& frontiers | Research Topics

Advances in diabetic
kidney disease:
Pathophysiology,
clinical characteristics,
and future directions

Edited by
Mohammad H. Abukhalil and Saleem Aladaileh

Published in
Frontiers in Endocrinology
Frontiers in Public Health



https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/research-topics/46700/advances-in-diabetic-kidney-disease-pathophysiology-clinical-characteristics-and-future-directions#articles
https://www.frontiersin.org/research-topics/46700/advances-in-diabetic-kidney-disease-pathophysiology-clinical-characteristics-and-future-directions#articles
https://www.frontiersin.org/research-topics/46700/advances-in-diabetic-kidney-disease-pathophysiology-clinical-characteristics-and-future-directions#articles
https://www.frontiersin.org/research-topics/46700/advances-in-diabetic-kidney-disease-pathophysiology-clinical-characteristics-and-future-directions#articles
https://www.frontiersin.org/research-topics/46700/advances-in-diabetic-kidney-disease-pathophysiology-clinical-characteristics-and-future-directions#articles
https://www.frontiersin.org/journals/public-health

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers.

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version.

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers’ Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-4133-3
DOI 10.3389/978-2-8325-4133-3

Frontiers in Endocrinology

December 2023

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

& frontiers | Research Topics

Frontiers in Endocrinology

December 2023

Advances in diabetic kidney
disease: Pathophysiology, clinical
characteristics, and future
directions

Topic editors
Mohammad H. Abukhalil — Al-Hussein Bin Talal University, Jordan
Saleem Aladaileh — University of Hafr Al Batin, Saudi Arabia

Citation

Abukhalil, M. H., Aladaileh, S., eds. (2023). Advances in diabetic kidney
disease: Pathophysiology, clinical characteristics, and future directions.
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-4133-3

2 frontiersin.org


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-4133-3

& frontiers | Research Topics

Table of
contents

Frontiers in Endocrinology

04

15

26

34

42

52

60

61

68

79

December 2023

Naoxintong capsule delay the progression of diabetic kidney
disease: A real-world cohort study

Yuqing Zhang, Yuehong Zhang, Cunging Yang, Yingying Duan,

Linlin Jiang, De Jin, Fengmei Lian and Xiaolin Tong

Association of metabolic dysfunction-associated fatty liver
disease, type 2 diabetes mellitus, and metabolic goal
achievement with risk of chronic kidney disease

Weitao Su, Minhui Chen, Ling Xiao, Shanshan Du, Lihua Xue,
Ruimei Feng and Weimin Ye

Mendelian randomization study supports the causal association
between serum cystatin C and risk of diabetic nephropathy
Baiyu Feng, Yu Lu, Lin Ye, Lijun Yin, Yingjun Zhou and Anqun Chen

Risk factors of chronic kidney disease among type 2 diabetic
patients with longer duration of diabetes
Khalid Siddiqui, Teena P. George, Salini S. Joy and Assim A. Alfadda

Predictive nomogram model for major adverse kidney events
within 30 days in sepsis patients with type 2 diabetes mellitus
Qi Xin, Tonghui Xie, Rui Chen, Hai Wang, Xing Zhang, Shufeng Wang,
Chang Liu and Jingyao Zhang

Association between hemoglobin glycation index and
diabetic kidney disease in type 2 diabetes mellitus in China: A
cross- sectional inpatient study

Sixu Xin, Xin Zhao, Jiaxiang Ding and Xiaomei Zhang

Corrigendum: Association between hemoglobin glycation
index and diabetic kidney disease in type 2 diabetes mellitus
in China: a cross-sectional inpatient study

Sixu Xin, Xin Zhao, Jiaxiang Ding and Xiaomei Zhang

Dyslipidemia and serum cystatin C levels as biomarker of
diabetic nephropathy in patients with type 2 diabetes mellitus
Tadesse Asmamaw Dejenie, Endeshaw Chekol Abebe,

Misganaw Asmamaw Mengstie, Mohammed Abdu Seid,

Natnael Atnafu Gebeyehu, Getachew Asmare Adella,

Gizchew Ambaw Kassie, Amanuel Yosef Gebrekidan,

Molalegn Mesele Gesese, Kirubel Dagnaw Tegegne,

Denekew Tenaw Anley, Sefineh Fenta Feleke,

Melkamu Aderajew Zemene, Anteneh Mengist Dessie, Natnael Moges,
Yenealem Solomon Kebede, Berihun Bantie and Dagnew Getnet Adugna

Role of sex hormones in diabetic nephropathy
Jiahui Liu, Zhe Liu, Weixia Sun, Ling Luo, Xingna An, Dehai Yu and
Wanning Wang

Metabolic phenotypes and risk of end-stage kidney disease in
patients with type 2 diabetes

Lijun Zhao, Yutong Zou, Yucheng Wu, Linli Cai, Yuancheng Zhao,
Yiting Wang, Xiang Xiao, Qing Yang, Jia Yang, Honghong Ren,
Nanwei Tong and Fang Liu

3 frontiersin.org


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/

& frontiers | Frontiers in Endocrinology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Mohammad H. Abukhalil,
Al-Hussein Bin Talal University, Jordan

REVIEWED BY
Sawsan Khdair,

Al-Zaytoonah University of Jordan,
Jordan

Weijun Gu,

PLA General Hospital, China

*CORRESPONDENCE

De Jin
826901274@qqg.com
Fengmei Lian
694397644@qq.com
Xiaolin Tong
tongxiaolin66@sina.com

SPECIALTY SECTION

This article was submitted to
Clinical Diabetes,

a section of the journal
Frontiers in Endocrinology

RECEIVED 06 September 2022
ACCEPTED 21 October 2022
PUBLISHED 03 November 2022

CITATION

Zhang Y, Zhang Y, Yang C, Duan Y,
Jiang L, Jin D, Lian F and Tong X
(2022) Naoxintong capsule delay the
progression of diabetic kidney disease:
A real-world cohort study.

