0.44) 92.15 (0.45) 68.26 (0.96) < 0.001
ACR (mg/g) 110.28 (8.45) 10.05 (0.14) 295.64 (24.44) < 0.001
HbAlc (%) 7.08 (0.03) 6.91 (0.04) 7.38 (0.05) <0.001
Sex (%) 0.62

Female 48.42 (0.02) 48.02 (1.55) 49.13 (1.58)

Male 51.58 (0.02) 51.98 (1.55) 50.87 (1.58)
Race (%) 0.11

Mexican American 10.30 (0.01) 10.65 (1.28) 9.68 (1.29)

Non-Hispanic Black 13.62 (0.01) 13.36 (1.19) 14.08 (1.25)

Non-Hispanic White 60.15 (0.03) 59.34 (2.01) 61.60 (2.00)

Other Hispanic 6.23 (0.01) 6.82 (0.70) 5.18 (0.70)

Other Race - Including Multi-Racial 9.70 (0.01) 9.83 (0.81) 9.46 (0.91)
Hypertension (%) < 0.001

No 29.73 (0.01) 35.92 (1.36) 18.64 (1.30)

Yes 70.27 (0.02) 64.08 (1.36) 81.36 (1.30)
Alcohol user (%) < 0.001

No 13.18 (0.01) 13.21 (0.78) 17.76 (1.27)

Yes 75.82 (0.03) 86.79 (0.78) 82.24 (1.27)
Smoke (%) 0.04

No 50.00 (0.02) 51.79 (1.36) 47.07 (1.64)

Yes 49.81 (0.02) 48.21 (1.36) 52.93 (1.64)
Antidiabetic drugs (%) < 0.001

OHAS 43.73 (0.02) 76.64 (1.53 67.14 (1.47)

Insulin 10.87 (0.01) 16.46 (1.35) 19.53 (1.39)

OHAS + Insulin 6.04 (0.00) 6.90 (0.90) 13.32 (1.18)

BMI, Body Mass Index; ACR, albumin-creatinine ratio; eGFR, estimated glomerular filtration rate; CRP, C-reaction protein; LDH, lactate dehydrogenase; LDL, low density lipoprotein; HDL,

high density lipoprotein; OHAS, Oral hypoglycaemic agents; CKD, chronic kidney disease; T2D, type 2 diabetes.
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TABLE 2 Baseline clinical features of enrolled T2D patients with various LDH levels.

Lower LDH Higer LDH
(<134U/L) (>134U/L)

Variable (N1 = 2452) (N2 = 2436)
LDH (U/L) 138.38 (0.89) 114.74 (0.41) 163.15 (1.09) < 0.001
Age (years) 59.59 (0.32) 58.32 (0.38) 60.93 (0.46) < 0.001
BMI (kg/mz) 33.16 (0.18) 32.35 (0.20) 34.00 (0.29) < 0.001
Hemoglobin (g/dL) 14.00 (0.03) 14.07 (0.04) 13.92 (0.05) 0.01
Serum albumin (g/L) 41.38 (0.08) 41.80 (0.09) 40.93 (0.14) <0.001
Uric acid (umol/L) 341.41 (2.06) 336.93 (2.41) 346.10 (3.14) 0.02
Total cholesterol (mmol/L) 4.76 (0.02) 4.72 (0.03) 4.79 (0.04) 0.16
Triglyceride (mmol/L) 2.22 (0.04) 2.26 (0.05) 2.18 (0.07) 0.35
HDL (mmol/L) 1.23 (0.01) 1.19 (0.01) 1.27 (0.01) < 0.001
LDL (mmol/L) 2.72 (0.03) 2.73 (0.04) 2.71 (0.04) 075
CRP 0.57 (0.04) 0.56 (0.04) 0.58 (0.06) 0.58
eGFR (ml/min/1.73m (2)) 83.60 (0.44) 86.89 (0.59) 80.15 (0.65) <0.001
ACR (mg/g) 110.28 (8.45) 80.19 (10.97) 142.07 (12.68) < 0.001
HbAlc (%) 7.08 (0.03) 7.08 (0.05) 7.08 (0.04) 0.93
Sex (%) < 0.001

