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Background: Trace elements play an important role in reflecting physical metabolic status, but have been rarely evaluated in diabetes
ketoacidosis (DKA). Since clinical biochemical parameters are the first-line diagnostic data mastered by clinical doctors and DKA has
a rapid progression, it is crucial to fully utilize clinical data and combine innovative parameters to assist in assessing disease
progression. The aim of this study was to evaluate the levels of trace elements in DKA patients, followed by construction of
predictive models combined with the laboratory parameters.

Methods: A total of 96 T1D individuals (48 DKA patients) were collected from the First Hospital of Jilin University. Serum calcium
(Ca), magnesium (Mg), zinc (Zn), copper (Cu), iron (Fe) and selenium (Se) were measured by Inductively Coupled Plasma Mass
Spectrometry, and the data of biochemical parameters were collected from the laboratory information system. Training and validation
sets were used to construct the model and examine the efficiency of the model. The lambda-mu-sigma method was used to evaluate the
changes in the model prediction efficiency as the severity of the patient’s condition increases.

Results: Lower levels of serum Mg, Ca and Zn, but higher levels of serum Fe, Cu and Se were found in DKA patients. Low levels of
total protein (TP), Zn and high levels of lipase would be an efficient combination for the prediction of DKA (Area under curves for
training set and validation set were 0.867 and 0.961, respectively). The examination test confirmed the clinical applicability of the
constructed models. The increasing predictive efficiency of the model was found with NACP.

Conclusion: More severe oxidative stress in DKA led to further imbalance of trace elements. The combination of TP, lipase and Zn
could predict DKA efficiently, which would benefit the early identification and prevention of DKA to improve prognosis.
Keywords: type 1 diabetes, diabetes ketoacidosis, diabetic complication, trace elements, prediction model

Introduction
Type 1 diabetes (T1D) is an endocrine disorder in which pancreatic B cells stop producing insulin, typically due to
autoimmune destruction.' This long-term autoimmune destruction will lead to insulinopenia, followed by hyperglycemia
and the breakdown of insulin-dependent processes of cellular energy storage and synthesis.>* Accelerated glycogenolysis
and lipolysis will provide substrates for ketogenesis through the breakdown of triacylglycerol from fat and the increase of
circulating plasma amino acids.*> In addition, a-cell glucagon production will be enhanced by loss of the paracrine
suppressive effect exerted by p-cells,"” and glucagon shifts hepatic intracellular metabolism towards production of
ketones.® These relatively strong metabolic acids will cause the accumulation of hydrogen ions, and the buffering
capacity of the kidney will be quickly exceeded, resulting in the development of metabolic acidosis and the morbidity of
ketoacidosis (DKA).”

Recent literatures demonstrated a plausible link between elevated levels of circulating ketones and oxidative stress.'”
The condition of ketosis was known to increase extra-mitochondrial oxidation of fatty acids and generation of hydrogen
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peroxide, thereby increasing oxidative stress in hyperketonemic diabetic patients (HKD)."' Aggravated oxidative stress
would cause more serious abnormal biochemical reactions (such as increasing lipolysis or ketone body production),
which could promote the occurrence of DKA. Also, imbalances of trace elements might lead to high susceptibility to
oxidative damage of tissues and eventually to the development of diabetic complications.'* Progression of diabetes and
the complications might also lead to perturbation in trace elements metabolism and homeostasis.'> A previous study
reported that zinc (Zn) concentrations were significantly decreased during the ketotic state.'* Copper (Cu) and iron (Fe)
were reported to be related to oxidation of aminoacetone to methylglyoxal (MG) which was promoted in DKA patients.'”
1.25(0OH)2D3-induced Ca*" signals (Ca®" oscillations) could regulate insulin secretion from pancreatic p-cells.'® Hence,
the significant decreasing of insulin in DKA always led to calcium (Ca) depletion.'” In addition, imbalance of
magnesium (Mg) homeostasis would also be found in DKA patients due to the electrolyte disturbances.'® Selenium
(Se) prevented diabetes complications by Se dependent glutathione peroxidase and other selenoproteins involved in the
antioxidant system. Hence, the evaluation of trace elements would benefit further study on oxidative damage in T1D
patients, and provide reference for nutrition supplements during the disease progression.

