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ABSTRACT

Introduction Observational studies support the
relationship between C-reactive protein (CRP) level and
diabetic nephropathy (DN) in patients with diabetes. The
research question regarding whether the relationship
between serum high-sensitivity C-reactive protein (hsCRP)
level and DN is causal lacks experimental evidence.
Therefore, this study aimed to evaluate the causality
between hsCRP and DN based on Mendelian randomization
(MR) analysis.

Research design and methods A total of 2332
participants with type 2 diabetes from the Taiwan Biobank
database was analyzed. Genetic risk scores (GRSs), which
comprise four validated CRP loci as two instrumental
variables, were calculated as unweighted and weighted
scores to evaluate the causal relationship of hsCRP with
DN risk. The two-stage regression model was used to
estimate OR and 95% Cl.

Results The analyses of the observational study showed
that the hsCRP level was significantly associated with

DN after multivariate adjustment (adjusted OR 1.15;

95% Cl 1.01 to 1.32). Unweighted/weighted GRSs for
log-transformed hsCRP satisfied MR assumptions 1

and 3, respectively; that is, a significant association

with hsCRP was observed but that with DN was absent
(adjusted OR 1.00, 95% Cl 0.92 to 1.09; 1.00, 0.72 to 1.39,
respectively). The MR analyses demonstrated that a 1-
unit increase in the log-transformed genetically predicted
hsCRP by unweighted and weighted GRSs was associated
with DN, demonstrating ORs of 1.80 (95% Cl 1.51 to 2.14)
and 1.67 (95% CI 1.40 to 1.98), respectively.
Conclusions The current study provided experimental
evidence that hsCRP level was causally related to DN.
These findings suggest that the elevated hsCRP may be a
causal risk factor for DN in patients with type 2 diabetes.
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INTRODUCTION

Chronic kidney disease (CKD), associated
with an elevated cardiovascular risk mani-
festing as arrhythmias, heart failure, coronary
artery disease, and sudden cardiac death, is
a global public health issue.! CKD has been
recently identified as the most common risk
factor for severe COVID-19; it is associated
with increased mortality in critically ill patients

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Observational studies support the relationship be-
tween C-reactive protein (CRP) level and diabetic
nephropathy (DN) in patients with diabetes.

= However, randomized trials of interventions specific
to CRP have not yet been performed to demonstrate
the experimental evidence of association between
high-sensitivity C-reactive protein (hsCRP) and DN
risk.

WHAT THIS STUDY ADDS

= This is the first evidence of a causal link between
hsCRP and DN using Mendelian randomization (MR)
approach.

= A 1-unitincrease in log-transformed hsCRP was as-
sociated with a 15% increase in DN risk.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Qur findings support a causal role of CRP in the in-
flammatory process on development of DN.

= Higher CRP levels could help identify patients with
type 2 diabetes mellitus at high risk of DN and make
useful clinical decisions for heath professional of di-
abetes care.

with COVID-19.2? As lifestyle behaviors west-
ernized, the prevalence of type 2 diabetes has
rapidly increased in Taiwan. According to the
Nutrition and Health Survey in Taiwan, the
prevalence of type 2 diabetes demonstrated
the following trends: increased from 5.8% in
female and 3.0% in male in the population
during 1993-1996, 6.6% in female and 10.4%
in male during 2005-2008, 10.5% in female
and 16.2% in male during 2013-2014, to
10.4% in female and 14.5% in male during
2018-2015.* ° An epidemiological study
revealed that type 2 diabetes is one of the
key predictors of CKD in Taiwan.® Diabetic
nephropathy (DN) is the leading cause of
CKD disability-adjusted life years, accounting
for nearly 33% of the total.” Identifying
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potential risk factors for preventing CKD development in
patients with type 2 diabetes is important.

CKD is an important and independent risk factor for
cardiovascular disease (CVD) in the general population®
and has been considered a coronary risk factor. Thus,
CKD should be treated as a factor of aggressive risk factor
reduction for other CVD risks,” which may be mediated
by the development of atherosclerosis, or may result as
a consequence of shared risk factors with CKD such as
hypertension and diabetes mellitus. The underlying
pathophysiological process of microvascular and macro-
vascular disease is a chronic inflammatory condition.
Inflammation plays an important role in the initiation,
progression, and clinical outcome of atherosclerosis.'’
It has been reported that persistent inflammation has
been involved in the pathogenesis of DN, but causality
has not been established for any specific inflammatory
mediator.'' C-reactive protein (CRP) is a protein at acute
phase produced by the liver and is rapidly synthesized
and released in response to inflammation and tissue
damage.'* Although CRP has been reported to be associ-
ated with many diseases such as thyroiditis,"” hepatitis,'* '°
and COVID-19 disease,16 it has been considered to be a
cause underlying the etiology and manifestation of type
2 diabetes,'”” '® and high-sensitivity C-reactive protein
(hsCRP) also has been treated as a powerful predictor
of CVD." Hyperglycemia is the major driving force of
the progression to end stage renal disease (ESRD) from
DN.* Thus, CRP is the potential systemic mediator of
inflammation that is associated with DN.

Previous studies have shown that CRP is independently
associated with urinary albumin-to-creatinine ratio
(ACR)*' or diabetic kidney disease determined by ACR
and estimated glomerular filtration rate (eGFR)* in
patients with type 2 diabetes. A meta-analysis of obser-
vational epidemiological case-control studies has also
revealed that a higher level of CRP concentration was
observed in patients with DN compared with patients
without DN.* A cross-sectional study in patients with type
2 diabetes of three groups of albuminuria status (normo-
albuminurics, microalbuminurics, and macroalbumin-
urics) found that inflammatory markers of CRP in early
type 2 DN are elevated in groups with microalbuminuria
and macroalbuminuria and are independently associated
with urinary albumin excretion.** CRP level significantly
decreased in all three diabetic groups after 6 months of
treatment.”* However, randomized trials of interventions
specific to CRP have not yet been performed considering
DN. Given the absence of such trials, genetic studies of
Mendelian randomization (MR) analysis can be used
to help determine causality by providing experimental
evidence. This approach is based on Mendel’s second
law, stating that alleles of different genes assort inde-
pendently of one another during gamete formation stage.
Therefore, MR analyses are based on Mendel’s observa-
tion that inheritance of one trait should be independent
of inheritance of other traits.”> Genetic variants, such as
SNPs, are continuously increasingly used as instrumental

variables because their alleles are assigned to individuals
before any exposure or outcome. Genetic instruments
are non-modifiable, ensuring lifelong exposure and less-
ening concerns on reverse causation.”® The alleles of a
given SNP are randomly allocated to egg/sperm cells
during gamete formation. Thus, genetic variants are
independent of potentially confounding environmental
exposures.”® This genetic instrumental variable method
has been proposed as an alternative statistical method
to examine causality relationship between exposure and
outcome while controlling for any potential confounders.
A genetic instrumental variable mimics the randomized
allocation of persons to the exposure and thus ensures
comparability in the distributions of any known and
unknown confounders between groups. The effect of the
exposure on the outcome can be accurately estimated in
the presence of such a valid instrument; therefore, the
causality of an observed association can be evaluated.”’
Previous studies have explored associations between
plasma CRP levels with coronary heart disease (CHD),*
body mass index (BMI),* atrial fibrillation,” type 2
diabetes, insulin resistance, hemoglobin Alc (HbAlc),31
metabolic syndrome,* and blood pressure measures and
hypertension® using MR approach. However, none of
these studies have explored the aforementioned associa-
tion using the MR approach.