Female 48.43 (0.02) 45.10 (1.49) 51.92 (1.47)

Male 51.57 (0.02) 54.90 (1.49) 48.08 (1.47)
Race (%) < 0.001

Mexican American 10.30 (0.01) 11.47 (1.55) 9.08 (1.08)

Non-Hispanic Black 13.61 (0.01) 11.18 (1.01) 16.16 (1.45)

Non-Hispanic White 60.17 (0.03) 60.97 (2.18) 59.33 (2.01)

Other Hispanic 6.24 (0.01) 6.86 (0.81) 5.59 (0.64)

Other Race - Including Multi-Racial 9.67 (0.01) 9.51 (0.91) 9.84 (0.87)
Hypertension (%) < 0.001

No 29.70 (0.01) 33.96 (1.51) 25.24 (1.17)

Yes 70.30 (0.02) 66.04 (1.51) 74.76 (1.17)
Alcohol user (%) 0.17

No 13.19 (0.01) 13.95 (1.01) 15.79 (0.95)

Yes 75.81 (0.03) 86.05 (1.01) 84.21 (0.95)
Smoke (%) 0.22

No 50.04 (0.02) 48.95 (1.25) 51.37 (1.50)

Yes 49.78 (0.02) 51.05 (1.25) 48.63 (1.50)
Antidiabetic drugs (%) < 0.001

OHAS 43.73 (0.02) 76.64 (1.53) 67.14 (1.47)

Insulin 10.87 (0.01) 16.46 (1.35) 19.53 (1.39)

OHAS + Insulin 6.04 (0.00) 6.90 (0.90) 13.32 (1.18)

BMI, Body Mass Index; ACR, albumin-creatinine ratio; eGFR, estimated glomerular filtration rate; CRP, C-reaction protein; LDH, lactate dehydrogenase; LDL, low density lipoprotein; HDL,
high density lipoprotein; OHAS, Oral hypoglycaemic agents; CKD, chronic kidney disease; T2D, type 2 diabetes.
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TABLE 3 Relationship between LDH and clinical indicators in
T2D patients.

Variables Adjusted

B 95%Cl

Hemoglobin 0.00 0.00 (0.00, 0.00) 0.78
Serum albumin -0.01 (-0.02, -0.01) <0.001
Uric acid 0.10 (-0.03, 0.22) 0.14
Total cholesterol 0.00 (0.00, 0.00) 0.01
Triglyceride 0.00 (0.00, 0.01) 0.52
HDL 0.00 (0.00, 0.00) <0.001
LDL 0.00 (0.00, 0.00) 0.30
CRP 0.00 (0.00, 0.00) 0.13
ACR 1.48 (0.77, 2.18) <0.001
eGFR 0.06 (-0.08,-0.03) <0.001

Adjust for age (<65,265), sex (‘Female’, ‘Male’), race, BMI. ACR, albumin-creatinine ratio;
eGFR, estimated glomerular filtration rate; BMI, Body Mass Index;LDL, low density
lipoprotein; HDL, high density lipoprotein; CRP, C-reaction protein, T2D, type 2 diabetes.

results indicated that the risk of DKD in T2D patients with higher
LDH was 45% higher than those with lower LDH (OR: 1.45; 95%
CL 1.11-1.89, P=0.01) (Figure 3; Supplementary Tables 1, 2).
Furthermore, each standard deviation (SD) increase in LDH was
associated with a 24% increase in the risk of DKD (OR=1.24; 95%
CI, 1.07-1.44, P=0.005) (Figure 3; Supplementary Tables 1, 2).
Stratified analyses showed that the association between LDH and
the risk of DKD in patients with T2D varied by age (‘<60’,260
years), sex (‘male,” ‘female’), serum albumin (‘<35’235" g/L),
anemia (‘yes’. ‘No’), and HbAlc (‘<7.0°, 27.0°) were consistent
(all P>0.05) (Figure 4).