The diagnosis of DKA always depended on the examination of glucose, ketone body and blood gas analysis.
However, a previous study had pointed that the precursor symptom with slight abnormal glucose levels was sometimes
found in DKA, which indicated the urgent need for research on auxiliary parameters to evaluate the risk of DKA in T1D
patients.® In addition, abnormal results of glucose, ketone body or blood gas analysis have always been observed after the
occurrence of T1D. Hence, if an early warning and preventive measures (such as strengthening daily nursing, improving
the awareness of blood glucose control, etc.) to DKA could be performed using the common clinical parameters, the
prognosis would be improved significantly. Clinical parameters were used in prediction studies to select related factors
with diseases, and the calculation methods were performed to receive the best combination of predicted parameters,
which was widely used in recent years and provide new reference for clinical application. The research of prediction

19:20 while there were few studies on DKA with acute onset as the

models for diabetes always focused on kidney disease,
main manifestation. Hence, the importance of diversification for prevention and predicted methods should be emphasized
due to the characteristics of acute onset and dangerous onset of DKA.

The aim of this study was to evaluate the levels of trace elements in DKA patients. A prediction model was
constructed using biochemical parameters and trace elements to identify specific parameters of morbidity of DKA,
which would benefit the auxiliary prediction in T1D patients. The dynamic change between numbers of abnormal clinical

parameters (NACP) and prediction efficiency was evaluated to improve practical value.

Materials and Methods

Individuals

A total of 96 patients with T1D were enrolled in this study (43 males and 53 females aged 2—22 years old) from 2019 to 2020,
in which 47 patients were diagnosed with DKA. Ninety-six age- and sex-matched healthy individuals were recruited as the
healthy population (HP). The individuals were tested in the First Hospital of Jilin University, T1D patients were defined
according to the examination of auto-antibodies and current criteria of the American Diabetes Association.”! The total
research protocol is shown in Figure 1. DKA was defined as blood glucose >11 mmol/L, pH <7.3 or bicarbonate <15 mmol/L
and ketonemia >3 mmol/L,** and the patients were without mineral dietary supplement in last 3 months. The healthy
individuals were examined by doctors to ensure they had no symptoms of any systemic diseases and unhealthy habits.
Demographic data for these subjects were obtained from the patients’ medical records. The first laboratory clinical
parameters results were collected in the medical record system. Written informed consent was obtained from all individuals.
This was approved by the Ethics Committee of the First Hospital of Jilin University (number: 19Q046-001).

Blood Sampling

Blood samples from individuals were taken in the morning after overnight fasting into special metal-free tubes for
analysis of trace elements. Serum samples were isolated into metal-free Eppendorf test tubes after blood centrifugation,
and stored at —80°C until further analysis. The specific procedures of samples were consistent with our previous study.”
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Figure | The protocol of the whole study.
Abbreviations: HP, healthy population; DP, DKA population; NDP, non-DKA population; DCA, decision clinical analysis; CIC, clinical influence curve.

