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Abstract N\
The current study aimed to investigate circulating glucose-regulated protein 78 (GRP78) as well as CCAAT/enhancer-binding protein |
homologous protein (CHOP) concentrations in Chinese type 2 diabetes mellitus (T2DM) patients, especially those with
microalbuminuria. We recruited 67 patients with T2DM and 63 control subjects. We determined circulating GRP78 and CHOP
concentrations by ELISA, collected anthropometric data, and measured biochemical parameters in a clinical laboratory. Compared
with control groups, patients with T2DM showed decreased circulating levels of GRP78 (0.21 [0.16-0.24] vs 0.16 [0.16-0.19] ng/mL,
P<.01) and CHOP ([0.29+0.02] vs [0.27 +0.08]ng/mL, P<.01). Reduction in circulating GRP78 and CHOP levels was more
pronounced in patients with more severe categories of albuminuria. Amounts of circulating GRP78 correlated directly with serum
fasting c-peptide, cystatin-c (Cys-c), creatinine (Cr), blood urea nitrogen (BUN), and uric acid, and inversely with glomerular filtration
rates. Circulating CHOP level was positively correlated with age, Cr, BUN, Cys-c, and urinary microalbumin/creatinine (UmALB/Cr).
Circulating GRP78 was predicted independently by Cr, BUN, serum uric acid, estimated glomerular filtration rate, and Cys-c, while
CHOP depended on age, Cr, BUN, estimated glomerular filtration rate, UmALB/Cr, and Cys-c. After controlling for confounding
factors, circulating GRP78 and CHOP expression were significantly associated with diabetic kidney disease (binary logistic
regression, P<.01). Patients with T2DM showed increased circulating GRP78 and CHOP concentrations. Receiver operating
characteristic areas under the curve for predicting diabetic kidney disease based on GRP78 and CHOP were 0.686 (95% ClI: 0.558—
0.813) and 0.670 (0.524-0.816), respectively.

Abbreviations: BUN = blood urea nitrogen, CHOP = CCAAT/enhancer binding protein homologous protein, Cr = creatinine,
Cys-c = cystatin-c, DKD = diabetic kidney disease, DM = diabetes mellitus, DN = diabetic nephropathy, eGFR = estimated
glomerular filtration rate, ER = endoplasmic reticulum, GRP78 = glucose-regulated protein 78, HC = hip circumference, HOMA =
homeostasis model assessment, PERL = protein kinase R-like ER kinase, QUICKI = quantitative insulin check index, ROC = receiver
operating characteristic, ROS = reactive oxygen species, T2DM = type 2 diabetes mellitus, UmALB/Cr = urinary micro aloumin/
creatinine, UPR = unfolded protein response, WHR = waist-to-hip ratio.

Keywords: CCAAT/enhancer-binding protein homology protein (CHOP), diabetic kidney disease (DKD), endoplasmic reticulum
(ER) stress, glucose-regulated protein (GRP) 78, type 2 diabetes
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1. Introduction

Diabetic kidney disease (DKD) represents an important health
problem worldwide with millions of people affected. As a
microvascular complication of diabetes mellitus (DM), it is
responsible for a substantial proportion of end-stage kidney
disease cases. It is estimated that there are approximately 120
million people with chronic kidney disease in China.!'! DKD
accounts for 30% to 47% of cases of end-stage renal disorders
and is a major cause of death in patients with DM.!*! However,
the underlying pathophysiological mechanisms of DKD remain
incompletely understood, hampering the development of new
therapeutic approaches. Over the years, numerous basic and
clinical studies have confirmed that advanced glycation end
products, oxidative stress, inflammation, as well as activation of
protein kinases C, renin-angiotensin-aldosterone system, and
others have made valuable contributions to the pathogenesis and
development of DKD. Among these, it is believed that increased
production of reactive oxygen species (ROS) and subsequent
oxidative stress contributes significantly to DKD development.!!

Type 2 DM (T2DM) is characterized by renal hypoxia,
oxidative and endoplasmic reticulum (ER) stress, and defective
nutrient deprivation signaling.'¥! In the attempt to counteract
numerous environmental stressors and preserve normal cell
function, kidney cells in patients with DM develop delicate
signaling systems, such as a homeostatic pathway for regulating
membrane structure and secretory activity of ER (unfolded
protein response [UPR]). It was reported that the activation of
UPR in DM kidneys contributed to ER functional restoration and
preserved cell viability.”®! Growing evidence now suggests that
ER stress plays a critical role in the pathophysiological
mechanisms of DKD. Studies have shown that changes in ER
regulation of protein folding pathways cause ROS imbalance and
increase their production, indirectly interfering with ER and
redox balance.!®!