Front. Endocrinol. 13:1037564.

doi: 10.3389/fendo.2022.1037564

COPYRIGHT
© 2022 Zhang, Zhang, Yang, Duan,
Jiang, Jin, Lian and Tong. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Endocrinology

TYPE Original Research
PUBLISHED 03 November 2022
D01 10.3389/fendo.2022.1037564
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Introduction: Diabetic kidney disease (DKD) is a severe and growing health
problem, associated with a worse prognosis and higher overall mortality rates
than non-diabetic renal disease. Chinese herbs possess promising clinical
benefits in alleviating the progression of DKD due to their multi-target effect.
This real-world retrospective cohort trial aimed to investigate the efficacy and
safety of Naoxintong (NXT) capsules in the treatment of DKD. Our study is the
first real-world study (RWS) of NXT in the treatment of DKD based on a large
database, providing a basis for clinical application and promotion.

Methods: The data was collected from Tianjin Healthcare and Medical Big Data
Platform. Patients with DKD were enrolled from January 1, 2011, to March 31,
2021. NXT administration was defined as the exposure. The primary outcome
was the change in estimated glomerular filtration rate (eGFR). We employed the
propensity score matching (PSM) method to deal with confounding factors.

Results: A total of 1,798 patients were enrolled after PSM, including 899 NXT
users (exposed group) and 899 non-users (control group). The eGFR changes
from baseline to the end of the study were significantly different in the exposed
group compared to the control group (-1.46 + 21.94 vs -5.82 + 19.8 mL/
(min-1.73m?3), P< 0.01). Patients in the NXT group had a lower risk of composite
renal outcome event (HR, 0.71; 95%Cl, 0.55 to 0.92; P = 0.009) and
deterioration of renal function (HR, 0.74; 95% CI, 0.56 to 0.99; P = 0.039).

Conclusion: NXT can significantly slow the decline of eGFR and reduce the risk
of renal outcomes. However, large cohort studies and RCTs are needed to
further confirm our results.

KEYWORDS

Naoxintong capsule, diabetic kidney disease, retrospective cohort study, propensity
score matching, real-world study
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Introduction

Diabetic kidney disease (DKD) is a severe and growing
health problem globally, which is reported to be the leading
cause of the end-stage renal disease (ESRD) (1). There is
accumulating evidence that DKD is associated with a worse
prognosis and higher overall mortality rates than non-diabetic
renal disease (2). Efforts to reduce ESRD prevalence and burden,
therefore, include the prevention of DKD before its occurrence
and the delay of progression of established DKD. Recent
guidelines on the treatment of DKD recommended that
lifestyle interventions and the blocking of the renin-
angiotensin-aldosterone system (RAAS) should be considered
for individuals with DKD (3). Despite the certain effects these
recommendations achieved, many individuals still suffer
glomerular filtration rate (GFR) decline and renal damage due
to the lack of satisfactory therapeutic strategies (4).

Traditional Chinese Medicine (TCM) has a long history of
clinical practice and is becoming a promising option worldwide
as complementary medicine (5). TCM therapies, especially
Chinese herbs, possess promising clinical benefits in alleviating
the progression of DKD due to their multi-target effect (6).
Naoxintong (NXT) capsule is one of the classic prescription
drugs for treating cardiovascular disease caused by Qi stagnation
and blood stasis (7). The formula has been reported to have a
renal protective effect and be effective in ameliorating glucose
metabolism and delaying DKD progression (8, 9). However, to
our knowledge, NXT capsule has never been investigated in
DKD patients in the setting of a clinical trial. The prior studies
were limited to the empirical summaries of physicians and had a
small sample size. Therefore, we hypothesize that NXT capsule
may be a safe and effective treatment for DKD. We designed a
retrospective observational cohort study to evaluate the efficacy
and safety of NXT in patients with DKD. Our study is the first
real-world study (RWS) of NXT in the treatment of DKD based
on a large database, providing a basis for clinical application
and promotion.

Methods
Data collection

The present retrospective observational cohort study was
conducted using data from Tianjin Healthcare and Medical Big
Data Platform. This platform contains information from 42
tertiary hospitals and 40 secondary hospitals, supplemented by
data from 274 primary and community hospitals, covering
17,420,097 patients’ medical records in Tianjin, China. Patient
data were retrieved from the electronic medical record, Hospital
Information System (HIS), Laboratory Information System
(LIS), and the home page of the medical record, including the
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date of birth, sex, BMI, diagnostic codes, course of the disease,
medication, and laboratory indices. The data were extracted by
two researchers to avoid bias and were validated by a third
researcher to ensure their accuracy.