The present study used SNPs in CRP gene identified
from previous studies of candidate gene approach or
genome-wide association studies to conduct an MR
analysis that exploit the reported association between
serum CRP and DN. The genetic variants that specif-
ically increase plasma levels of CRP* * were used as
instruments. The serum CRP is selected because it is an
important marker of chronic systemic inflammation that
is associated with many possible pathways of CKD such
as atherosclerosis, oxidative stress, and renin-angiotensin
system (RAS).

METHODS

Study subjects and data source

This cross-sectional study was conducted on a total of
2400 study subjects from the Taiwan Biobank with type
2 diabetes aged 30-70 and self-reported as being of
Taiwanese Han Chinese ancestry. Those who had a history
of cancer were excluded. In early 2005, the ‘Taiwan
Biobank’ has been implemented as a part of Taiwan’s
strategic development in promoting the country as an
island of biomedicine.™® The Taiwan Biobank project
plans to conduct a large-scale community-based cohort
and several patient cohorts of local chronic diseases
from medical centers (the hospital-based cohorts) and
then track health-related status and lifestyle behaviors of
these participants for at least 10 years. The 2400 partici-
pants with type 2 diabetes were randomly selected from
participants with type 2 diabetes in the Taiwan Biobank.
Meanwhile, 78 individuals were excluded due to extreme
heterozygosity rate (n=33), closely related individuals
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2,400 individuals with type 2 diabetes were randomly selected from enrollee
with type 2 diabetes in the baseline of genome-wide TWB1.0 and TWB 2.0 in
Taiwan Biobank (2008-2020)

2,400 subjects with CRP- associated SNPs

Quality control:
N=50 being excluded

(1) Individuals with missing

genotype rate >5% (n =0)

2,350 subjects were eligible

(2) Individuals with extreme

heterozygosity rate (n =33)

N=18 being excluded:
(1) Withdrawal from study (»=2)
(2) Missing data on basic

sociodemographic factors (n =16)

(3) Duplicated or related
individual on chromosome
1-22, identity-by-decent cut
point=0.1875 (n=17)

2,332 subjects were eligible

Figure 1

(n=17), withdrew from study (n=2), or lack of basic socio-
demographic information (n=16), resulting in the inclu-
sion of 2332 individuals in MR analysis (figure 1).

Measurements

Sociodemographic factors and lifestyle behaviors
Sociodemographic characteristics and lifestyle behav-
iors, including age, sex education level, marriage status,
physical activity, smoking, alcohol drinking, physician-
diagnosed diseases, and medication history, were
collected when the participants underwent a complete
physical check-up.

Laboratory biomarkers

Total cholesterol, high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C),
triglyceride (TG), fasting plasma glucose (FPG), HbAlc,
urine albumin and creatinine, serum creatinine, and uric
acid were tested at the Department of Clinical Laboratory,
Linkou Chang Gung Memorial Hospital. hsCRP levels
were analyzed and measured by nephelometry, a latex
particle-enhanced immunoassay (TBA-200FR, Tokyo,
Japan). The interassay and intra-assay coefficients of vari-
ation (CVs) are <2.0% and <1.9%, respectively. The lower
detection limit of the assay is 0.1 mg/L. HbAlc testing
was also performed by using Trinity biotech premier
HDb9210. FPG, total cholesterol, TG, HDL-C, LDL-C,
albumin, creatinine, and microalbumin were analyzed by
Hitachi LST 008. Uric acid testing was also performed
by using Abbott Architect i2000. An eGFR was calculated
from serum creatinine using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation,”
where eGFR (mL/min/1.73 m2):141xmin(Scr/K,l)°‘x-

Research flowchart for study subject selection in the present study. CRP, C-reactive protein.

max (Scr/k,1) %%%0.993%°x1.018 (if female)x1.159 (if
black), where Scr is serum creatinine, K is 0.7 for females
and 0.9 for males, o is —0.329 for females and —0.411 for
males, min indicates the minimum of Scr/x or 1, and max
indicates the maximum of Scr/x or 1. DN was assessed
clinically by measuring eGFR and albuminuria measure-
ments. DN was defined as either a urine ACR >300mg/g
cr or an eGFR <60 mL/min per 1.73 m?.

SNPs genotyping

DNA samples from the Taiwan Biobank were genotyped
using the TWB array and run on the Axiom Genome-
Wide Array Plate System (Affymetrix, Santa Clara, Cali-
fornia, USA) (online supplemental table S1). Each SNP
was assessed whether it is in Hardy-Weinberg equilibrium
by using PLINK (V.1.9).*® Pairwise linkage disequilib-
rium (LD) among SNPs was quantified by correlation
coefficient r? in Haploview (V.4.2)% (figure 2). Impu-
tation of the database was conducted using IMPUTE2"
with a reference derived from the 1000 Genomes Project.

Statistical analysis

Descriptive statistics of mean and SD are reported for
continuous variables and frequency and proportions for
categorical variables. Normal test of Shapiro-Wilk test
was used to examine the normal distributions of contin-
uous variables. We found that hsCRP violated the normal
assumption. Sociodemographic factors, lifestyle behav-
iors, lab data, and disease history were evaluated between
persons with and without DN using two-sample t-test
and x” test, as well as among persons in tertile groups
of genetic risk score (GRS) using analysis of variance
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Figure 2 Linkage disequilibrium plot of five SNPs at CRP
locus.

(ANOVA) and y* test. The hsCRP level was naturally
log-transformed.

One-sample MR analyses of hsCRP on DN was
performed as described below. The success of an MR
analysis depends on the genetic instrumental variables.
Thus, three core assumptions were assessed to deter-
mine whether these SNPs can be used as genetic instru-
mental variables to estimate the causal effect of hsCRP
on DN unbiasedly.*' Assumption 1: genetic instrumental
variables must be reproducibly and strongly associated
with the exposure; assumption 2: genetic instrumental
variables must not be associated with the confounders;
assumption 3: genetic instrumental variables are not
associated with outcome directly, only are associated with
outcome through the exposure.

First, the cross-sectional relationship observed in
epidemiologic study was analyzed between plasma hsCRP
and DN using unconditional logistic regression anal-
ysis to estimate the association between hsCRP and DN.
Multivariate analyses include adjustment for sociodemo-
graphic characteristics, lifestyle behaviors, and disease
history. Second, the relationships of CRP SNPs in geno-
type models with plasma hsCRP level for SNP-based MR
assumption 1 were analyzed using the ANOVA, with
hsCRP undergoing log-transformation to verify whether
the selected SNPs can be used as instrumental variables
for MR analysis. The association between selected SNPs
and CRP concentrations were quantified using linear
regression models to further adjust for the confounding
effects of covariates. Geometric mean CRP concentra-
tion and 95% CI by genotype model and the estimated
difference in log-transformed hsCRP levels for those in
minor-minor and minor-major subgroups compared
with those in major-major subgroup were presented. An
unweighted GRS was created by counting the number
of minor alleles of the CRP SNPs that were individually