The main ER function in normal conditions is related to the
folding, modification, and degradation of secretory binding
proteins of the plasma membrane.”*®! We know that disrupted
homeostasis in DM due to various factors, such as ROS, high
serum glucose, free fatty acids, etc lead to ER stress, as reflected in
ER accumulation of unfolded proteins.!”) Previous studies
showed that ER stress plays a key role in diabetes.'°* Still
other studies have identified disease-causing mutations in
epithelial-restricted genes, indicating the significance of severe
or prolonged ER stress in degenerative diseases and fibrosis in
multiple organs, including the fibrosis-promoting role of UPR
signaling in different cell types.!"*! Stressors encountered upon
kidney injury may trigger ER stress. In the kidney, despite its
involvement in both acute and chronic histological damage, ER
stress may have nephroprotective effects and promote cellular
adaptation."'®! Nevertheless, pathological ER stress activation
may lead to inflammatory response, cell apoptosis, and alteration
in protective processes, such as autophagy and mammalian target
of rapamycin complex activation.”®! However, the way ER stress
participates in the promotion and development of DKD is still not
fully understood.

Glucose-regulated protein 78 (GRP78) belongs to the family of
heat-shock proteins (HSP70 family). It is also known as the
immunoglobulin heavy chain binding protein . It is an ER lumen
protein whose expression is induced during ER stress and plays a
novel protective role in preventing ER stress-induced cell
death."”" As an ER chaperone, GRP78 modulates the UPR
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signaling network. In conditions of ER stress, it dissociates from
protein kinase R-like ER kinase (PERK) and binds to unfolded or
misfolded proteins.[®!

CCAAT/enhancer-binding  protein  homologous protein
(CHOP) is another essential player in ER stress-induced
apoptotic cell death.'®’ CHOP contains a C-terminal alkaline
zinc finger (bZIP) domain and an N-terminal transcriptional
activation threshold. The expression of CHOP can significantly
affect cell survival. CHOP is also known as growth arrest and
DNA damage-inducible gene 153.2°! Each of the 3 ER stress
pathways can induce CCAAT/enhancer-binding protein source
protein CHOP — is a translocation factor unique to ER stress.[”!
CHOP mainly exists in the cytoplasm, and its expression level is
very low. When ER stress is induced, the expression of CHOP
increases substantially and is activated and translocated into the
nucleus.!*!! Overexpression of CHOP promotes cell cycle
stagnation or apoptosis,?*! but CHOP can also protect cells
from apoptosis.[*3!

The cell fate in ER stress depends on the balance between the
UPR adaptive and apoptotic pathways.”**! The involvement of
circulating GRP78 and/or CHOP in the development of DKD
through ER stress pathway has not yet been elucidated. Although
some observations have been made in animal studies, few have
yet explored ER stress in humans with DKD. Therefore, here we
investigated the relationships of serum concentrations of GRP78
and CHOP in patients with T2DM from China, particularly in
patients with different severity categories of microalbuminuria, to
test the hypothesis that ER stress potently affects the pathophysi-
ological mechanisms of DKD.