This study was approved by the ethics committee of
Guang’anmen Hospital, China Academy of Chinese Medical
Sciences on November 23, 2020 (2020-056-KY). Since the study
was designed retrospectively, informed consent was not
required. All clinical studies were conducted in accordance
with the Helsinki Declaration.

Study design and participants

Patients with confirmed DKD from 82 hospitals were
enrolled from January 1, 2011, to March 31, 2021. The
diagnostic criteria of DKD were according to the Kidney
Disease Outcomes Quality Initiative (KDOQI) clinical practice
guidelines (10). Key inclusion criteria included estimated
glomerular filtration rate<90 mL/(min-1.73m?) and sufficient
serum creatinine records or endpoint events. Patients with a
severe lack of clinical diagnosis and treatment data were
excluded. The inclusion and exclusion criteria are as follows:

Inclusion criteria

(1) Patients in the database who met any of the following
diagnoses:

a. Diagnostic names included “diabetic nephropathy”,
“diabetic kidney disease”, “diabetes with renal
complications” or disease ICD is “E10.2”, “E11.2”,
“E12.2”, “E13.27, “E14.227;

b. Patients who met both of the following diagnoses:
®Diagnostic names included “diabetes?”,
“hyperglycemia”, or disease ICD is “E14.901”, “R73.901”;
®Diagnostic names included “arteriosclerotic
nephropathy”, “hypertensive nephropathy”, “renal

disease”, “nephropathy”, or disease ICD is “I12.903”,
“N04.901”, “N28.9017, “112.9017;

(2) Baseline glomerular filtration rate was less than 90 mL/
(min-1.73m?);
(3) The visit time was from January 1, 2011 to March 31, 2021;

(4) Two serum creatinine tests were recorded or at least one
serum creatinine test with one endpoint event.
Exclusion criteria
1. Patients with serious lack of clinical diagnosis and

treatment data;
2. Patients with NXT medication interval of more than 1 year.
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The patients were divided into two groups according to the
NXT prescription. The exposed group included patients who
had taken NXT for more than 60 days, and it was further divided
into high, medium, and low exposed groups based on the
duration of administration. The control group included
patients who were diagnosed with DKD but did not take NXT
(including capsule, decoction, granules, and traditional Chinese
medicine that with the same efficacy as NXT). Since the data in
this study are real-world data, propensity score matching (PSM)
was conducted to reduce the interference of confounding factors.
The final study cohort comprised 1,798 DKD patients, with 899
patients in each group (Figure 1). Details on the study design
and screening process can be found in Supplement 1.

Outcomes

The primary outcome was the change in estimated
glomerular filtration rate. The eGFR was calculated by CKD-

DKD patients from January
1, 2011, to August 31, 2021
(N = 298,537)

Patients with serum creatinine
record and eGFR < 90
(N=122,210)

10.3389/fendo.2022.1037564

EPI equation using gender, age, and serum creatinine. The
formula is as follows:

Female < 62(< 0.7)umol/L(mg/dL)  eGFR [mL/(min - 1.73m2)]
=144 x (Scr/0.7)%% % (0.993)%° >62(> 0.7)umol /L(mg/dL)

eGFR [mL/(min-1.73m*)] =144 x (Scr/0.7) "% x(0.993)*

Male < 80(< 0.9)umol/L(mg/dL) eGFR [mL/(min - 1.73m2)]
=141 x (Scr/0.9) "* % (0.993)*¢ >80(> 0.9)umol/L(mg/dL)
eGFR [mL/(min-1.73m?)] =141 x (Scr/0.9)7"*" x(0.993)*

The secondary outcomes included kidney composite
endpoint (end-stage renal disease (11), renal replacement
therapy, doubling of serum creatinine (12), death due to
kidney disease), 50% decrease in eGFR, major adverse
cardiovascular events (MACE) (cardiovascular death, non-fatal
myocardial infarction or non-fatal stroke), hospitalization for
heart failure, and the change of CKD stages.

Including:

1. Doubling of serum
creatinine (N = 13,102)
2. Renal replacement
therapy (N = 3,137)
3. End-stage renal
disease (N =8,012)

4. Death from renal

At least one other serum
creatinine test or endpoint event
(N=91,695)

disease (N =272)

5. Hospitalization for heart
failure: (N = 6,452)

6. Major adverse
cardiovascular events (N =

Exclusions:

17,131)
7. Another blood creatinine
test (N = 85,688)

1. Patients in the control
group who had taken the

traditional Chinese medicine
that with the same efficacy as
NXT (N = 81,038)

2. Patients who took NXT with
an interval of more than 1

year (N = 449)

3. Patients in the exposed
group who have taken NXT for
less than 60 days (N = 503)

‘

exposed group
(N =1,471)

‘

control group
(N = 8,234)

<

A J

899 NXT users
FIGURE 1

Workflow of the retrospective cohort study.
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The stage of CKD refers to the 2021 definition and staging
criteria of CKD proposed by Kidney Disease: Improving Global
Outcomes (KDIGO). Safety indicators included blood routine,
serum electrolyte, and liver function, which were assessed by
calculating the difference between the endpoint and baseline.