Biochemical Analysis

The first blood sample of the patient was used to measure clinical parameters on automatic analyzer 7600-210 (Hitachi
High-Technologies, Tokyo, Japan), including creatine kinase (CK), creatine kinase isoenzyme (CK-MB), prealbumin
(PAB), lactate dehydrogenase (LDH), indirect bilirubin (IBil), aspartate aminotransferase (AST), alanine aminotransfer-
ase (AAT), y-Glutamine transpeptidase (y-GGT), cholinesterase, total protein (TP), albumin (Alb), globulin (Glb), total
bilirubin (TBil), direct bilirubin (DBil), total bile acid (TBA), amylase (AMY), lipase, urea, uric acid, creatinine (Cre),
retinol binding protein (RBP), cystatin C, cholesterol (CHO), triglyceride (TG), alkaline phosphatase (ALP), high density
lipoprotein (HDL), apolipoprotein A (Apo A), low density lipoprotein (LDL), lipoprotein a, total iron binding force
(TIBF), ferritin (SF), unsaturated iron binding force (UIBC). The reference intervals in our hospital for the above
parameters were as follows: trace elements (Ca: 90.00-106.80 mg/L; Mg: 17.76-24.48 mg/L; Fe: 0.50—1.23 mg/L; Zn:
0.637-1.092 mg/L; Cu: 0.806—1.562 mg/L; Se: 0.099-0.158 mg/L); cardiac markers parameters (CK, 50.00-310.00 U/L;
CK-MB, 0-25.00 U/L; LDH, 120.00-250.00 U/L); liver function parameters (AST,15.00-40.00 U/L; AAT, 9.00-50.00
U/L; y-GGT, 10.00-60.00 U/L; ALP, 45.00-125.00 U/L; cholinesterase, 4620.00-11500.00 U/L; TP, 65.00-85.00 g/L;
Glb, 20.00-40.00 g/L; Alb, 40.00-55.00 g/L; TBil, 6.80-30.00 umol/L; DBil, 0-8.60 umol/L; IBil, 5.10-21.40 umol/L;
TBA, 0.10-10.00 pmol/L; PAB, 0.20-0.43 g/L; AMY, 35.00-135.00 U/L; lipase, 21.00-67.00 U/L); kidney function
parameters (urea, 3.10—8.00 mmol/L; uric acid, 210.00-430.00 umol/L; Cre, 57.00-97.00 pmol/L; RBP, 36.00-75.00 mg/
L; cystatin C, 0.38-1.26 mg/L); CHO, 2.60—6.00 mmol/L; TG, 0.28—-1.80 mmol/L; HDL, 0.76-2.10 mmol/L; Apo A,
1.00-1.60 g/L; LDL, 2.06-3.10 mmol/L; lipoprotein a, 0-0.30 g/L; SF, 20.00-300.00 pg/L; TIBF, 45.00-70.00 pmol/L;
UIBC, 25.06-51.91 pmol/L). Inductively Coupled Plasma Spectrometer (ICP-MS, Agilent, 7700X, USA) was performed
by an experienced technician to determine serum Ca, Mg, Fe, Zn, Cu, Se. The quality control of the samples was
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performed strictly according to the standard reference materials of the China Center for Reference Materials. The ICP-
MS system operated at the condition of 1550W RF power and 1.05L/min spray gas flow rate. The recovery rate
(accuracy) of standard trace elements was between 93.0 and 98.9%. All element levels were calculated in milligrams
per liter.

Statistical Analysis Process
Statistical analysis was performed by STATA 15.0 and SPSS 17.0. The figure was drawn by GraphPad Prism 8.0
software. LMS chartmaker Light 2.54 was used to perform the continuous centile curves.

Basic Statistical Analysis

Mann—Whitney U-test was used to determine difference parameters and were shown as median. The parameters would be
considered as abnormal if the value was out of defined reference intervals, and the total NACP were summarized in each
of DKA patients (DP) and non-DKA patients (NDP).

Process of Prediction Models Construction

T1D individuals were randomly divided into training set and validation set with the ratio of 7:3. Training set was for
model construction and the validation set was for accuracy evaluation. The parameters without significant difference
between DP and NDP (P<0.05) were screened out by univariate analysis. Univariate logistic regression analysis was
used to examine whether the clinical parameter and trace elements play significant roles in DKA morbidity. Odds
ratio (OR) and 95% confidence intervals (CIs) were calculated. The analytes with significant difference (P<0.05) were
selected as the predicted factor in the training set. Correlation analysis was performed by Spearman method. If
significant correlation was found between two clinical parameters, one of them should be eliminated to screen out the
effective parameters and avoid multicollinearity bias in the multifactor analysis.?* Multivariate logistic regression was
performed to select the best prediction combination of parameters using the forward LR method. The coefficients
received in the training set were used to calculate the predicted score in the validation set. The formula was as
follows: Prediction score = 1 X AC1 + 2 X AC2 + ... 4+ B constant in modeis (B Was the coefficient, AC was analyte
concentration). Receiver operating characteristic (ROC) curves were performed in training set and validation set using
the prediction probability. Area under curve (AUC) > 0.75 was considered as the performance of a good model.**
Decision clinical analysis (DCA) and decision influence curve (CIC) were used to evaluate the suitability in clinic.