4 Discussion

In this study, we found that LDH was associated with the
conventional markers of kidney injury, ACR and eGFR. With

10.3389/fendo.2024.1369968

increasing levels of LDH, the risk of DKD in T2D patients
increased, and higher levels of LDH were an independent risk
factor for the risk of DKD in T2D patients.

LDH is an enzyme involved in glycolysis, and there are four
isozymes in the human genome: LDHA, LDHB, LDHC, and LDHD.
Among these isozymes, LDHA, LDHB and LDHC are L isomers,
whereas LDHD is a D isomer (6). The expression of LDH increases
with age, and it plays a crucial role in promoting glycolysis by
converting pyruvate to lactate and NADH to NAD (21). Numerous
studies showed that LDH is closely related to the occurrence,
development and prognosis of various tumors. For example, it
has been found that elevated expression of LDHA was positively
correlated with tumor size, clinical stage, and histological grade, and
that its elevated expression was associated with poor prognosis in
cancer patients (22, 23). In addition, LDH, as a target of many
oncogenes and tumor factors, has shown potential as a therapeutic
target for cancer (24).

Moreover, the role of LDH in kidney disease-related mortality
has also been reported. Ryu SY et al (25) showed that LDH levels
above 280 U/L were positively associated with increased all-cause
mortality and cardiovascular mortality in hemodialysis patients,
while levels below 240 U/L were associated with improved survival.
Shen ] et al. (26) found that elevated serum LDH levels were
associated to shorter overall survival in renal cell carcinoma
patients, suggesting LDH as a valuable biomarker for monitoring
prognosis. Zhang D et al (27) found an independent association
between LDH levels and in-hospital mortality in patients with acute
kidney injury (AKI), where mortality increased with higher LDH
levels. Similarly, Xiao X et al. found that high LDH levels were
associated with an increased risk of cardiovascular mortality in
patients with DKD (28).

Some studies have also found associations between LDH and
disease-induced kidney involvement. Cai X et al. (29) demonstrated
a positive correlation between LDH and albuminuria severity in
hypertensive patients, highlighting high LDH levels as an early
marker for increased risk of kidney involvement. Zager RA et al.
(30) demonstrated that LDH was released from cells during injury,
making it a potential marker for renal injury. In addition, LDH has
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been considered as a biomarker to predict acute kidney injury in
patients with rhabdomyolysis, sickle cell anemia and non-
Hodgkin’s lymphoma (31-34). These findings are consistent with
that of our study, which showed a significant association between
LDH and proteinuria as well as eGFR in patients with T2DM.

In the status of DM, serum LDH levels can be used as a
reference marker for short-term glucose monitoring. Changes in

serum glycated albumin (GA) and abnormal elevations in LDH
levels often occurred simultaneously with the glycemic changes.
Therefore, the use of LDH as a biomarker can be more convenient
and rapid in assessing glycemic changes in patients with T2D (35).
In addition, studies have shown a close relationship between LDH
and DKD. Azushima K et al. (36) found that LDH isoenzymes,
especially LDHA and LDHB isoenzymes, were increased in patients
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with DKD. Uslu S et al. (37) found that a significant positive
correlation between urinary LDH activity and serum creatinine (Cr)
levels, and when creatinine clearance (CCr) decreased, urinary LDH
activity began to increase, which suggested that measurement of
urinary LDH activity could be used as a screening marker for
glomerular and tubular dysfunction in diabetic patients during
follow-up. And Jung K et al. (38) found that renal tubular
dysfunction can be used as an early indicator of early DKD.
These suggested that high LDH levels are associated with early
renal function decline in diabetic patients. Xiao X et al (28) found
that the risk of progression to ESRD was higher in DKD patients
with high levels of LDH. However, few studies have investigated the
association between LDH and the risk of DKD in patients with T2D.
The association was evidenced in our study, where the risk of DKD
in adult T2D patients in the United States increased with elevated
LDH, and higher LDH levels were an independent risk factor for the
risk of DKD in patients with T2D.