2. Methods

2.1. Subjects

We enrolled 67 patients with T2DM, hospitalized at Lianyun-
gang No. 1 People’s Hospital and 63 healthy patients from a
medical examination center that were included as controls. All
patients received treatment at the Department of Endocrinology
and Metabolism at our hospital from July 2019 to December
2019. T2DM was diagnosed as per American Diabetes
Association diagnostic criteria from 2014%°!; fasting glucose
of 7.0mmol/L or higher, glycosylated hemoglobin of 6.5% or
higher, or oral glucose tolerance test showing plasma glucose of
11.1mmol/L or higher at 2hours after the glucose load.
According to the different clinical stages of kidney disease,
DKD meets the diagnostic criteria of the 2017 Chinese Diabetes
Guidelines and diagnoses are made according to the Kidney
Disease Outcomes Quality Initiative formulated by the National
Kidney Foundation of the United States in 2007. Based on
UmALB/Cr levels, 2 groups were defined, including Group A
([UmALB/Cr] < 300 mg/g) and Group B ([UmALB/Cr]>300 mg/
g). Standard oral glucose tolerance test was also conducted in the
control group to confirm normal glucose tolerance. Histories of
disease, smoking, and alcohol consumption were collected via a
detailed questionnaire. The following were considered as
exclusion: type 1 DM, secondary diabetes, pregnancy, thyroid
diseases, endogenous or exogenous corticosteroid excess, acute
or chronic viral hepatitis, malignant tumor, failure of major
organs (such as heart, liver, and kidneys), infection or
inflammation. The study was performed in accordance with
the Helsinki Declaration, and the Ethics Committee of our
hospital approved the study. Each subject provided written
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informed consent after understanding the study details. We
followed the methods of Xing-bo Cheng et al 2017.1¢!

2.2. Anthropometric data collection

Based on hospital case files, the data on body height, body weight,
waist circumference, and hip circumference were obtained. We
calculated waist-to-hip ratio by dividing waist circumference by
hip circumference. After resting in a sitting position for 10
minutes, before blood pressure was measured using Omron
electronic sphygmomanometer. The average of 3 measurements
of blood pressure was calculated.

2.3. Biochemical measurements

Patients had fasted overnight not less than 12hours before
venous blood samples were taken. Blood samples were taken at
07:00 to 08:00 in the morning, and centrifuged. Blood was tested
for the following fasting parameters: fasting glucose, fasting
c-peptide, fasting insulin, glycosylated hemoglobin, serum uric
acid, CA19-9, carcinoembryonic antigen, alpha-fetoprotein,
neuron-specific enolase, total homocysteine, and p-dimer. Serum
lipidogram included total cholesterol and cholesterol fractions
(high-density and low-density lipoprotein cholesterol) and level
of triglycerides. For measuring insulin concentration, we used an
automated immunoassay analyzer (Beckman Coulter AU5800).

2.4. Indices of insulin secretion and insulin sensitivity/
resistance

Insulin resistance status was assessed based on the homeostasis
model assessment of insulin resistance index, which was
calculated as a product of fasting glucose (mmol/L) and fasting
insulin (mIU/L) divided by 22.5.*”! The following formula was
used to calculate insulin secretion index (HOMA-B)2728:
HOMA-B=fasting insulin (mIU/L) x 20/[fasting  glucose
(mmol/L) —3.5]. Insulin sensitivity index — quantitative insulin
check index (QUICKI) was determined as follows 1*8): QUICKI =
1/[logyo fasting glucose (mg/dL)+log;q fasting insulin (mIU/L)].

2.5. Different severity category of renal function

UmALB/Cr, blood urea nitrogen (BUN), creatinine (Cr), and Cys-
¢ were determined using a Beckman Coulter AU5800 analyzer
(Beckman Coulter, Inc., USA). Estimated glomerular filtration
rate (eGFR) was used to evaluate the status of renal function
using the Chronic Kidney Disease Epidemiology Collaboration
formula.'*”!

2.6. Measurements of serum GRP78 and CHOP

After centrifuging of blood samples, serum samples were
preserved at —80°C for further analyses. Commercial ELISA
kits (Cloud-Clone Corp., Wuhan, China) were used to determine
serum concentrations of GRP78 and CHOP proteins, strictly
complying with the instruction manual. The detection ranges of
the GRP78 and CHOP assays were 0.312 to 20 ng/mL and 0.156
to 10 ng/mL, respectively, while minimum detectable doses were
typically lower than 0.129 ng/mL (GRP78) and lower than 0.065
ng/mL (CHOP). The interassay and intra-assay coefficients of
variation were <12% and 10% for both proteins.
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2.7. Statistical analysis