3

Table 1 Characteristics of study subjects according to the
status of diabetic nephropathy (n=2332)
Diabetic nephropathy
Characteristic No (n=2076) Yes (n=256) P value
Age (years) 58.43+7.69 59.89+7.41 0.004
Sex <0.001
Men 867 (41.76) 157 (61.33)
Women 1209 (58.24) 99 (38.67)
Education level 0.26
<6 305 (14.69) 47 (18.36)
TA12 934 (44.99) 106 (41.41)
>13 837 (40.32) 103 (40.23)
Marriage status
Married 1596 (76.88) 193 (75.39) 0.65
Behaviors
Physical activity 1064 (51.25) 120 (46.88) 0.21
Smoking 672 (32.37) 118 (46.09) <0.001
Alcohol drinking 127 (6.12) 22 (8.59) 0.16
Biochemical markers
FPG (mg/dL) 133.58+43.2 152.68+61.41 <0.001
HbA1c (%) 7.47+1.44 8.05+1.74 <0.001
Albumin (g/dL) 4.54+0.22 4.39+0.33 <0.001
Creatinine (mg/dL) 0.71+0.19 1.45+£1.3 <0.001
Uric acid (mg/dL) 5.58+1.37 6.56+1.64 <0.001
ACR (mg/g cr) 29.18+44.64 910.24+1334.72 <0.001
Triglyceride (mg/dL) 144.71+101.83 213.95:218.33 <0.001
Total cholesterol (mg/dL)  177.96+35.86 184.82+45.17 0.02
HDL-C (mg/dL) 48.96+12.01 44.54+10.96 <0.001
LDL-C (mg/dL) 105.57+31.06 104.26+32.62 0.53
Log hsCRP 0.23+1.05 0.41+1.01 0.01
Disease history
Obesity (BMI >27kg/m?) 729 (35.12) 124 (48.44) <0.001
Hypertension 829 (39.93) 158 (61.72) <0.001
Hyperlipidemia 663 (31.94) 91 (35.55) 0.27
Heart disease 316 (15.22) 54 (21.09) 0.02
Stroke 44 (2.12) 14 (5.47) 0.002

Data were presented as mean+SD for continuous variables or n (%) for categorical
variables.

ACR, albumin-to-creatinine ratio; BMI, body mass index; BUN, blood urea nitrogen;
FPG, fasting plasma glucose; HDL-C, high density lipoprotein-cholesterol; hsCRP,
high-sensitivity C-reactive protein; LDL-C, low density lipoprotein-cholesterol.

associated with hsCRP concentrations but not associ-
ated with DN. In addition, a weighted GRS was created
by summing the number of minor alleles multiplied by
its estimated coefficient from the linear regression and
then divided by the sum of weights.*” The unweighted
and weighted GRSs were divided in accordance with
tertiles for analyses. Assumptions 1-3 of MR based on
GRS were then assessed. GRS-based MR assumptions 1,
2, and 8 were assessed by linear regression model, y” test
or ANOVA, and logistic regression models, respectively.
Finally, a formal MR analysis was performed to assess
the causal effect of low-grade inflammation reflected
by hsCRP on DN and was quantified by instrumental
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Table 2 Characteristics of study subjects according to tertile subgroups of weighted and unweighted genetic risk score

(GRS) (n=2332)

GRS Weigh-GRS
Tertile 1 Tertile 2 Yes Tertile 1 Tertile 2 Tertile 3

Characteristic (n=812) (n=766) Tertile 3 (n=754) P value (n=812) (n=759) (n=761) P value
Age (years) 58.52+7.59 58.45+8.02 58.82+7.39 0.60 58.52+7.59 58.45+8.01 58.82+7.41 0.60
Sex 0.59 0.48

Men 354 (43.60) 328 (42.82) 342 (45.36) 354 (43.6) 323 (42.56) 347 (45.60)

Women 458 (56.40) 438 (57.18) 412 (54.64) 458 (56.4) 436 (57.44) 414 (54.40)
Education level 0.43 0.36

<6 113 (13.92) 123 (16.06) 116 (15.38) 113 (13.92) 123 (16.21) 116 (15.24)

7~12 358 (44.09) 331 (43.21) 351 (46.55) 358 (44.09) 326 (42.95) 356 (46.78)

213 341 (42.00) 312 (40.73) 287 (38.06) 341 (42.00) 310 (40.84) 289 (37.98)
Marriage status

Married 611 (75.25) 576 (75.2) 602 (79.84) 0.05 611 (75.25) 570 (75.10) 608 (79.89) 0.04
Behaviors

Physical activity 420 (51.72) 393 (51.31) 371 (49.20) 0.57 420 (51.72) 391 (51.52) 373 (49.01) 0.50

Smoking 259 (31.90) 256 (33.42) 275 (36.47) 0.15 259 (31.90) 252 (33.2) 279 (36.66) 0.12

Alcohol drinking 45 (5.54) 51 (6.66) 53 (7.03) 0.45 45 (5.54) 51 (6.72) 53 (6.96) 0.46
Biochemical markers

FPG (mg/dL) 133.85+42.99  137.83+51.13  135.45+43.31 0.22 133.85+42.99  137.23+50.32  136.08+44.34 0.33

HbA1c (%) 7.49+1.43 7.62+1.60 7.49+1.44 0.16 7.49+1.43 7.6+1.59 7.51+1.45 0.30

Albumin (g/dL) 4.51+0.24 4.52+0.24 4.52+0.25 0.62 4.51+0.24 4.52+0.24 4.53+0.25 0.61

Creatinine (mg/dL) 0.8+0.66 0.78+0.44 0.79+0.42 0.73 0.8+0.66 0.78+0.44 0.79+0.41 0.74

Uric acid (mg/dL) 5.62+1.39 5.72+1.46 5.72+1.45 0.27 5.62+1.39 5.71+1.46 5.72+1.45 0.27

ACR (mg/g cr) 134.47+570.18 125.31+560.92 117.28+416.86 0.81 134.47+570.18 126.27+563.41 116.39+415.04 0.79

Triglyceride (mg/dL) 149.01£105.99 159.37+153.51 148.69+100.26 0.15 149.01£105.99 159.74+154.13 148.43+99.9 0.12

Total cholesterol (mg/dL) 177.49+36.37  181.8+37.27 176.9+37.4 0.02 177.49+36.37  181.63+37.23  177.1+37.46 0.03

HDL-C (mg/dL) 48.72+12.27 48.13+12.05 48.55+11.59 0.61 48.72+12.27 48.14+12.04 48.54+11.6 0.62

LDL-C (mg/dL) 104.71+30.91  107.84+30.98  103.74+31.73 0.03 104.71£30.91  107.58+30.88 104.03+31.84 0.06
Disease history

Obesity (BMI =27 kg/m?) 300 (36.95) 281 (36.68) 272 (36.07) 0.94 300 (36.95) 279 (36.76) 274 (36.01) 0.92

Hypertension 330 (40.64) 338 (44.13) 319 (42.31) 0.38 330 (40.64) 337 (44.4) 320 (42.05) 0.32

Hyperlipidemia 241 (29.68) 237 (30.94) 276 (36.60) 0.008 241 (29.68) 235 (30.96) 278 (36.53) 0.009

Heart disease 131 (16.13) 114 (14.88) 125 (16.58) 0.64 131 (16.13) 113 (14.89) 126 (16.56) 0.65

Stroke 21 (2.59) 22 (2.87) 15 (1.99) 0.53 21 (2.59) 22 (2.90) 15 (1.97) 0.50

Data were presented as mean+SD for continuous variables or n (%) for categorical variables.

ACR, albumin-to-creatinine ratio; BMI, body mass index; BUN, blood urea nitrogen; FPG, fasting plasma glucose; HDL-C, high density lipoprotein-cholesterol; hsCRP, high-sensitivity

C-reactive protein; LDL-C, low density lipoprotein-cholesterol.

variable analysis using two-stage models with multivar-
iate adjustment. The first stage comprised the linear
regression of log-transformed hsCRP concentrations on
the genetic instrument, resulting in predicted values of
hsCRP concentrations by weighted or unweighted GRS.
The second stage comprised a logistic regression of DN
on the predicted hsCRP concentrations estimated in
the first stage. Instrument strength for MR analysis was
evaluated using the F-statistic from the first stage regres-
sion.*” An F value >10 is considered to be the minimally
required instrument strength for unbiased instrumental
variable estimation.* Different definitions of instru-
mental variables, including weighted or unweighted GRS
forms, were used to examine the robustness of associa-
tions. The multivariable adjusted OR from the logistic

regression analysis for the association between measured
hsCRP concentration and DN likelihood was estimated to
compare the associations between genetically predicted
CRP levels (instrumental variable analysis) in relation to
DN. The analyses were performed with SAS V.9.4 (SAS,
Cary, North Carolina, USA). All reported p values are
two-sided, and the level of significance is set at 0.05.