Evaluation of the Relationship Between NACP and the Predicted Value of Models

NACP were summarized and the predicted value of models for each individual were calculated in SPSS. The
coefficient of skewness median coefficient of variation (LMS) curve was used to visualize the dynamic change of
the predicted efficiency of the established model with NACP. The continuous centile curves were fitted with maximum
penalized likelihood rate and several parameters [Box-Cox transformation A (L), median p (M), and coefficient of
variation ¢ (S)]. The freedom of L, M, S could be adjusted and fit so as to make the curve of NACP and predicted value

continuous.

Results

The Basic Characteristics of Study Individuals

A total of 96 T1D patients were enrolled and 47 of them were hospitalized with DKA. Ninety-six healthy individuals
were enrolled as control group. Significant difference of basic information (age, BMI, duration of illness) was not found
among the three groups (DP, NDP, HP). More individuals were found with unhealthy habits (alcohol and cigarette
smoking) in DP, and the condition of blood glucose control in DP were worse than that in NDP. Other results of arterial
blood gas analysis in DP all showed significant acidosis characteristics (Table 1).
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Table | Basic Characteristics of Enrolled Population

Variables TIDP HP (n=96)
DP (n=47) NDP (n=49)

Basic information

Sex (Males, Females) 23, 24 20, 29 43, 53

Age (years), mean * SD 99 £ 43 10.5 + 4.3 10.8 + 4.2

Duration of TID (years), mean + SD 1.1 £0.2 09 +04 -

BMI (kg/m?), mean * SD 20.81 + 1.50 20.45 + 0.50 20.12 £ 1.59

Lifestyle

Alcohol (number) 3 | -

Cigarette smoker (number) 4 2

Blood glucose control

*HbAIC (%), mean + SD 11.85 + 1.82 941 £ 3.16 491 £ 0.6l

HbAIC 9% (number) 4 26 -

HbAIC 29% (number) 43 23

Other examination results

#Blood glucose, mean * SD 17.09 + 3.25 10.71 + 2.08 -

#PH, mean  SD 7.20 = 0.06 7.39 £ 0.03

#HCO;", mean + SD 10.30 £ 2.60 24.36% 1.50

#PO2, mean  SD 13451 £ 16.91 89.45 + 5.90

#PCO2, mean * SD 14.43 + 2.00 40.65 + 2.76

Notes: *P<0.05 between TID and HP; #P<0.05 between DP and NDP.

Evaluation of Trace Elements Levels

Serum Ca and Mg were significantly higher in HP than those in DP and NDP (HPc, vs NDPc, vs DPc,:
66.20 mg/L, 52.55 mg/L, 50.81 mg/L; HPy\; vs NDPy; vs DPy,: 14.75 mg/L, 11.74 mg/L, 10.37 mg/L).
Subtle difference was found between DP and NDP for serum Ca, but lower levels of Mg were found in DP.
Serum Fe, Cu and Se all showed lower levels in HP than those in the disease group, but elevated trend with the
aggravation of T1D. Higher levels were found in DP for the three elements (HPg, vs NDPg, vs DPg.: 0.37 mg/L,
0.63 mg/L, 0.87 mg/L; HPc, vs NDP¢, vs DP¢,: 0.29 mg/L, 0.55 mg/L, 0.62 mg/L; HPg, vs NDP g, vs DP g.:
0.09 mg/L, 0.11 mg/L, 0.12 mg/L). Serum Zn showed a lower trend in DP than those in HP and NDP, and
significant difference (P <0.05) between DP and NDP was found in serum Fe and Zn. The detailed results are
shown in Figure 2.

Construction of Prediction Model
The whole individual groups of DP and NDP were randomly divided into training set and validation set with the ratio of
7:3. The specific information of two sets is shown in Table 2.

Analytes Selection and Construction for Prediction Model

Preliminary univariate analysis showed that there were significant differences (P<0.05) in Fe (P=0.018), Zn (P=0.014),
AAT (P=0.035), TP (P<0.001), Alb (P<0.001), RBP (P=0.025), lipase (P=0.004), TG (P=0.032), TIBC (P=0.026) and SF
(P=0.005) between DP and NDP.