Statistical analysis

For quantitative data, descriptive statistical analysis was
carried out by the number of cases (N), Mean, standard
deviation (Std), minimum (Min), Maximum (Max), median
(Med), upper quartile (Q1), and lower quartile (Q3). For
qualitative data, descriptive statistical analysis was performed
using frequency tables, percentages, or constituent ratios.
Differences between continuous normally-distributed variables
were tested with the Student t-test; non-normally distributed
variables were compared by the rank-sum test (13). Categorical
variables were compared with the chi-squared test (14). For
survival data or time-to-event data, the Kaplan-Meier survival
analysis model was used to calculate the average survival time.
Survival curves (Kaplan-Meier curves) were drawn to describe
the survival status of patients in each group, with HRs and 95%
CIs estimated using a Cox proportional hazards model.

To eliminate the influence of baseline covariates, we
employed the PSM method to deal with potential confounding
factors (15, 16). Literature search and stepwise logistic regression
were used to select the confounders with relatively large impact
on the results. Finally, the following confounding factors were
included in the PSM model:

Age, gender, smoking history, alcohol consumption history,
BMI, blood pressure classification, observation days, baseline
eGFR, baseline medication (Insulin and its analogs, glinides,
sulfonylurea, biguanides, thiazide diuretics, B-blockers, ACEI/
ARB), underlying diseases (hypertension, cardiovascular and
cerebrovascular diseases, chronic respiratory diseases,
metabolic diseases, urinary system diseases, anemia).

The propensity score matching method was carried out by
the Matchlt package of R software (17). According to whether
NXT was taken or not, the above factors were used as covariables
to construct the propensity score (PS) by logistic regression
analysis. We used the 1:1 nearest neighbor matching method to
match the propensity scores, and the maximum caliper width
was set to 0.25 of the PS standard deviation (18). After the
completion of PSM, the standardized mean differences were
used to assess the balance of covariates before and after
matching, with an absolute value less than 0.1 indicating
acceptable balance and reasonable control of confounding
factors (19).

For all tests, significance was defined as P < 0.05. SPSS 22.0
and R 3.6.2 software were employed for statistical analysis
(20, 21).
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Results
Demographic and clinical characteristics

A total of 9,705 patients were enrolled in the final cohort,
with 1,471 (15.2%) patients in exposed group and 8,234 (84.8%)
patients in control group (Figure 1). Before PSM, NXT users had
lower eGFR (72.97 + 17.53 vs 69.61 + 21.10 mL/(min-1.73m?)),
longer observation days (1636.37 days vs 926.40 days), and a
higher proportion with comorbidities and concomitant
medication. We found a significantly higher percentage of
patients in the exposed group had a history of hypertension
(99.3% vs 69.8%, P< 0.001), cardio-cerebrovascular diseases
(99.8% vs 73.9%, P< 0.001), and metabolic diseases (77.8% vs
43.6%, P< 0.001) compared with the control group. And the
proportion of patients using Insulin and its analogs (77% vs
46.5%, P< 0.001), glinides (43.8% vs 16.7%, P< 0.001),
sulfonylurea (30.6% vs 15.7%, P< 0.001), biguanides (57.0% vs
30.7%, P< 0.001), thiazide diuretics (9.9% vs 1.4%, P< 0.001), 3-
blockers (31.3% vs 13.9%, P< 0.001), ACEI (69.8% vs 13.6%, P<
0.001), and ARB (18.6% vs 4.1%, P< 0.001) was significantly
higher in the exposed group than in the control group.

Considering the interference of confounding factors, the
PSM method was employed to balance the baseline covariates
(22). Of 8,234 patients eligible for analysis in the control group,
899 were matched to a patient from NXT exposed group. After
1:1 propensity score-matching, all variables were balanced
between the exposed group and control group (Table 1). The
standardized mean differences were calculated to assess the
balance in the PS model and were<0.1. In the exposed group,
the median time of NXT taken was 224 days. Estimated
glomerular filtration rate in exposed group and analysis-
eligible control group were 72.18 + 18.49 mL/(min-1.73m?)
and 71.99 + 18.98mL/(min-1.73m>), respectively. In subgroup
analysis, the high, middle, and low exposed groups contained
306, 233, and 360 patients, respectively. All variables were
balanced between the three subgroups and their respective
matched control groups. There were no significant differences
in baseline eGFR levels among the 3 subgroups. Details on
baseline characteristics of each subgroup before and after PSM
could be found in Supplement 2 (Table I-1V).

Primary outcome

Table 2 presented the changes in eGFR at the endpoint
compared to the baseline. The mean baseline eGFR is 72.18 +
18.49 mL/(min-1.73m>) in exposed group and 71.99 + 18.98mL/
(min-1.73m?) in control group, with no statistical difference
between the two groups (P = 0.96). After NXT administration,
the exposed group had higher eGFR (70.73 + 27.68 vs 66.17 +
26.43 mL/(min-1.73m?)) compared to non-exposed group, with
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TABLE 1 The baseline characteristic before and after propensity score matching.