RESULTS

Of the 2332 individuals with type 2 diabetes, 256 (10.98%)
had prevalent DN. The baseline characteristics for indi-
viduals with and without DN are summarized in table 1.
Individuals with DN had older age, male sex, higher prev-
alence of smoking, obesity, hypertension, heart disease,
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I

Table 3 Association of weighted and unweighted genetic risk scores with log-transformed hsCRP in patients with type 2

diabetes

Log hsCRP

Crude model Adjusted model

Variables n Mean+SD B (SE) F value B (SE) F value
Unweighted genetic risk score, per 1 point 2332 0.25+1.05 0.11 (0.01)* 75.54* 0.11 (0.01)* 39.05*
Tertile 1: 0~2 812 0.03+1.06  ref 33.14* ref 36.12*
Tertile 2: 3~4 766 0.30+1.05 0.27 (0.05)* 0.23 (0.05)*
Tertile 3: >5 754 0.45+0.99 0.42 (0.05)* 0.42 (0.05)*
Weighted genetic risk score, per 1 point 2332 0.25+1.05 0.42 (0.05)* 74.72* 0.43 (0.04)* 40.76*
Tertile 1: 0~0.56 812 0.03+1.06  ref 32.83* ref 37.4*
Tertile 2: 0.57~1.03 759 0.30+1.05 0.27 (0.05) 0.24 (0.05)*
Tertile 3: >1.03 761 0.44+0.99 0.42 (0.05) 0.39 (0.05)*

Multivariate model adjusting for covariates that satisfy the MR assumption 2.

*p<0.001.
hsCRP, high-sensitivity C-reactive protein.

stroke, lower level of albumin, and higher levels of FPG,
HbAlc, creatinine, uric acid, ACR, TG, TC, HDL-C, and
log-transformed hsCRP than those without DN. The
strength of association between log-transformed hsCRP
and DN estimated by OR using observational epidemio-
logic approach was 1.17 (1.04 to 1.32) per l-unit increase
in log-transformed hsCRP without adjustment (online
supplemental table S2). After adjusting for traditional
risk factors, this association remained significant (1.15,
1.01 to 1.32).

The associations of five SNPs (rs1205, rs1800947,
rs1417938, rs3091244, and rs3093059) were then tested
with log-transformed hsCRP level using additive linear
regression models for SNP-level MR assumption 1 in
online supplemental figure SI1. Four SNPs were signifi-
cantly associated with transformed hsCRP level (all
p<0.05), indicating the four SNPs satisfy MR assumption
1. One SNP (rs1417938) was insignificantly associated
with log-transformed hsCRP level (p>0.05). Results of
Bonferroni multiple comparison test revealed that high

log-transformed hsCRP levels were observed in persons
carrying rs1205 CT or CC, rs1800947 CC, rs3091244 AG
or AA, and 153093059 GA or GG. The five SNPs were
insignificantly associated with DN outcomes in online
supplemental figure S2, indicating that the five SNPs
satisfy MR assumption 3.

Based on the SNP-level MR assumptions 1 and
3, unweighted and weighted GRSs were derived by
combining four SNPs. The baseline characteristics
of participants according to tertiles of unweighted
or weighted GRS were assessed for MR assumption 2
(table 2). No significant differences were found among
participants of tertiles of unweighted or weighted GRS
subgroups, except for marriage status, total cholesterol,
and hyperlipidemia, among weighted and unweighted
GRS subgroups, and LDL-C among unweighted GRS
subgroups. The covariates significantly associated with
unweighted or weighted GRS violated the MR assump-
tion 2 and were not considered in the first stage of the
multivariate analysis. The association of unweighted or

Table 4 Association of genetic risk scores with diabetic nephropathy in patients with type 2 diabetes

Diabetic nephropathy

Variables n Yes, n (%) Crude OR (95% Cl) Adjusted OR (95% Cl)
Unweighted genetic risk score, per 1 point 2332 256 (10.98) 1.01 (0.93 to 1.09) 1.00 (0.92 to 1.09)
Tertile 1: 0~2 812 91 (11.21) 1.00 1.00
Tertile 2: 3~4 766 74 (9.66) 0.85 (0.61 to 1.17) 0.71 (0.49 to 1.02)
Tertile 3: >5 754 91 (12.07) 1.09 (0.80 to 1.48) 1.02 (0.72 to 1.43)
Weighted genetic risk score, per 1 point 2332 256 (10.98) 1.02 (0.76 to 1.37) 1.00 (0.72 to 1.39)
Tertile 1: 0~0.56 812 91 (11.21) 1.00 1.00
Tertile 2: 0.57~1.03 759 74 (9.75) 0.86 (0.62 to 1.18) 0.72 (0.50 to 1.03)
Tertile 3: >1.03 761 91 (11.96) 1.08 (0.79 to 1.47) 1.00 (0.71 to 1.41)
Multivariate model adjusting for covariates that satisfy the MR assumption 2.
*p<0.05
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Table 5 The ORs of diabetic nephropathy for predictive log-transformed hsCRP level derived from weighted and unweighted

genetic risk score

Diabetic nephropathy

Variables n Yes, n (%)

Crude OR (95% Cl)

Adjusted OR (95%Cl)* Adjusted OR (95% CI)t

That of log-transformed hsCRP from unweighted genetic risk score

Per 1 unit 2332 256 (10.98) 1.80 (1.52 to 2.14)**
Tertile 1: <0.008 769 47 (6.11)  1.00

Tertile 2: 0.008~0.464 771 74(9.60)  1.63(1.12 to 2.39)*
Tertile 3: >0.464 792 135 (17.05) 3.16 (2.23 to 4.47)™*

1.80 (1.52 to 2.14)**
1.00

1.63 (1.12 to 2.39)*
3.16 (2.23 to 4.47)™

1.80 (1.51 to 2.14)**
1.00

1.70 (1.16 to 2.49)*
3.19 (2.24 to 4.55)™*

That of log-transformed hsCRP from weighted genetic risk score

Per 1 unit 2332 256 (10.98) 1.71 (1.44 to 2.02)**
Tertile 1: <-0.012 770 51(6.62)  1.00

Tertile 2: 769 73(9.49)  1.48 (1.02 to 2.15)*
-0.012~0.464

Tertile 3: >0.464 793 132 (16.65) 2.82 (2.00 to 3.96)*

*p<0.05; *p<0.01; **p<0.001.
*Adjusted OR: adjusting for residual and PCA.

1.71 (1.45 to 2.02)**
1.00
1.48 (1.02 to 2.15)*

1.67 (1.40 to 1.98)**
1.00
1.45 (1.00 to 2.11)

2.82 (2.01 to 3.97)™ 2.69 (1.89 to 3.82)"*

TAdjusted OR: adjusting for residual, PCA and covariates that did not satisfy the MR assumption 2, respectively.

hsCRP, high-sensitivity C-reactive protein level.

weighted GRS with log-transformed hsCRP level was eval-
uated for GRS-level MR assumption 1 and is presented
in table 3. Unweighted GRS (B=0.11, p<0.001) and
weighted GRS (B=0.42, p<0.001) were strongly associated
with log-transformed hsCRP with and without adjust-
ment of covariates. After adjusting for covariates that
satisfy the MR assumption 2, unweighted GRS (B, 0.11,
p<0.001) and weighted GRS (B, 0.43, p<0.001) were still
significantly correlated with log-transformed hsCRP. The
associations between GRS and DN remained insignificant
in unadjusted and adjusted analyses, satisfying GRS-level
MR assumption 2 with an adjusted OR of 1.00 for every
l-unit increase in unweighted or weighted GRS (table 4).