Sex, age and the selected analytes in the preliminary univariate analysis were performed with univariate logistic
regression. Sex (P=0.069), age (P=0.214), TG (P=0.102) and Fe (P=0.254) were absent of significant influence on DKA
morbidity. AAT (P=0.036), TP (P=0.001), Alb (P=0.001), lipase (P=0.015), TIBC (P=0.029), SF (P=0.008) and Zn
(P=0.010) were selected for following correlation analysis. The analytes with significant statistical difference and their
odd ratios (OR) are exhibited in Figure 3a. Correlation analysis results had shown that Alb was significantly related to TP
(P<0.001) and Zn (P=0.044), SF was positively related to lipase (P=0.002), which led to the elimination of Alb and SF to
avoid multicollinearity bias in the multifactor analysis. The correlation coefficient among analytes is shown in Figure 3b.
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Figure 2 The comparison of trace elements levels among HP, NDP and DP. ***Indicates the significant difference between DP and NDP.

AAT, TP, lipase, RBP, TIBC and Zn were selected for construction of model. The multiple logistic regression and LR
method finally selected the combination of TP, lipase and Zn as the most suitable prediction model. The specific

information of the model is shown in Figure 4a.

Validation of Prediction Model

Prediction score in validation set was calculated by the coefficients received from the training set.
Prediction score = ﬂ X AC TP+ﬂ Lipase X AC Lipase+ﬂ mx AC Zn+ﬂ Constant

The satisfactory results were received in training set and validation set with AUC of 0.867 and 0.961, respectively.
ROC curves and the specific result of the model are shown in Figure 4a. Hosmer-Leme showed goodness-of-fit test
results in the calibration curve with satisfactory P value of each model in the two sets, shown in Figure 4b. Within

Table 2 Baseline Characteristics in Training Cohort and Validation Cohort

Analytes Category Analytes Training Set (n=67) Validation Set (n=29)
DKA (n=33) NDKA (n=34) DKA (n=14) NDKA (n=15)

Trace elements Mg (mg/L) 11.92 9.92 11.28 11.20

Ca (mg/L) 53.84 44.72 55.24 57.84

Fe (mg/L) 0.76* 0.56 0.89* 0.6l

Zn (mg/L) 0.44* 0.55 0.52%* 0.72

Cu (mg/L) 0.65 0.50 0.6l 0.51

Se (mg/L) 0.13 0.09 0.13 0.12
Blood glucose control HbAIC (%) 12.00 11.10 12.10% 6.70
Cardiac markers CK (U/L) 62.00 79.00 57.00 65.00
parameters CK-MB (U/L) 19.20 20.35 22.25 28.10

LDH (U/L) 211.01 184.50 198.50 170.00

(Continued)
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Table 2 (Continued).

Analytes Category Analytes Training Set (n=67) Validation Set (n=29)
DKA (n=33) NDKA (n=34) DKA (n=14) NDKA (n=15)
Liver function AST (U/L) 22.80 18.10 20.45 21.60
parameters AAT (U/L) 13.10% 9.55 14.25% 9.20
y-GGT (U/L) 9.60 9.25 9.00%* 11.80
ALP (U/L) 179.10 21045 204.60 78.60
GIb (g/L) 23.60 23.10 28.70 28.70
Cholinesterase (U/L) 6877.01 6950.50 6988.00 7943.00
TP (g/L) 58.10% 62.40 55.30%* 67.80
Alb (g/L) 34.50* 37.80 32.25% 39.90
TBIL (umol/L) 8.40 11.00 8.40 9.10
DBil (umol/L) 2.20 2.40 1.50 1.90
IBil (umol/L) 6.10 7.65 6.20 7.70
TBA (umol/L) 3.80 4.55 2.20 335
PAB (g/L) 0.12 0.15 0.10 0.18
AMY (U/L) 56.00 45.00 55.50 49.50
Lipase (U/L) 31.00* 19.00 22.50 20.10
Kidney function Urea (mmol/L) 3.39 4.21 4.69 4.30
parameters Cre (umol/L) 29.10 31.75 33.70 50.10
Uric acid (umol/L) 201.00 259.00 196.00 282.00
RBP* (mg/L) 18.00 15.40 15.90 24.50
Cystatin C (mg/L) 0.60 0.62 0.59 0.67
Blood lipid parameters CHO (mmol/L) 4.30 4.08 4.16 4.12
TG (mmol/L) 1.04* 0.95 1.50 0.87
HDL (mmol/L) 1.03 I.11 1.05 1.12
Apo A (g/L) 0.97 0.93 1.96 2.56
LDL (mmol/L) 2.40 2.03 0.99 0.88
Lipoprotein a (g/L) 0.05 0.09 0.06 0.11
SF (ug/L) 122.20%* 80.55 144.35% 88.40
TIBC (umol/L) 36.50* 41.30 43.75 44.30
UIBC (umol/L) 24.00 26.00 26.20 27.00