Statistical analyses were conducted by means of SPSS v22.0 (SPSS
Inc., Chicago, IL, USA) and Graphpad Prism 8 (GraphPad
Software Inc., San Diego, CA, USA). To test data distribution,
Kolmogorov-Smirnov test was used. Mean with standard
deviation (SD) was used for presenting normally distributed
data, while median with interquartile range (IQR, 25th-75th)
was used for non-normally distributed data (skewed distribu-
tion). Comparisons among categorical variables were conducted
using the Chi-square test. Differences in continuous variables
between 2 groups were done using Kruskal-Wallis H test or one-
way analysis of variance. For multiple comparisons among
groups, Bonferroni correction was used after one-way analysis of
variance or Kruskal-Wallis H test. To analyze correlations
between GRP78, CHOP, and other variables, we used bivariate
correlations. For identification of factors independently associat-
ed with GRP78 and CHOP and control for covariates, we
performed multiple stepwise regression. Data not fitting to
normal distribution underwent log-transformation (log-GRP78,
CHOP) before correlation and regression analyses. A receiver
operating characteristic curve analysis was applied to determine
the area under curve and cutoff value for the potential of serum
GRP78 and CHOP levels as biomarkers for DKD. A two-tailed P
value below .05 was considered significant. In addition, the
power analysis showed that the effect size for GRP78 concen-
trations was 0.686 (95% CI 0.558-0.813) and for CHOP
concentrations was 0.670 (95% CI 0.524-0.816).

3. Results

3.1. Characteristics of study participants

Table 1 shows the clinical parameters of the 67 T2DM and 63
health control patients. The groups did not differ in age, sex, and
BMI. Circulating GRP78 and CHOP concentrations were
significantly lower (P <.01) in T2DM than in the control group.

3.2. Circulating GRP78 and CHOP concentrations

As shown in Figure 1A, according to the UmALB/Cr, the
circulating  GRP78 level was significantly higher in DKD
(P=.008). As shown in Figure 1B, circulating CHOP concen-
trations also showed significant differences (P=.011). The
biochemical and clinical parameters and of patients with DKD
are shown in Table 2.

3.3. Correlations and regression analysis between
circulating GRP78 and CHOP concentrations and clinical
parameters

Circulating GRP78 level was negatively correlated with eGFR
and positively correlated with fasting c-peptide, Cr, BUN, Cys-c,
and serum uric acid. Circulating CHOP level was positively
correlated with age, Cr, BUN, Cys-c, UnALB/Cr, and eGFR.
Circulating GRP78 was predicted independently by Cr, BUN,
serum uric acid, eGFR, and Cys-c, while CHOP depended on age,
Cr, BUN, eGFR, UnALB/Cr, and Cys-c. (Tables 3-6).

3.4. Serum GRP78 and CHOP concentrations and DKD

As shown in Figure 2, the area under the curve of GRP78 for
DKD prediction was 0.686 (95% CI 0.558-0.813), and that of
CHOP was 0.670 (95% CI 0.524-0.816).
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General clinical and laboratory parameters of study participants.

Variable Normal control group  T2DM group P value
N 63 67

Sex (M/F) 34/29 37/30 .886
Age (yrs)” 54.76+18.77 59.34+12.94 110
BMI (kg/mz)*l 26.27+3.85 24.54+4.32 .018
SBP (mmHg)” 127.83+21.294 147.45+23.92  <.001
DBP (mmHg)* 72.05+14.463 83.97+12.691  <.001
Fasting glucose (mmoI/L)* 527+0.45 10.57 +£5.30 <.001
HbA1c (%)* 5.48+0.50 9.09+2.24 <.001

Creatinine (umol/L)*
Blood urea nitrogen (mmol/L)"

66.00 (53.00~73.00) 60.60 (50.20-85.60) .939
5.00 (4.00-7.00)  6.34 (4.96-8.79)  .002

TC (mmol/l)” 4.25+0.88 4.93+1.68 .004
TG (mmol/)* 1.00 (1.00-1.00)  1.63 (1.17-2.94) <.001
LDL-C (mmol/L)* 2.00 (2.00-3.00)  2.87 (2.07-3.15)  .041
HDL-C (mmol/L)" 1.37+0.49 1104034  <.001
Serum uric acid (umoI/L)* 294.11+69.12 349.09+138.05  .005
CA19-9 (U/mL)” 8.86+5.96 21.82+13.16  <.001
AFP (ng/mL)” 1.63+0.79 3254173  <.001
CEA (ng/mL) 1.00 (1.00-2.00)  2.89 (2.14-4.61) <.001
GRP78" 021 (0.16-0.24)  0.16 (0.16-0.19)  <.001
CHOP” 0.29+0.02 0.27+0.03 <.001

The enumeration data were compared with x test.