The predictive log-transformed hsCRP level in the
first-stage regression was then assessed as the indepen-
dent variable in the second stage regression to estimate
the ORs of DN outcome in table 5. In the second stage
analysis, the predicted log-transformed hsCRP values
from the first stage were then used for logistic regres-
sion analysis with DN as the dependent variable. The
predicted log-transformed hsCRP based on unweighted
or weighted GRS was associated with DN (ORs 1.80 (95%
CI1.52 to 2.14) and 1.71 (95% CI 1.44 to 2.02) per l-unit
increase, respectively). In adjusted analysis, associations
were found for DN with ORs of 1.80 (95% CI 1.51 to
2.14) and 1.67 (95% CI 1.40 to 1.98) per l-unit increase
in genetically predicted log-transformed hsCRP based on
unweighted or weighted GRS, respectively. Compared
with participants in the first tertile of predicted log-
transformed hsCRP based on unweighted GRS, those
belonging to subgroups of the second and third tertiles
had significantly higher DN risks after multivariable
adjustment (1.70, 1.16 to o 2.49 and 3.19, 2.24 to 4.55,
respectively). Compared with those persons in the first

tertile subgroup of genetically predicted log-transformed
hsCRP based on weighted GRS, those in the subgroup
of the third tertile had a significantly higher risk of DN
(2.69, 1.89 to 3.82).

DISCUSSION

Similar to the findings of previous observational epidemi-
ologic studies,” *** the current study demonstrated that
serum hsCRP level was independently associated with DN
risk in patients with type 2 diabetes despite adjustments
for sociodemographic characteristics, lifestyle behaviors,
and disease history. A l-unit increase in log-transformed
hsCRP was associated with a 15% increase in DN risk. The
results of MR analyses demonstrated that the weighted/
unweighted GRS-predicted log-transformed hsCRP were
associated with an increased risk of DN, indicating the
robustness of findings of the current study. Persons in
the highest tertile subgroup of genetically predicted log-
transformed hsCRP based on weighted/unweighted GRS
were associated with a 80% and 67% increase DN risk,
respectively. A causal relationship between hsCRP and
DN in patients with type 2 diabetes was identified using
a two-stage MR approach, ruling out the possibility of
potential reverse causality.

Previous studies confirmed that genetic variants of
the CRP gene with the strongest effects on CRP level are
all within and around the CRP locus on chromosome 1
(1q21-q23),** ¥ and estimated heritability for CRP secre-
tion ranged between 0.25 and 0.56.* **° After evaluating
the SNPs in CRPs with low LD (r’<0.7), unweighted and
weighted GRSs were constructed from four SNPs (rs1205,
rs1800947, rs3091244, and rs3093059) in the CRP gene,
which are associated with plasma hsCRP levels and not
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associated with DN risk. The SNP rs1205, located in the
3’ flanking region of the CRP gene, is one of the poly-
morphisms showing the most uniform and consistent
association with CRPs.*”™ In the coding region of the
CRP gene, the SNP rs1800947 (silent mutation)®’ has
been reported to be associated with elevated basal CRP
levels.”” In the promoter region of the CRP gene, the
SNP 153091244 is functional and is predicted to alter a
transcription factor E-box binding element, which was
reportedly associated with serum CRP.*” In the promoter
region of the CRP gene, the SNP rs13093059 was also
reported to be a contributor to the variation in CRP
levels.”® Using the four SNPs as instrumental variables
for the causal assessment, an MR analysis should reduce
confounding effects because the genetic variants used
as proxies for exposure are not linked to other disease
markers. Such MR studies should also rule out distortions
caused by the confounders occurring later in life because
genetic variants are determined at conception.” Hence,
MR analyses are favored because of certain design advan-
tages similar to those in randomized trials. This approach
has previously confirmed the SNP variation associated
with LDL-C,”* Lp(a) lipoprotein,”™ and fibrinogen™ on
coronary heart disease. In addition, the associations of
the genetically predicted CRP levels with CHD,* BMI,*
atrial ﬁbrillation,30 type 2 diabetes, insulin resistance,
HbAlc,31 metabolic syndrome,32 and BP markers® have
been revealed. However, MR analysis has never been
applied to assess the causal relationship of CRP and DN.
The current study represented the first MR analysis of
hsCRP levels on DN risk in patients with diabetes and
may guide therapeutic decision-making in clinical prac-
tice for patients with type 2 diabetes.

Elevated baseline CRP is associated with an increased
risk of DN, largely recognized as a consequence of under-
lying disease-associated inflammation.”” *® Previous study
has shown that CRP is induced by high glucose, which is
associated with the activation of NF-xB and TGF-$/Smad3
signaling, resulting in renal inflammation and fibrosis
under diabetic conditions.” CRP has been reported to
stimulate the production of proinflammatory cytokine,”
which can lead to mesangial cell proliferation, matrix
overproduction, and increased vascular permeability,
resulting in albuminuria.” In addition to these biological
evidence’™®! suggesting a direct link between increased
levels of hsCRP and DN risk, epidemiological evidence
also found similar results.*' **** Similar to the findings of
previous studies, the current study validated that hsCRP
is causally related to DN using MR analysis. Our findings
support a causal role of CRP in the inflammatory process
on development of DN.

Our study’s findings are consistent with that of the
Care Time study, revealing that that CRP-based markers
were associated with diabetic kidney injury in subjects
with type 2 diabetes.”” In addition to hsCRP, several
markers of inflammation have been noted to be associ-
ated with diabetic kidney injury, including kidney injury
molecule,63 omentin,64 mean platelet Volume,65 serum

67
9

uric acid,” monocyte/lymphocyte ratio in hemogram,
neuregulin,68 and uric acid/HDL cholesterol ratio.’
The findings of these traditional epidemiologic studies
reveal that these biomarkers may facilitate the diagnosis
of prevalent renal damage caused by DN. The findings of
the present study using MR approach may indicate that
hsCRP is useful in monitoring the progression to develop
kidney disease in patients with type 2 diabetes because
MR approach provides experimental evidence and rules
out the possibility of reverse causality.

The main strengths of the current study included a
database with standardized data collection procedures
and lab techniques for blood and genetic markers that
ensure a high degree of reliability, the availability of
inflammatory marker, such as hsCRP, and consideration
of many potential confounders. In addition, all partici-
pants are of the same race. The present study has some
limitations that must be mentioned. First, this is a cross-
sectional study; hsCRP and DN status were measured at
the same time point, and this type of study design cannot
provide a time sequence that a cohort study possesses.
However, reverse causality can be ruled out because
genes are innately determined. Second, the current study
sample only contained study subjects of pure Taiwanese
Han Chinese ancestry. The obtained findings may not
be generalized to other ethnicities due to differences
in genes, race, and lifestyle behaviors. Third, hsCRP was
only measured once at baseline. Hence, intraindividual
variability over time was not considered. Finally, the age
and gender distributions are different from the Taiwan’s
general population. However, the primary purpose of the
present study is analytic. The most important consider-
ation is that the sample contains sufficient subjects with
adequate variation in hsCRP and a sufficient number of
persons with DN. The MR approach has controlled for
the potential confounders that satisfied the MR assump-
tion 2. Thus, this study further adjusted for as many
potential confounding variables as possible in multivar-
iate analyses. Therefore, confounding effects should be
excluded.