Notes: The values in the table were the median of analytes; *Significant difference between the DP and NDP, P<0.05.

a reasonable threshold probability range, the prediction model showed a good clinical application effect as a whole
(Figure 4b and c). When the threshold probability was greater than 50% of the prediction score probability in CIC, the
prediction model determined that the high-risk DKA population was highly matched with the actual DKA population,
which confirmed the high clinical efficiency of the prediction model. Dynamic nomogram for model is shown in Figure 5
(Figure 5a), the red point was an example for application of the model. Lower levels of Zn, TP and higher levels of lipase
indicated higher possibility for DKA morbidity. LMS curves showed that the predicted value of established models
increased with NACP, which was shown in Figure 5 (Figure 5b).

Discussion
DKA is a serious complication accompanied by oxidative stress and showed significant change in trace elements levels,
which was rarely studied before. The early recognition of DKA and reducing rates of recurrent DKA are crucial due to
the acute and severe symptoms which might lead to death. The patients’ hospital data could reflect the physical pattern in
DKA, which should be fully used to perform various predicted methods innovatively. This study evaluated the levels of
trace elements among HP, NDP and DP, followed by constructing the efficient predicted models for DKA.

Higher HbA1C levels were found in DKA, which was consistent with the conclusion that T1D patients with poor
glucose control were more susceptible to DKA. However, the patients with poor glucose control were commonly found
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Figure 4 (a) ROC curves and the specific information of the model; (b) calibration curve of model; (c) The DCA and CIC curves. The names and units of the horizontal and
vertical axes of each graph are the same, so they are represented by the total coordinate axis.
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Figure 5 (a) the dynamic nomogram of model which could show the specific influence of each analyte to TID prediction. The red point in the figure is an example of the
data; *P<0.05;**P<0.01. (b) the LMS curves of the relationship between NACP and the probability efficiency of the model. The red line shows the P50, and the brown
triangle represents the scatter plot of the data.

with deleterious lifestyles, such as cigarette smoking or alcohol consumption. Hence, it is a reminder that daily care and
healthy habits might affect the progress of diabetes, and then affect the incidence of DKA.

Evaluation of Trace Elements Levels Between DP and NDP

Several Ca transport-related factors decreased in T1D and resulted in depletion of the endoplasmic reticulum (ER) Ca
pool, followed by ER stress and oxidative stress.”>° In this study, the levels of serum Ca in HP were significantly higher
than those of the two disease groups, and lower levels of Ca were found in DP than in NDP but with no significant
difference. This phenomenon indicated that Ca balance was more severely impaired in DKA patients. In addition,

27,28

appropriate Ca supplementation could decrease the incidence of diabetes, and might provide reference on the

prevention of diabetes progression and DKA.
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Decreasing trend was also found in serum Mg with the progression of disease. Low levels of serum Mg and high
levels of urine Mg were found in DKA in a study about cats.”’ Higher glucose might be one of the reasons because
hyperglycemia could contribute to the hypomagnesemia which indicates the strong relationship between serum Mg and
glycemic control. In addition, excessive ketone bodies were produced in DKA, which were shown to induce oxidative
stress in cardiomyocytes, erythrocytes and endothelial cells.**? The abnormal oxidative status would lead to kidney
damage, followed by renal reabsorption dysfunction and acid-base imbalance, which could lead to redistribution and
excessive excretion of serum Mg.>