BMI=body mass index, CHOP=CCAAT/enhancer-binding protein homologous protein, DBP =
diastolic blood pressure, DKD=diabetic kidney disease, GRP78=glucose-regulated protein 78,
SBP = systolic blood pressure, T2DM =type 2 diabetes mellitus, WC = waist circumference, WHR=
waist=hip ratio.

“Data normally distributed are shown as mean + SD. Independent sample T test was performed.

" Data with skewed distributions are shown as median (IQR, 25th—75th). Mann-Whitney U test was
performed.

4. Discussion

ER stress is a central link in the development of a variety of
systemic chronic metabolic diseases, including T2DM. It is also
coupled with inflammatory response, oxidative stress, autoph-
agy, apoptosis, and other signaling pathways.[*"! In this study, we
found higher serum concentrations of GRP78 and CHOP in the
T2DM group than in the control subjects (P <.05). ER stress is
evoked in various kidney diseases, including diabetic nephropa-
thy (DN), renal fibrosis, inflammation or osmolar contrast-
induced renal injury, ischemia-reperfusion, genetic mutations of
renal proteins, and proteinuria and cyclosporine A treatment.
The ER stress response provides protection against some kidney
diseases, although the PERK-ATF4-CHOP pathway is pro-
apoptotic in some kidney diseases.*!! ER stress upregulates
GRP78 expression, activates the CHOP and caspase-12 path-
ways, and causes apoptosis of mouse podocytes, which may be
related to the development of DKD.!??!

In this study, the classic proteins of ER stress, GRP78 and
CHOP, were measured and compared with cys-c, urinary
microalbumin, eGFR, and other indicators for the prediction
of DKD. We found GRP78 and CHOP concentrations were
significantly increased during DKD (P=.008 and.011, respec-
tively). There is already evidence for the involvement of ER stress-
mediated apoptosis in the development of diabetic complications
in kidneys. For instance, a study on hippocampal neurons of
diabetic mice induced by streptozocin showed a reduced
expression of GRP78 along with a higher expression of the
UPR-associated, pro-apoptotic regulator CHOP.[*3! Wu et al

p=0.008
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Figure 1. (A) Median (IQR) plasma GRP78 levels in Chinese type 2 diabetic
patients and (B) mean +SD plasma CHOP levels in Chinese type 2 diabetic
patients. A Group A (UmALB/Cr < 300mg/g). B Group B (UmALB/Cr>300mg/
g). CHOP =CCAAT/enhancer-binding protein homologous protein, GRP78=
glucose-regulated protein 78.

have shown that GRP78 levels in renal tissue are higher than
CHOP, JUK (c-JUN NH2-terminal kinase), and the caspase-12
pathway. The parallel relationship between the expression and
transcription of cell death signals suggests that excessive ER stress
promotes progressive damage of DKD by increasing apopto-
sis.l"”! The expression of nuclear transcription factors rBp63,
CHOP, and GRP78 were increased in DN rats with myocardial
infarction compared with control rats with myocardial infarc-
tion. In addition, the degree of podocyte damage caused by high
glucose-mediated ER stress was more severe, which deformed the
structure and function of the glomerulus.**! Other studies
suggest that the development of diabetic DN is partly caused by
ER dysfunction.”®*! Cao et al induced a DN model by unilateral
nephrectomy combined with a one-time, intraperitoneal strepto-
zocin (65mg/kg) injection in rats. Furthermore, a study
demonstrated the presence of GRP78 by histochemical staining
in diabetic rats and found the expression levels of renal
glomerular and tubular epithelial cells were upregulated.'®!
Lindenmeyer et al confirmed that, compared with mild diabetes,
mRNA expression of GRP78, oxyregulatory protein 150, and
transcription molecule X-box binding protein-1 increased in the
kidneys of diabetic patients, indicating that ER stress response
was activated in human DN.” These studies suggest that ER
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Bivariate correlation between CHOP levels and other variables.