CONCLUSION

In conclusion, the presentstudy provides the first evidence
of a causal link between hsCRP and DN in patients with
type 2 diabetes using MR approach. The findings of this
MR approach were consistent with the meta-analyses of
observational epidemiologic studies, which revealed a
significant association between hsCRP and DN in patients
with type 2 diabetes.” Additional large MR studies are
required to verify the obtained findings.

Author affiliations

'School of Medicine, College of Medicine, China Medical University, Taichung,
Taiwan

%Department of Family Medicine, China Medical University Hospital, Taichung,
Taiwan

SDepartment of Medical Research, China Medical University Hospital, Taichung,
Taiwan

BMJ Open Diab Res Care 2023;11:¢003197. doi:10.1136/bmjdrc-2022-003197



a Genetics/Genomes/Proteomics/Metabolomics

4Department of Public Health, College of Public Health, China Medical University,
Taichung, Taiwan

SDepartment of Healthcare Administration, College of Medical and Health Science,
Asia University, Taichung, Taiwan

Acknowledgements This research has been conducted using the Taiwan Biobank
resource. We thank all the participants and investigators of the Taiwan Biobank.

Contributors T-CL and C-CL developed the study design, obtained funding and
drafted manuscript. C-IL, L-NL and S-YY acquired data, carried out the statistical
analysis, analyzed and interpreted data, and critically revised the manuscript. C-SL,
C-WY, C-HL, T-CL, and C-CL contributed to discussion, and reviewed and edited
this manuscript. All authors read and approved the final manuscript. T-CL and C-CL
are the guarantors of this work and, as such, had full access to all the data in the
study and take responsibility for the integrity of the data and the accuracy of the
data analysis.

Funding This study was supported primarily by the Ministry of Science and
Technology of Taiwan (MOST 108-2314-B-039-035-MY3) and China Medical
University (CMU110-MF-45).

Competing interests None declared.
Patient consent for publication Not applicable.

Ethics approval This study was approved by the Ethical Review Board of the China
Medical University Hospital (CMUH107-REC2-179). The entire study was performed
in accordance with relevant guidelines and regulations.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the
article or uploaded as supplementary information.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Tsai-Chung Li http://orcid.org/0000-0002-3346-7462

REFERENCES

1 Go AS, Chertow GM, Fan D, et al. Chronic kidney disease and the
risks of death, cardiovascular events, and hospitalization. N Engl J
Med 2004;351:1296-305.

2 Council EE. Chronic kidney disease is a key risk factor for severe
COVID-19: a call to action by the ERA-EDTA. nephrology, dialysis,
transplantation: official publication of the european dialysis and
transplant association. European Renal Association 2021;36:87-94.

3 Gansevoort RT, Hilbrands LB. Ckd is a key risk factor for COVID-19
mortality. Nat Rev Nephrol 2020;16:705-6.

4 Chang H-Y, Yeh W-T, Chang Y-H, et al. Prevalence of dyslipidemia
and mean blood lipid values in Taiwan: results from the nutrition
and health survey in Taiwan (NAHSIT, 1993-1996). Chin J Physiol
2002;45:187-97.

5 HPA. Prevalence of diabetes in taiwan. 2018. Available: https://www.
hpa.gov.tw/Pages/List.aspx?nodeid=3998

6 Kuo H-W, Tsai S-S, Tiao M-M, et al. Epidemiological features of CKD
in Taiwan. Am J Kidney Dis 2007;49:46-55.

7 Bikbov B, Purcell CA, Levey AS. Global, regional, and national
burden of chronic kidney disease, 1990-2017: a systematic
analysis for the global burden of disease study 2017. Lancet
2020;395:709-33.

8 Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, et al. Chronic
kidney disease and cardiovascular risk: epidemiology, mechanisms,
and prevention. Lancet 2013;382:339-52.

9

14

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Chronic Kidney Disease Prognosis Consortium, Matsushita K, van
der Velde M, et al. Association of estimated glomerular filtration
rate and albuminuria with all-cause and cardiovascular mortality in
general population cohorts: a collaborative meta-analysis. Lancet
2010;375:2073-81.

Ross R. Atherosclerosis -- an inflammatory disease. N Engl J Med
1999;340:115-26.

Hansson GK. Inflammation, atherosclerosis, and coronary artery
disease. N Engl J Med 2005;352:1685-95.

Pepys MB, Hirschfield GM. C-Reactive protein: a critical update.

J Clin Invest 2003;111:1805-12.

Demirkol ME, Aktas G. C-reactive protein to lymphocyte count
ratio could be a reliable marker of thyroiditis; the CLEAR-T study.
Precision Medical Sciences 2022;11:31-4.

Demirkol ME, Aktas G, Bilgin S, et al. C-reactive protein to
lymphocyte count ratio is a promising novel marker in hepatitis

C infection: the clear hep-C study. Rev Assoc Med Bras (1992)
2022;68:838-41.

Bayram AA-A, Al-Dahmoshi HOM, Al-Khafaji NSK, et al. Study of
the D-dimer, C-reactive protein, and autoantibodies markers among
HBV infected patients in babylon Province, Iraq. Biomedicine (Taipei)
2021;11:67-72.

Demirkol ME, Bilgin S, Kahveci G, et al. C-reactive protein-to-
lymphocyte ratio is a reliable marker in patients with COVID-19
infection: the CLEAR COVID study. Cir Cir 2022;90:596-601.
Pradhan AD, Manson JE, Rifai N, et al. C-reactive protein,
interleukin 6, and risk of developing type 2 diabetes mellitus. JAMA
2001;286:327-34.

Ford ES. The metabolic syndrome and C-reactive protein, fibrinogen,
and leukocyte count: findings from the third national health and
nutrition examination survey. Atherosclerosis 2003;168:351-8.
Ridker PM, Buring JE, Cook NR, et al. C-reactive protein, the
metabolic syndrome, and risk of incident cardiovascular events:

an 8-year follow-up of 14 719 initially healthy american women.
Circulation 2003;107:391-7.

Wada J, Makino H. Inflammation and the pathogenesis of diabetic
nephropathy. Clin Sci (Lond) 2013;124:139-52.

Zambrano-Galvan G, Rodriguez-Moran M, Simental-Mendia LE,

et al. C-Reactive protein is directly associated with urinary albumin-
to-creatinine ratio. Arch Med Res 2011;42:451-6.

Tang M, Cao H, Wei X-H, et al. Association between high-sensitivity
C-reactive protein and diabetic kidney disease in patients with type
2 diabetes mellitus. Front Endocrinol (Lausanne) 2022;13:885516.
Liu Q, Jiang C-Y, Chen B-X, et al. The association between
high-sensitivity C-reactive protein concentration and diabetic
nephropathy: a meta-analysis. Eur Rev Med Pharmacol Sci
2015;19:4558-68. Available: https://www.europeanreview.org/article/
9940

Choudhary N, Ahlawat RS. Interleukin-6 and C-reactive protein

in pathogenesis of diabetic nephropathy: new evidence linking
inflammation, glycemic control, and microalbuminuria. Iran J Kidney
Dis 2008;2:72-9. Available: http://www.ijkd.org/index.php/ijkd/
article/view/81/70

Davey Smith G, Ebrahim S. What can Mendelian randomisation tell
us about modifiable behavioural and environmental exposures? BMJ
2005;330:1076-9.

Evans DM, Davey Smith G. Mendelian randomization: new
applications in the coming age of hypothesis-free causality. Annu
Rev Genomics Hum Genet 2015;16:327-50.