Cu and serum Zn was confirmed to have a protective role in humans by regulating inflammation, reducing oxidative
stress, and being involved in lipid and glucose metabolism.'*** Conversely, excessive accumulation of Cu and Zn were
found to cause dose-dependent oxidative toxicity>> and were positively related to elevated glucose.>® Higher levels of
serum Cu and lower levels of Zn were found in DP of this study. Oxidation of aminoacetone (AA) to methylglyoxal
(MG), NH4+ and H,0O, had been reported to be catalyzed by a Cu-dependent semicarbazide sensitive amine oxidase
(SSAO) as well as by Cu- and Fe-catalyzed reactions with oxygen.'> Hence, the high production of AA in DKA patients
would be accompanied by the significant increasing trend of Cu and Fe. Severe toxicity and cell damage were also
typical characteristics of DKA, which would lead to high levels of Cu. Similar findings of high Cu levels in diabetes were
also found in previous studies.>’° In addition, low levels of Zn were observed in T1D patients and DKA patients
showed lower Zn levels than the non-DKA patients, which indicated the worse homeostasis of glucose and damaged
antioxidant capacity in DKA. The decreasing trend of Zn was also observed in patients with high levels of ketone
bodies.'* Abnormal Zn and Cu metabolism appears to accompany and might cause diabetes complications.

A close connection was found for Fe with triggering oxidative stress and tissue damage in human and experimental
animal diabetes.***! High levels of serum Fe were deemed as the main characteristic of DKA** and positively related
with metabolic syndrome (MetS),*® which was similar with this study. Excessive serum Fe was observed in the MetS
group,*** which indicated that elevated serum Fe** as well as dietary Fe*® were associated with an increased risk of
diabetes progression. Fe deposition was considered to be closely related to changes in Fe transport regulation associated
with steatosis, insulin resistance and chronic inflammation.***” Fe overload could itself trigger diabetes in hereditary
hemochromatosis syndrome patients.*® Hence, the control of Fe would benefit the progression of diabetes and some
complications. In addition, the effects of Se were related to antioxidant defense, synthesis of thyroid hormones and
muscle performance.49 However, subtle differences were found among HP, DP and NDP, which indicated subtle
influence of Se in DKA patients of this study.

Construction of Predicted Models for DKA
Patients with lower levels of TP, Zn and higher levels of lipase could efficiently predict DKA. The dynamic changes of
Alb and Glb would influence the total levels of proteins. The redox state of Alb sulthydryl in serum plays a leading role

in redox regulation,’®>!

which might accurately reveal oxidative stress and be accelerated to decompose when the human
body faced severe oxidative stress.’* In addition, the damage of liver function caused by DKA would also affect protein
synthesis. Some T1D individuals were found with high levels of lipase,”® and serum pancreatic enzyme elevation was
common in children with DKA. High mRNA expression of endothelial and hormone-sensitive lipase was found in T1D
patients, which was related to the control of glucose.>® Interestingly, it was found that the lipase activity of T1D patients
with long-term onset was significantly reduced due to the impairment of pancreatic exocrine function,” while patients
with DKA were often accompanied by acute metabolic disorders and decreased enzyme clearance due to their acute
onset. Therefore, high levels of lipase were of high value in the diagnosis of DKA.**” In addition, patients with higher
pancreatic enzyme levels would have more severe acidosis.”” The proportion of DKA patients with elevated lipase was
higher than that of with elevated AMY.>®>° This meant that lipase was more valuable than AMY in evaluating the fat and
pancreas metabolism of DKA. Hence, the combination of TP, lipase and Zn would efficiently reflect the damaged protein,
lipid and oxidative metabolism so as to predict DKA in T1D patients.

% 50 as to observe the dynamic

LMS method was commonly used in evaluating the levels of analytes with age,’
changes of analytes with independent variable. An increased prediction efficiency was observed with NACP, which

suggested that this prediction model had a significant reference value for predicting severe DKA patients. In addition,
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common TID patients who are lacking common DKA symptoms but have a great many of the abnormal clinical
parameters should also be alerted to the occurrence of DKA through this model.

Limitations
Firstly, the sample size of this study is relatively small. In addition, the external verification was absent in this study,
which would obstruct deeper validation of the model.

Conclusion

Significantly lower levels of Zn and higher levels of Fe were found in DKA patients than those of T1D patients. Low
levels of TP, Zn and high levels of lipase would be an efficient combination for DKA prediction, and the increasing
predicted efficiency of constructed model was found with NACP. The findings about trace elements and the constructed
prediction model in this study would benefit the explanation of the condition for oxidative stress and the improvement of
early warning for DKA.
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