Variable Group A Group B P value
N 42 25

Sex (M/Q 23/14 19/11 921
Age (yrs) 56.93+11.39 63.4+14.53 .064
BMI (kg/rpz) 24.75+4.96 24.20+3.06 620
WC (cm) 93.15+10.84 91.25+6.81 AT7
WHR B} 0.95+0.07 0.95+0.04 .009
SBP (mmHg) 143.83+21.38 153.52+27.05 109
DBP (mmHg) . 83.71+£12.26 84.40+13.63 833
Duration of DM (month) | 113.63+83.33 190.56 +115.43 .003
Fasting glucose (mmol/l) 10.66 +3.89 10.43+7.16 882
Fasting insulin (mlU/l)* 8.41 (5.12-13.12) 5.00 (3.86-15.63) 422
Fasting c-peptide (pmol/)* 553.45 (366.75-812.38) 766.30 (547.79-1182.00)  .086
HbA1c (%) ) 9.54+217 8.33+2.19 032
Creatinine (umol/L)" 52.45 (47.83-60.30) 140.10 (75.80-164.00)  <.001
Blood urea nitrogen (mmol/)* 5.35 (4.68-6.40) 9.80 (7.07-12.92) <.001
TC (mmol/l) 5.02+1.84 4.79+1.40 591
TG (mmol/)* 1.60 (1.08-3.02) 1.76 (1.18-2.29) 1.000
LDL-C (mmol/l)'i 2.86 (2.27-3.14) 2.89 (2.00-3.15) 932
HDL-C (mmol/}) 111+£0.32 1.07+0.37 672
THey (umol/L) . 7.20+£4.65 13.27+7.77 <.001
Serum uric acid (umol/L) 304.46 +81.56 420.51+177.12 .001
AFP (ng/mL) 3.47+1.63 2.90+1.87 202
CEA (ng/mL)" ) 3.46+2.3 3.99+1.96 343
CA199 (U/ml) 2178123 23.79+13.7 553
NSE (ng/mL) 12.66 +2.69 13.00+5.40 760
-Dimer (ng/mL)* 62.00 (32.00-87.50) 175.00 (93.50-292.25)  <.001
eGFR 107.76 +11.54 7513+14.54 <.001
HOMA-IR" 3.50 (2.00-6.00) 3.00 (2.00-8.00) 487
HOMA-B 12.50 (7.00-24.00) 14.00 (6.25-33.50) 650
OUICKI*_ 0.52 (0.47-0.59) 0.56 (0.44-0.64) 394
GRP7§T 0.16 (0.15-0.17) 0.17 (0.16-0.19) 011
CHOP 0.28+0.02 0.25+0.036 .008

Group A (T2DM group, UmALB/Cr < 300 mg/g).

Group B (T2DM group, UmALB/Cr > 300 mg/g).

BMI=body mass index, CHOP=CCAAT/enhancer-binding protein homologous protein, DBP =
diastolic blood pressure, DKD =diabetic kidney disease, DM = diabetes mellitus, eGFR =estimated
glomerular filtration rate, GRP78 = glucose-regulated protein 78, HOMA-IR="homeostasis model
assessment of insulin resistance index, QUICKI= Quantitative Insulin Check Index, SBP = systolic
blood pressure, T2DM = type 2 diabetes mellitus, WC = waist circumference, WHR = waist-hip ratio.
The enumeration data were compared with x test.

" Data normally distributed are shown as mean+SD. Independent sample T test was performed.
" Data with skewed distribution are shown as median (IQR, 25th—75th). Mann-Whitney U test was
performed.

stress is a central link in the development of a variety of systemic
chronic metabolic diseases including T2DM, and that it is also
concurrent with inflammatory responses, oxidative stress,
autophagy, apoptosis, and other signaling pathways.**! Hyper-
glycemia, proteinuria, advanced glycation end products, and free
fatty acids have all been reported as inducers of ER stress and
UPR in diabetic kidneys."**! CHOP has cell-specific effects on the
kidney.!*’! Increased ER stress, renal CHOP expression, and

Bivariate correlation between GRP78 levels and other variables.

GRP78 R P

Fasting c-peptide 0.258" .045
Creatinine 0.401™" 001
Blood urea nitrogen 0.244" 047
Cys-¢ 0.426"" <.001
Serum uric acid 0.360"" .003
eGFR -0.319"" .009
CHOP —0.256" 037

Pearson correlation analysis was used.

CHOP = CCAAT/enhancer-binding protein homologous protein, Cys-c = cystatin-c, €GFR = estimated
glomerular filtration rate, GRP78 =glucose-regulated protein 78.

" P value <.05 was considered significant.