Bennett DA. An introduction to instrumental variables analysis: Part
1. Neuroepidemiology 2010;35:237-40.

C Reactive Protein Coronary Heart Disease Genetics Collaboration
(CCGC), Wensley F, Gao P, et al. Association between C reactive
protein and coronary heart disease: Mendelian randomisation
analysis based on individual participant data. BMJ 2011;342:d548.
Timpson NJ, Nordestgaard BG, Harbord RM, et al. C-Reactive
protein levels and body mass index: elucidating direction of
causation through reciprocal Mendelian randomization. Int J Obes
(Lond) 2011;35:300-8.

Marott SCW, Nordestgaard BG, Zacho J, et al. Does elevated
C-reactive protein increase atrial fibrillation risk? A Mendelian
randomization of 47,000 individuals from the general population.

J Am Coll Cardiol 2010;56:789-95.

Brunner EJ, Kivimaki M, Witte DR, et al. Inflammation, insulin
resistance, and diabetes--mendelian randomization using CRP
haplotypes points upstream. PLoS Med 2008;5:155.

Timpson NJ, Lawlor DA, Harbord RM, et al. C-reactive protein and
its role in metabolic syndrome: mendelian randomisation study.
Lancet 2005;366:1954-9.

Davey Smith G, Lawlor DA, Harbord R, et al. Association of C-
reactive protein with blood pressure and hypertension: life course

BMJ Open Diab Res Care 2023;11:¢003197. doi:10.1136/bmjdrc-2022-003197


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-3346-7462
http://dx.doi.org/10.1056/NEJMoa041031
http://dx.doi.org/10.1056/NEJMoa041031
http://dx.doi.org/10.1093/ndt/gfaa314
http://dx.doi.org/10.1038/s41581-020-00349-4
http://dx.doi.org/12817710
https://www.hpa.gov.tw/Pages/List.aspx?nodeid=3998
https://www.hpa.gov.tw/Pages/List.aspx?nodeid=3998
http://dx.doi.org/10.1053/j.ajkd.2006.10.007
http://dx.doi.org/10.1016/S0140-6736(20)30045-3
http://dx.doi.org/10.1016/S0140-6736(13)60595-4
http://dx.doi.org/10.1016/S0140-6736(10)60674-5
http://dx.doi.org/10.1056/NEJM199901143400207
http://dx.doi.org/10.1056/NEJMra043430
http://dx.doi.org/10.1172/JCI18921
http://dx.doi.org/10.1172/JCI18921
http://dx.doi.org/10.1002/prm2.12065
http://dx.doi.org/10.1590/1806-9282.20220236
http://dx.doi.org/10.37796/2211-8039.1186
http://dx.doi.org/10.24875/CIRU.22000124
http://dx.doi.org/10.1001/jama.286.3.327
http://dx.doi.org/10.1016/s0021-9150(03)00134-5
http://dx.doi.org/10.1161/01.cir.0000055014.62083.05
http://dx.doi.org/10.1042/CS20120198
http://dx.doi.org/10.1016/j.arcmed.2011.09.009
http://dx.doi.org/10.3389/fendo.2022.885516
https://www.europeanreview.org/article/9940
https://www.europeanreview.org/article/9940
http://www.ijkd.org/index.php/ijkd/article/view/81/70
http://www.ijkd.org/index.php/ijkd/article/view/81/70
http://dx.doi.org/10.1136/bmj.330.7499.1076
http://dx.doi.org/10.1146/annurev-genom-090314-050016
http://dx.doi.org/10.1146/annurev-genom-090314-050016
http://dx.doi.org/10.1159/000319455
http://dx.doi.org/10.1136/bmj.d548
http://dx.doi.org/10.1038/ijo.2010.137
http://dx.doi.org/10.1038/ijo.2010.137
http://dx.doi.org/10.1016/j.jacc.2010.02.066
http://dx.doi.org/10.1016/j.jacc.2010.02.066
http://dx.doi.org/10.1371/journal.pmed.0050155
http://dx.doi.org/10.1016/S0140-6736(05)67786-0

Genetics/Genomes/Proteomics/Metabolomics 8

34

35

36

37

38

39

40

confounding and mendelian randomization tests of causality.
Arterioscler Thromb Vasc Biol 2005;25:1051-6.

Carlson CS, Aldred SF, Lee PK, et al. Polymorphisms within the
C-reactive protein (CRP) promoter region are associated with plasma
CRP levels. Am J Hum Genet 2005;77:64-77.

Doumatey AP, Chen G, Tekola Ayele F, et al. C-reactive protein
(CRP) promoter polymorphisms influence circulating CRP levels in

a genome-wide association study of african americans. Hum Mol
Genet 2012;21:3063-72.

Fan CT, Lin JC, Lee CH. Taiwan biobank: a project aiming to aid
taiwan’s transition into a biomedical island. Pharmacogenomics
2008;9:235-46.

Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate
glomerular filtration rate. Ann Intern Med 2009;150:604-12.

Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am J
Hum Genet 2007;81:559-75.

Barrett JC, Fry B, Maller J, et al. Haploview: analysis and
visualization of LD and haplotype maps. Bioinformatics
2005;21:263-5.

Howie BN, Donnelly P, Marchini J. A flexible and accurate genotype
imputation method for the next generation of genome-wide
association studies. PLoS Genet 2009;5:e1000529.

52

53

54

55

56

57

58

59

Zee RYL, Ridker PM. Polymorphism in the human C-reactive protein
(CRP) gene, plasma concentrations of CRP, and the risk of future
arterial thrombosis. Atherosclerosis 2002;162:217-9.

Wang Q, Hunt SC, Xu Q, et al. Association study of CRP gene
polymorphisms with serum CRP level and cardiovascular risk in

the NHLBI family heart study. Am J Physiol Heart Circ Physiol
2006;291:H2752-7.

Cohen JC, Boerwinkle E, Mosley TH Jr, et al. Sequence variations in
PCSK9, low LDL, and protection against coronary heart disease.

N Engl J Med 2006;354:1264-72.

Kamstrup PR, Tybjaerg-Hansen A, Steffensen R, et al. Genetically
elevated lipoprotein (a) and increased risk of myocardial infarction.
JAMA 2009;301:2331-9.

Keavney B, Danesh J, Parish S, et al. Fibrinogen and coronary heart
disease: test of causality by “ Mendelian randomization. ” Int J
Epidemiol 2006;35:935-43.

You Y-K, Huang X-R, Chen H-Y, et al. C-Reactive protein promotes
diabetic kidney disease in db/db mice via the cd32b-smad3-mtor
signaling pathway. Sci Rep 2016;6:26740.

Navarro-Gonzalez JF, Mora-Fernandez C. The role of inflammatory
cytokines in diabetic nephropathy. J Am Soc Nephrol 2008;19:433-42.
Liu F, Chen HY, Huang XR, et al. C-Reactive protein promotes
diabetic kidney disease in a mouse model of type 1 diabetes.

41 Lawlor DA, Harbord RM, Sterne JAC, et al. Mendelian Diabetologia 2011;54:2713-23.
randomization: using genes as instruments for making causal 60 Verma S, Li S-H, Badiwala MV, et al. Endothelin antagonism and
inferences in epidemiology. Stat Med 2008;27:1133-63. interleukin-6 inhibition attenuate the proatherogenic effects of C-

42 Lin X, Song K, Lim N, et al. Risk prediction of prevalent diabetes in a reactive protein. Circulation 2002;105:1890-6.