Group Before PSM After PSM
Exposed group Control group P Std. Mean Exposed group Control group
(1471) (8234) Value Diff. (899) (899)
Age (mean (SD)) 66.71 (9.18) 63.37 (11.00) <0.001 0.3643 66.17 (9.17) 66.13 (10.38)
Male (%) 936 (63.6) 4629 (56.2) <0.001 0.1541 555 (61.7) 531 (59.1)
Smoking history (%) 364 (24.7) 879 (10.7) <0.001 0.326 163 (18.1) 177 (19.7)
Drinking history (%) 272 (18.5) 721 (8.8) <0.001 0.2507 135 (15.0) 137 (15.2)
BMI (%) 0.005
obese (BMI>25) 194 (13.2) 1168 (14.2) -0.0295 128 (14.2) 128 (14.2)
overweight (23>BMI<25) 366 (24.9) 2003 (24.3) 0.0128 211 (23.5) 211 (23.5)
normal (18.5>BMI<23) 311 (21.1) 1424 (17.3) 0.0942 182 (20.2) 177 (19.7)
underweight (BMI<18.5) 5(0.3) 26 (0.3) 0.0041 2(0.2) 3(0.3)
Blood pressure classification (%) <0.001
Grade 1 hypertension 208 (14.1) 835 (10.1) 0.1148 113 (12.6) 116 (12.9)
Grade 2 hypertension 80 (5.4) 338 (4.1) 0.0588 47 (5.2) 53 (5.9)
Grade 3 hypertension 23 (1.6) 123 (1.5) 0.0056 14 (1.6) 10 (1.1)
High normal 668 (45.4) 3426 (41.6) 0.0764 395 (43.9) 383 (42.6)
Normal 57 (3.9) 357 (4.3) -0.0239 37 (4.1) 35 (3.9)
Baseline eGFR (mean 72.97 (17.53) 69.61 (21.10) <0.001 0.1917 72.18 (18.49) 71.99 (18.98)
(SD))
Observation days (mean 1636.37 (1037.36) 926.40 (1004.00) <0.001 0.6844 1373.86 (997.67) 1392.85 (1029.45)
(SD))
Baseline medication
Insulin and its analogs 1132 (77.0) 3826 (46.5) <0.001 0.724 608 (67.6) 614 (68.3)
(%)
Glinides (%) 645 (43.8) 1374 (16.7) <0.001 0.5474 293 (32.6) 301 (33.5)
Sulfonylurea (%) 450 (30.6) 1294 (15.7) <0.001 0.3228 212 (23.6) 213 (23.7)
Biguanides (%) 839 (57.0) 2526 (30.7) <0.001 0.5325 426 (47.4) 421 (46.8)
Thiazide diuretics (%) 145 (9.9) 117 (1.4) <0.001 0.283 47 (5.2) 50 (5.6)
B-blockers (%) 460 (31.3) 1143 (13.9) <0.001 03751 256 (28.5) 263 (29.3)
ACEI (%) 1027 (69.8) 1122 (13.6) <0.001 1.224 484 (53.8) 483 (53.7)
ARB (%) 273 (18.6) 337 (4.1) <0.001 03721 98 (10.9) 97 (10.8)
Underlying diseases
Hypertension (%) 1461 (99.3) 5748 (69.8) <0.001 3.5916 889 (98.9) 888 (98.8)
Cardio-cerebrovascular 1468 (99.8) 6085 (73.9) <0.001 5.7399 896 (99.7) 893 (99.3)
diseases (%)
Chronic respiratory 385 (26.2) 880 (10.7) <0.001 0.3523 189 (21.0) 194 (21.6)
diseases (%)
Metabolic diseases (%) 1145 (77.8) 3593 (43.6) <0.001 0.8235 607 (67.5) 610 (67.9)
Urinary system diseases 379 (25.8) 1284 (15.6) <0.001 0.2326 207 (23.0) 198 (22.0)
(%)
Anemia (%) 316 (21.5) 1469 (17.8) <0.001 0.0887 184 (20.5) 197 (21.9)

SD, Standard Deviation; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker.

TABLE 2 The change of eGFR before and after study.

Exposed group Control group W statistic
Baseline eGFR 72.18+18.49 71.99+18.98 403532
Endpoint eGFR 70.73+27.68 66.17+26.43 351593
eGFR change -1.46+21.94 -5.82+19.8 350706
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P
Value

0.923
0.267
0.668
0.971
0.99

0.92

0.825

0.691

0.8

0.726

0.85
0.835
0.755

0.504

0.818

0.92
0.652

0.489

10.3389/fendo.2022.1037564

Std. Mean
Diff.

0.0049
0.0549
-0.0404
-0.0062

0.0138
-0.0236

-0.0101
-0.03
0.0359
0.0269
0.0112
0.0106

-0.019

-0.0143

-0.019
-0.0026
0.0111
-0.015
-0.0173
0.0022
0.0036

0.0106
0.0579

-0.0136

-0.0071
0.0238

-0.0358

P-Value

0.958846
0.000002
0.000001
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p-value< 0.01. The eGFR changes from baseline to the end of the
study were significantly different in the exposed group compared
to the control group (-1.46 + 21.94 vs -5.82 * 19.8 mL/
(min-1.73m?), P< 0.01). In the exposed group, the overall rate
of decline in eGFR was 0.07 + 13.42mL/min/1.73 m” per year,
compared with 1.91 + 19.34 mL/min/1.73 m® per year in the
control group (P< 0.01).

The trend of eGFR in the study period was presented in
Table 3 and Figure 2. Starting from the baseline, we defined a
period of 180 days as a follow-up time point. The mean eGFR
was calculated for each period. From the overall trend, the eGFR
in the NXT group improved to a certain extent, with P values of
0.0003, 0.0005, and 0.023 in the third, fourth and sixth study
periods, respectively.