However, why the risk of DKD development is higher in T2D
patients with higher LDH needs to be further explored. Firstly, LDH
is a catalytic enzyme for lactate formation, and lactate production
can contribute to the progression of kidney disease. Lee DY et al.
(16) suggested that LDHA-mediated lactic acidosis may be
associated with renal failure and fibrosis. Azushima K et al. (36)
also conducted targeted metabolomics analysis in a mouse model of
DKD and found that LDHA and LDHB isoforms in the DKD
mouse was significantly increased in kidneys, and elevated lactate
levels and impaired energy metabolism may lead to renal injury in
mice. Secondly, Yu SL et al. (39) found that high serum LDH levels
were associated with systemic inflammatory responses, and the
development of DKD involves inflammatory processes (40). Finally,
LDH may influence the lactylation of proteins and consequently the
progression of kidney disease (18). Zhang D et al. (41) inhibited
lactate production by suppressing LDH activity, and found that
intracellular lactate levels and histone lactylation were reduced, and
that LDHA-deficient cells had decreased levels of both lactate
production and histone lactation levels. Li X et al. (42) found that
high lactate concentration and lactylation levels affect energy
metabolism, which in turn serves as a predictor of renal injury.

In addition, some of the studies showed that the use of
antidiabetic drugs may also affect LDH levels (43). Metformin
was shown to decrease LDH activity in cardiomyocytes as well as
serum LDH levels (44). In addition, cagliflozin decreased serum
LDH levels in diabetic myocardial injury mice. Similar results were
observed for other SGLT2i (45, 46). GLP-1/GIP dual agonist has
also been shown to decrease serum LDH levels (47). These findings
suggest that glucose-lowering drugs may effect LDH levels, but the
mechanism is not clear. However, we additionally corrected for the
variable of glucose-lowering drug classification in a multivariate
logstic regression analysis, which showed that glucose-lowering
drug classification did not affect the predictive value of LDH for
the risk of CKD in patients with T2DM. Moreover, besides SGLT2i,
some studies showed that other renoprotective drugs may also affect
LDH (48). Perindopril decreased LDH in serum of mice with
diabetic myocardial injury (48). Zahler et al. (49) also found that
angiotensin-converting enzyme inhibition (ACEI) attenuated
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myocardial injury as well as serum levels of LDH. In addition,
Ibrahim MA et al. (50) also showed that ACEI and angiotensin AT
(1)-receptor antagonism in ameliorating adriamycin-induced
cardiotoxicity and nephrotoxicity decreased the level of LDH.
However, non-selective saline corticotropin receptor antagonists
have not yet been reported to have an effect on LDH. In view of the
fact that all these nephroprotective drugs can lower LDH, it is also
suggested that LDH plays an important role in kidney injury and
hence it can be used to screen patients with DKD in T2DM.

However, we also need to be aware of some limitations of the
study. Firstly, due to cross-sectional design, we were unable to
establish a cause-effect relationship between LDH levels and the risk
of DKD in patients with T2D. We recommend future longer-term
follow-up studies to determine the predictive ability of LDH for the
occurrence of DKD. Secondly, there was some selection bias due to
the retrospective character of the study. Thirdly, although we
controlled for some factors that may have influenced the results,
there are still some other factors that may have had an impact on
the results. Finally, further research is needed on the possible
relationship between variations in LDH concentrations and the
development of DKD in patients with T2D.

In conclusion, our findings suggest that higher LDH levels were
associated with the risk of DKD in T2D patients. It will be necessary
for clinicians to monitor LDH levels in patients with T2D, which
can assist in screening for DKD in patients with T2D.
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