Swiss population using a weighted genetic score -- the colaus study. 61 Horii Y, lwano M, Hirata E, et al. Role of interleukin-6 in the
Diabetologia 2009;52:600-8. progression of mesangial proliferative glomerulonephritis. Kidney Int

43 Stock JH, Wright JH, Yogo M. A survey of weak instruments and Suppl 1993;39:S71-5. Available: https://fatcat.wiki/release/f4226q2i
weak identification in generalized method of moments. Journal of pvhyhpmI3muvrp6foe
Business & Economic Statistics 2002;20:518-29. 62 Bilgin S, Kurtkulagi O, Atak Tel BM, et al. Does C-reactive protein to

44 Pierce BL, Ahsan H, Vanderweele TJ. Power and instrument strength serum albumin ratio correlate with diabetic nephropathy in patients
requirements for Mendelian randomization studies using multiple with type 2 diabetes mellitus? the care time study. Prim Care
genetic variants. Int J Epidemiol 2011;40:740-52. Diabetes 2021;15:1071-4.

45 Lee CC, You NY, Song Y, et al. Relation of genetic variation in 63 Kin Tekce B, Tekce H, Aktas G, et al. Evaluation of the urinary kidney
the gene coding for C-reactive protein with its plasma protein injury molecule-1 levels in patients with diabetic nephropathy. Clin
concentrations: findings from the women'’s health Initiative Invest Med 2014;37:E377-83.
observational cohort. Clin Chem 2009;55:351-60. 64 Tekce H, Tekce BK, Aktas G, et al. Serum omentin-1 levels in

46 Sheu WH-H, Chen Y-DI, Yu C-Y, et al. C-Reactive protein diabetic and nondiabetic patients with chronic kidney disease. Exp
gene polymorphism 1009A > G is associated with serum CRP Clin Endocrinol Diabetes 2014;122:451-6.
levels in Chinese men: a TCVGHAGE study. Clin Chim Acta 65 Kocak MZ, Aktas G, Erkus E, et al. Mean platelet volume to
2007;382:117-283. lymphocyte ratio as a novel marker for diabetic nephropathy. J Coll

47 Hage FG, Szalai AJ. C-Reactive protein gene polymorphisms, C- Physicians Surg Pak 2018;28:844-7.
reactive protein blood levels, and cardiovascular disease risk. J Am 66 Kocak MZ, Aktas G, Duman TT, et al. Is uric acid elevation a random
Coll Cardiol 2007;50:1115-22. finding or a causative agent of diabetic nephropathy? Rev Assoc

48 Shen J, Arnett DK, Parnell LD, et al. Association of common C- Med Bras (1992) 2019;65:1155-60.
reactive protein (CRP) gene polymorphisms with baseline plasma 67 Kocak MZ, Aktas G, Duman TT, et al. Monocyte lymphocyte ratio as
CRP levels and fenofibrate response: the GOLDN study. Diabetes a predictor of diabetic kidney injury in type 2 diabetes mellitus; the
Care 2008;31:910-5. MADKID study. J Diabetes Metab Disord 2020;19:997-1002.

49 Miller DT, Zee RYL, Suk Danik J, et al. Association of common CRP 68 Kocak MZ, Aktas G, Atak BM, et al. Is neuregulin-4 a predictive
gene variants with CRP levels and cardiovascular events. Ann Hum marker of microvascular complications in type 2 diabetes mellitus?
Genet 2005;69(Pt 6):623-38. Eur J Clin Invest 2020;50:e13206.

50 Lange LA, Carlson CS, Hindorff LA, et al. Association of 69 Aktas G, Kocak MZ, Bilgin S, et al. Uric acid to HDL cholesterol ratio
polymorphisms in the CRP gene with circulating C-reactive protein is a strong predictor of diabetic control in men with type 2 diabetes
levels and cardiovascular events. JAMA 2006;296:2703-11. mellitus. Aging Male 2020;23:1098-102.

51 Cao H, Hegele RA. Human C-reactive protein (CRP) 1059G/C
polymorphism. J Hum Genet 2000;45:100-1.

10 BMJ Open Diab Res Care 2023;11:¢003197. doi:10.1136/bmjdrc-2022-003197


http://dx.doi.org/10.1161/01.ATV.0000160351.95181.d0
http://dx.doi.org/10.1086/431366
http://dx.doi.org/10.1093/hmg/dds133
http://dx.doi.org/10.1093/hmg/dds133
http://dx.doi.org/10.2217/14622416.9.2.235
http://dx.doi.org/10.7326/0003-4819-150-9-200905050-00006
http://dx.doi.org/10.1086/519795
http://dx.doi.org/10.1086/519795
http://dx.doi.org/10.1093/bioinformatics/bth457
http://dx.doi.org/10.1371/journal.pgen.1000529
http://dx.doi.org/10.1002/sim.3034
http://dx.doi.org/10.1007/s00125-008-1254-y
http://dx.doi.org/10.1198/073500102288618658
http://dx.doi.org/10.1198/073500102288618658
http://dx.doi.org/10.1093/ije/dyq151
http://dx.doi.org/10.1373/clinchem.2008.117176
http://dx.doi.org/10.1016/j.cca.2007.04.013
http://dx.doi.org/10.1016/j.jacc.2007.06.012
http://dx.doi.org/10.1016/j.jacc.2007.06.012
http://dx.doi.org/10.2337/dc07-1687
http://dx.doi.org/10.2337/dc07-1687
http://dx.doi.org/10.1111/j.1529-8817.2005.00210.x
http://dx.doi.org/10.1111/j.1529-8817.2005.00210.x
http://dx.doi.org/10.1001/jama.296.22.2703
http://dx.doi.org/10.1007/s100380050022
http://dx.doi.org/10.1016/s0021-9150(01)00703-1
http://dx.doi.org/10.1152/ajpheart.01164.2005
http://dx.doi.org/10.1056/NEJMoa054013
http://dx.doi.org/10.1056/NEJMoa054013
http://dx.doi.org/10.1001/jama.2009.801
http://dx.doi.org/10.1093/ije/dyl114
http://dx.doi.org/10.1093/ije/dyl114
http://dx.doi.org/10.1038/srep26740
http://dx.doi.org/10.1681/ASN.2007091048
http://dx.doi.org/10.1007/s00125-011-2237-y
http://dx.doi.org/10.1161/01.cir.0000015126.83143.b4
https://fatcat.wiki/release/f4226q2ipvhyhpml3muvrp6foe
https://fatcat.wiki/release/f4226q2ipvhyhpml3muvrp6foe
http://dx.doi.org/10.1016/j.pcd.2021.08.015
http://dx.doi.org/10.1016/j.pcd.2021.08.015
http://dx.doi.org/10.25011/cim.v37i6.22242
http://dx.doi.org/10.25011/cim.v37i6.22242
http://dx.doi.org/10.1055/s-0034-1375674
http://dx.doi.org/10.1055/s-0034-1375674
http://dx.doi.org/10.29271/jcpsp.2018.11.844
http://dx.doi.org/10.29271/jcpsp.2018.11.844
http://dx.doi.org/10.1590/1806-9282.65.9.1156
http://dx.doi.org/10.1590/1806-9282.65.9.1156
http://dx.doi.org/10.1007/s40200-020-00595-0
http://dx.doi.org/10.1111/eci.13206
http://dx.doi.org/10.1080/13685538.2019.1678126

	Association of high-­sensitivity C-­reactive protein and diabetic nephropathy in patients with type 2 diabetes: a Mendelian randomization study
	Abstract
	Introduction﻿﻿
	Methods
	Study subjects and data source
	Measurements
	Sociodemographic factors and lifestyle behaviors
	Laboratory biomarkers
	SNPs genotyping

	Statistical analysis

	Results
	Discussion
	Conclusion
	References