Secondary outcome

Significant benefit in the time to the first occurrence of
composite renal outcome was observed in the NXT group
(hazard ratio [HR], 0.71; 95% confidence interval [CI], 0.55 to
0.92; P = 0.009) (Figure 3A). The median occurrence time was
929.5 (95% CI, 838 to 1118) days in the exposed group versus
575.5 (95% CI, 463 to 662) days in the control group. There were
100 patients presented the outcome of deterioration of renal
function in the exposed group and 98 in the control group (HR,
0.74; 95% CI, 0.56 to 0.99; P = 0.039) (Figure 3B). The median
occurrence time was significantly longer in the exposed group
(1020 days; 95% CI, 919 to 1200 versus 660 days; 95% CI, 568 to
712). Longer survival time of MACE was observed in NXT group
(HR, 0.61; 95% CI, 0.45 to 0.82; P = 0.001) (Figure 3C). However,
the incidence of MACE was higher in the exposed group (8.1%)
than in the control group (11.9%). There was no significant
difference in the time to hospitalization for heart failure (P =
0.63) (Figure 3D).

In terms of the change of CKD stages, more patients in the
exposed group were in CKD stage 1 at the endpoint (269 vs 159)

TABLE 3 The trend of eGFR in study period.

10.3389/fendo.2022.1037564

compared with the control group, exhibiting a noticeable
improvement in eGFR. (Table 4). The overall improvement
proportion of CKD stage was 34.04% in the exposed group
and 22.36% in the control group, while the overall progression
proportion of CKD stage was 21.25% in the exposed group and
24.92% in the control group.

The difference in safety indices between baseline and the end
of the study is shown in Table 5. NXT capsule did not cause any
abnormality of safety indicators including blood routine, serum
electrolyte, and liver function (P>0.05).

Discussion

DKD has emerged as a worldwide medical catastrophe,
bringing tremendous pressure on medical resources and the
economy. According to data from the International Diabetes
Federation (IDF), by the end of 2021, the number of diagnosed
diabetes mellitus (DM) reached 537 million globally (23), which
has a great impact on the prevalence rate of DKD. Much effort
has been made to slow the reduction of GFR and maintain renal
function, including glycemic control, blood pressure regulation,
and lipid lowering (24). However, the long-term impact of these
strategies is still not optimistic (25).

Based on the current treatment status, TCM treatment of
diabetic kidney disease needs to be paid more attention. Our
study is the first real-world study (RWS) of TCM treatment of
DKD based on a large electronic information system. The reason
we conducted RWS was that it is designed to evaluate the
outcomes of all interventions in a real clinical setting to
achieve results that are more closely related to clinical reality.
Moreover, although Naoxintong capsule has been commonly
used clinically for the treatment of DKD, it has only been
approved for the treatment of cardiovascular and
cerebrovascular diseases, which makes it impossible to conduct
RCTs related to DKD. RWS could provide basis for NXT off-
label drug use, further expand drug indications, and lay a

Study Control NXT number of patients in control group number of patients in NXT W statis- P-

period group group tic Value
baseline 71.99 + 1898 72.18 + 18.49 899 899 403532 0.958846
1 7145 + 24.8 74.15 + 24.29 447 357 743415 0.095922
2 72.54 +24.56  73.83  24.76 413 373 72696 0.173313
3 69.24 +24.85 7443 + 25.49 340 332 47436 0.000346
4 65.92 + 26.4 72.67 + 25.01 299 323 40433 0.000452
5 67.5+27.04 7053 +27.11 216 309 30360.5  0.078346
6 64.98 +27.18  70.13 % 27.3 170 281 20825.5 0.02258
7 63.71+2642  67.13 +29.13 148 228 144225 0.061622
8 63.35+2837  67.38 %2837 123 194 10868 0.181503

1 study period = 180 days.
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Survival analysis of endpoint events. (A) Composite renal outcome (end-stage renal diseasell, renal replacement therapy, doubling of serum
creatinine, death due to kidney disease); (B) 50% decrease in eGFR; (C) Major adverse cardiovascular events (MACE) (cardiovascular death, non-
fatal myocardial infarction or non-fatal stroke); (D) Hospitalization for heart failure. HR, hazard ratio; Cl, confidence interval; Time (days).
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TABLE 4 The change of CKD stages.

a. The change of CKD stages in exposed group

Endpoint Baseline CKD1 CKD2 CKD3a CKD3b CKD4 CKD5
CKD2 249 346 52 34 30 11
CKD3a 13 23 25 16 10 5
CKD3b 5 4 4 8 8 12
CKD4 2 1 1 2 5 13
CKD5 0 0 0 0 2 18
Total 269 374 82 60 55 59

b. The change of CKD stages in control group

Endpoint CKD1 CKD2 CKD3a CKD3b CKD4 CKD5
Baseline

CKD2 156 399 93 32 25 17
CKD3a 3 34 28 19 13 5
CKD3b 0 1 4 12 5 6
CKD4 0 1 0 2 5 9
CKD5 0 0 0 0 0 30
Total 159 435 125 65 48 67

c. The proportion of changes in CKD stages

Improvement maintenance progression

Exposed group Total 306 (34.04%) 402 (44.72%) 191 (21.25%)

CKD2-CKD3a 285 (35.01%) 371 (45.58%) 158 (19.41%)

CKD3b-CKD5 21 (24.7%) 31 (36.47%) 33 (38.82%)