** Significant differences (P<.01).

CHOP R P
Age (yr9) ~0.309" 011
Creatinine —0.282" 021
Blood urea nitrogen —0.383" .001
Cys-¢ —0.462"" <.001
UmALB/Cr —0319" 008
eGFR 04517 <.001
GRP78 —0.256" 037

Pearson correlation analysis was used.

CHOP = CCAAT/enhancer-binding protein homologous protein, Cys-c = cystatin-c, éGFR = estimated
glomerular filtration rate, GRP78 = glucose-regulated protein 78, UmALB/Cr = urinary micro albumin/
creatinine.

f‘PvaIue <.05 was considered significant.

- Significant differences (P<.01).

albuminuria were reported in aged diabetic mice, and albumin-
uria was attenuated in diabetic CHOP-knockout mice compared
to wild-type mice.*”! In the HG model, the expression of some
key ER stress-associated genes, such as CHOP, X-box binding
protein-1, and cleaved caspase 3, were significantly increased.!"!
However, a study on myocardial infarction and ER stress in rats
found the increased expression of nuclear transcription factor
rBp65, CHOP, and GRP78.3* Chop is decreased, the same as
Wu et al.*" Kang et al found that chrysin alleviated podocyte
injury by downregulating the expression of the major ER stress
and PERK-eukaryotic translation initiation factor 2a (elF2a)-
ATF4-CHOP pathways.[*?! Elevated expressions of RTN1a and
ERS markers, such as GRP78, p-PERK, and CHOP, were
observed in the nephropathic mice.[*’!

There were 3 crucial findings in the current study. First, we
reported for the first time about the circulating GRP78 and
CHOP with clinical parameters in all participants and observed a
negative correlation between GRP78 and CHOP concentrations.
After controlling for confounding factors, circulating GRP78 and
CHOP expression were found significantly associated with DKD
(binary logistic regression, P<.01). Furthermore, circulating
GRP78 and CHOP levels were significantly increased in patients
with T2DM who have UmALB/Cr>300 (P=.011 and .008,
respectively, P <.05). Second, the bivariate correlation between
circulating GRP78 and CHOP levels and other variables
demonstrated that circulating GRP78 positively correlated with
fasting c-peptide, Cys-c, Cr, BUN, and uric acid (r=0.258, 0.401,
0.244, 0.426, and 0.360, respectively; P=.045, .001, .047,

Multiple stepwise regression analysis of independent factors
associated with GRP78 levels in patients with T2DM.

Independent B (unstandardized Std. P value
factors coefficient) error t

Fasting c-peptide <0.001 <0.001 2.053 .045
Creatinine <0.001 <0.001 3.532 .001

Blood urea nitrogen 0.002 0.001 2.024 .047
Cys-c 0.018 0.005 3.792 <.001

Serum uric acid <0.001 <0.001 3.063 .003
eGFR <0.001 <0.001 —2.709 .009
CHOP —0.243 0.114 —2.132 .037

CHOP = CCAAT/enhancer-binding protein homologous protein, Cys-c = cystatin-c, éGFR = estimated
glomerular filtration rate, GRP78 =glucose-regulated protein 78, T2DM=type 2 diabetes mellitus.


http://www.md-journal.com

Ma et al. Medicine (2021) 100:33

Medicine

Multiple stepwise regression analysis of independent factors
associated with CHOP levels in patients with T2DM.

B (unstandardized Std.
coefficient) error t

—0.001 <0.001 <0.001 011
<0.001 <0.001 —2.372 .021
—0.003 0.001 —3.341 .001
UmALB/Cr <—0.001 <0.001 —2.7117 .008
Cys-c —0.020 0.005 —4.198 <.001
AFP 0.004 0.002 1.957 .055
eGFR 0.001 <0.001 4.075 <.001
GRP78 —0.268 0.126 —2.132 .037

Independent
factors

Age (yrs)
Creatinine
Blood urea nitrogen

P value

CHOP = CCAAT/enhancer-binding protein homologous protein, Cys-c = cystatin-c, éGFR = estimated
glomerular filtration rate, GRP78 =glucose-regulated protein 78, T2DM=type 2 diabetes mellitus,
UmALB/Cr=urinary micro albumin/creatinine.