Control group Total 201 (22.36%) 474 (52.73%) 224 (24.92%)

CKD2-CKD3a 193 (23.42%) 427 (51.82%) 204 (24.76%)

CKD3b-CKD5 8 (10.67%) 47 (62.67%) 20 (26.67%)
foundation for follow-up randomized controlled studies. Our In this retrospective cohort study, patients with DKD who
study demonstrated that TCM was efficacious in slowing eGFR used NXT capsules had less eGFR decline (1.46 + 21.94 vs 5.82 +
decline and reducing the progression of early-stage DKD to 19.8 mL/(min-1.73m?)) than those who did not take NXT.
ESRD. Thus, TCM can be an alternative treatment in addition to Although the incidence rates were similar, patients in the NXT
glucose-lowering, antihypertensive, and lipid-lowering therapies group had a lower risk of composite renal outcome events (end-
for the treatment of DKD patients. stage renal disease, renal replacement therapy, doubling of

TABLE 5 The difference of safety indices before and after treatment.

Control NXT Number of patients in control group ~ Number of patients in NXT W statis- P-

group group group tic Value
RBCs -0.17 + 0.56 -0.15 + 0.68 605 664 1923275 0.190696
WBCs 036 + 2.91 0.46 + 3.57 605 665 200460.5  0.914422
PLT -4.67 + 53.16 1.79 + 64.67 604 664 191494 0.165402
HbAlc  -501+17.24  -526 +20.98 559 541 148217 0.570007
K+ -0.02 + 0.6 0.01 + 0.59 376 441 80694.5  0.510382
ALT 4.76 + 73.76 4.16 + 75.86 502 520 127785 0562135
AST 102+ 6483 16.96 + 174.09 336 346 53247 0.057786
ALP 1.92 + 54.07 23 +53.07 484 534 1241145 0.275087
TBIL 0.68 + 8.98 0.07 £ 8.15 512 552 141388 0.987972
TP 5.59 + 66.58 5.27 + 52.83 451 485 103663 0.167512

RBCs, red blood cells; WBCs, white blood cells; PLT, platelets; HbAlc, Hemoglobin Alc; K+, potassium; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, Alkaline
phosphatase; TBIL, total bilirubin; TP, transpeptidase.
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serum creatinine, death due to kidney disease), and deterioration
of renal function (50% decrease in eGFR). These results suggest
that NXT capsules may be an effective therapy for kidney
protection in DKD patients. A longer survival time of MACE
was also observed in patients who used NXT (HR, 0.61; 95% CI,
0.45 to 0.82; P = 0.001). However, we found a higher incidence of
MACE in the NXT group compared with the control group
(11.9% vs 8.1%). This may be due to the fact that clinicians
prescribe NXT capsules mainly for patients with cardiovascular
diseases (CVD). Therefore, patients who were administrated
NXT were more likely to have worse cardiovascular situations.
Our study focuses more on the therapeutic effect of NXT on
DKD, confounding factors related to cardiovascular disease may
not be well balanced.

Moreover, NXT administration was significantly associated
with the improvement of CKD stages both in the subgroup of
patients with CKD stage 2-3a and CKD stage 3b-5. The number
of patients with improved CKD stage in the NXT group and the
control group was 306 and 201 (34.04% vs 22.36%), respectively.
In terms of CKD progression, NXT showed clinical benefits in
patients with CKD stage 2-3a (19.41% vs 24.76%). While in
patients with CKD stage 3b-5, NXT capsules did not achieve
ideal results (38.82% vs 26.67%). This suggests that NXT may
have greater benefit in improving renal function in early-stage
DKD patients. For patients with CKD stage 3b-5, the proportion
of progression and improvement was higher in the NXT group
than in the control group. At the same time, due to the relatively
small sample size of late-stage DKD patients, there may be some
bias in the results.

In addition, the patients in the exposed group were divided
into three subgroups according to exposure time, and the
average duration of medication in the high, medium, and low
exposed groups was 700.28 days, 253.20 days, and 106.82 days,
respectively (Supplement 2 Table IV). we observed that NXT
administration ameliorated the eGFR decline and improved the
CKD stages, irrespective of the level of exposure to NXT
(Supplement 2 Table V-VI).

NXT capsule was developed from the classical formula “Bu-
Yang-Huan-Wu-Tang (BYHWT)”, which has been approved by
the China Food and Drug Administration (CFDA) for the
treatment of cardiovascular disease (7). Previous studies have
shown that NXT takes a variety of protective effects on CVD
including coronary artery disease, myocardial infarction,
atherosclerosis, acute coronary syndrome, ischemic stroke, and
so on (26-29). In addition, researchers found that NXT may also
have renoprotective effects by improving insulin sensitivity and
regulating glucose and lipid metabolism. Yang et al. found that
NXT protects db/db diabetic mice from DN by reducing renal
inflammation and podocyte injury (8). Moreover, NXT decreased
the deposition of extracellular matrix proteins by increasing the
expression of MMP2/9 through inhibition of the TGF-B/Smad
pathway and CTGF expression (9). Yan et al. demonstrated that
NXT exerted therapeutic efficacy against diabetes and its
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complications by improving insulin sensitivity, glucose
metabolism, and energy expenditure (30). However, the above-
mentioned studies mainly focused on animal experiments,
without the support of clinical studies. Due to the off-label use
of NXT in the treatment of DKD, randomized controlled trials
(RCTs) cannot be conducted. Therefore, we conducted a
retrospective study to explore the therapeutic effect of NXT,
providing scientific evidence and a research basis for expanding
the indications of NXT capsules. The research database we
selected covers all hospitals in Tianjin area, with wide data
coverage and sufficient number of patients. The patient data
captured in this database are representative, providing reliable
resources for us to carry out the study. Our study showed that
NXT is effective in improving eGFR in DKD patients, especially
in patients with early-stage DKD. NXT also had a beneficial effect
on the risk of renal events, as demonstrated by the increase in
survival time of the renal composite outcome.