<.001, and .003, respectively) and negatively correlated with
eGFR and CHOP (r=-0.319 and —0.256, respectively; P=.009
and .037, respectively). Circulating CHOP levels were positively
correlated with eGFR (r=0.451, P=<.001) and negatively
correlated with age, Cr, BUN, cys-c, and UmALB/Cr (r=-0.309,
—0.282, —0.383, —0.462, and —0.256, respectively; P=.011,
.021, .001, <.001, and .008, respectively). Finally, the receiver
operating characteristic curve generated indicates that circulating
GRP78 and CHOP levels could be a novel biomarker for
distinguishing DKD, that of GRP78 was 0.686 (95% CI 0.558-
0.813), and that of CHOP was 0.670 (95% CI 0.524-0.816).

Hitherto, the mechanisms behind lower levels in DKD have not
been clarified. Notably, GRP78 and CHOP are closely related to
DKD as animal studies have shown; herein, we demonstrated that
GRP78 and CHOP in human serum correlated with DKD.
Circulating GRP78 was predicted independently by Cr, BUN,
serum uric acid, eGFR, and Cys-c, while CHOP depended on age,
Cr, BUN, eGFR, UnmALB/Cr, and Cys-c. Together with previous
studies, the results reported herein suggest that GRP78 and
CHOP levels may have the potential to be used as biomarkers of
the DKD risk.

Nevertheless, this study has a few limitations. First, the study is
based on a cross-sectional design and the cohort was relatively
small, as an observational study, The observational design of our
study prevents any definite conclusions on the origin of
circulating GRP78 and CHOP levels and on the pathogenic
relationship between their serum levels with prevalent or incident
diabetes. The association of T2DM and DKD with circulating
GRP78 and CHOP levels may reflect causality, reverse causality,
or an indirect bystander relationship. A cause-and-effect
relationship could not be confirmed between circulating
GRP78 and CHOP and the physiopathologic mechanisms of
DKD. The cross-sectional design of the study prevents the
evaluation of the potential influence of increased GRP78 and
CHOP levels on the development of T2DM. Further studies are
warranted to further clarify this. Furthermore, the strength of our
conclusions and extrapolation of findings to the general
population is limited by relatively small sample size and a
single-center study design. This limitation calls for further
validation in a larger, population-based prospective cohort study.
Finally, the study encompassed single measurements of fasting
serum GRP78 and CHOP levels. That approach was based on
limited funds and does not reflect any time-dependent fluctua-
tions in GRP78 and CHOP levels, which is of particular interest
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Figure 2. (A) Crude AUC of the ROC curve of plasma GRP78 levels and (B)
plasma CHOP levels in Chinese type 2 diabetic patients for predicting the
presence of DKD. CHOP =CCAAT/enhancer-binding protein homologous
protein, DKD =diabetic kidney disease, GRP78=glucose-regulated protein
78, ROC =receiver operating characteristic.

after macronutrient consumption. Therefore, both in vitro and in
vivo studies are necessary to elucidate the underlying mecha-
nisms. Because of the study design and limited funds, we were
only able to determine the circulating GRP78 and CHOP
concentrations in DKD. Other data for the prediction of ER stress
were not available. With consideration of the role of GRP78 and
CHOP, future studies should dissect the role of ER stress/UPR in
microvascular dysfunction associated with diabetes. Interactions
among ER stress and other biochemical mechanisms implicated
in the pathogenesis of DKD also need to be explored. Our work
provides a rationale for the evaluation of variables of ER stress in
easily accessible biological materials (circulating) as potential
biomarkers of DKD with diagnostic and prognostic value.
Therefore, further studies are required.
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5. Conclusions

In this study, we demonstrated the importance of ER stress, as
well as the association between GRP78 and CHOP, with DKD,
which may lead to new therapeutic directions for renal
complications of diabetes. With consideration of the roles of
GRP78 and CHOP and the involvement of ER stress in other
diabetic microvascular complications, further analysis is needed
to clarify the exact roles of ER stress/UPR in DM-related
complications, as well as evaluate the interactions of ER stress
and biochemical parameters and their relationship with DKD.
Our data highlight the possibility of using serum indicators of ER
stress as biomarkers of DKD. Therefore, with further studies to
elucidate the underlying mechanisms behind these effects, the
treatment of DKD may be improved through the improved
regulation of ER stress.
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