NXT contains sixteen Chinese materia medica: Radix
Astragali (Huangqi), Radix Paeoniae Rubra (Chishao), Salviae
miltiorrhizae Radix et Rhizoma (Danshen), Radix Angelicae
Sinensis (Danggui wei), Chuanxiong Rhizoma (Chuanxiong),
Persicae Semen (Taoren), Carthami Flos (Honghua), Olibanum
(Ruxiang), Myrrha (Moyao), Spatholobi Stem (Jixueteng),
Cinnamomi Ranulus (Guizhi), Achyranthis bidentatae Radix
(Niuxi), Scorpio (Quanxie), Pheretima (Dilong), Mori Ramulus
(Sangzhi), and Hirudo (Shuizhi) (7). In TCM theory, these
prescriptions can tonify qi, activate blood circulation, remove
stasis, and dredge collaterals. Thus, the indications of NXT
coincide with the main pathogenesis of DKD, which is
characterized by the presence of qi deficiency, blood stasis, and
turbidity. Studies have shown that many components of NXT
possess anti-inflammation properties and could improve renal
function (8). The main identified components in the NXT capsule
include ferulic acid, paeoniflorin, hydroxysaftflor yellow A,
amygdalin, salvianolic acid B, and astragaloside IV (31, 32), all
of which have the pharmacological effects of anti-inflammation,
anti-oxidation, and renoprotection against diabetes. Astragaloside
IV in Radix Astragali (Huanggqi) exhibits anti-inflammatory, anti-
oxidative stress, and anti-fibrotic properties, effectively alleviating
the renal injury induced by high glucose (33, 34). Ferulic acid is
known as an anti-oxidative agent, which relieves inflammation,
decreases oxidative stress markers, and attenuates excessive
autophagy to protect podocytes against injury (35, 36).
Astragaloside IV and ferulic acid have also been found to have
hypoglycemic effects. Paeoniflorin and hydroxysafflor yellow A
alleviate renal injury mainly through inhibiting inflammatory
responses (37-39). Amygdalin, hydroxysafflor yellow A, and
Salvianolic acid B could ameliorate renal fibrosis by inhibiting
the expression of transforming growth factor (TGF)—f1 and the
proliferation of renal interstitial fibroblasts (40, 41). The
pharmacological effects of these components suggest that the
renal protective efficacy of NXT may be a direct effect on the
kidney or an indirect anti-diabetic effect.
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Collectively, our results provided clinical evidence for the
treatment of DKD with NXT capsules. This study was a good
attempt for the real-world research of traditional Chinese
medicine, which not only proved its feasibility, but also
showed the scientific nature. It will serve as a demonstration
for the development, marketing and indication expansion of
Chinese patent medicines in the future.

However, there are still some limitations in our current study.
Firstly, as a retrospective study, although many important
confounders were accounted for, residual unknown or
unmeasured confounding factors cannot be eliminated. Secondly,
the medication data of participants was collected only from hospital
records, which may be incomplete because some patients bought
drugs at pharmacies. Therefore, the current findings will need to be
confirmed in large cohort studies and RCTs.

Conclusion

NXT can significantly slow the decline of eGFR and reduce
the risk of renal outcomes. However, large cohort studies and
RCTs are needed to further confirm our results.
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Background: Although type 2 diabetes mellitus (T2DM) plays a significant role
in the association between metabolic dysfunction-associated fatty liver disease
(MAFLD) and chronic kidney disease (CKD), how T2DM development and
glycemic deterioration affect CKD and its renal function indicators, estimated
glomerular filtration rate (eGFR) and urine albumin-to-creatinine ratio (UACR),
remains unknown. We aimed to assess the association between MAFLD, along
with T2DM, and risk of CKD, and then evaluate the effect of metabolic goal
achievement in MAFLD on the risk of CKD.

Methods: In this cross-sectional study, 5,594 participants were included.
Multivariate logistic regression and linear regression were used to examine
the association between MAFLD with its T2DM status and metabolic goal
achievement and risk of CKD, as well as eGFR and UACR.

Results: The MAFLD group had a higher prevalence of CKD (16.2 vs. 7.6%, P
< 0.001) than the non-MAFLD group. MAFLD was independently associated
with an increased risk of CKD (odds ratio [OR]: 1.35, 95% CI: 1.09-1.67) and
increased eGFR and UACR. Among the three MAFLD subtypes, only the T2DM
subtype exhibited significant associations with increased risk of CKD (OR:
2.85, 95% Cl: 2.24-3.63), as well as increased eGFR and UACR. Glycemic
deterioration in MAFLD was dose-dependently associated with an increased
risk of CKD (P-trend < 0.001). Achieved metabolic goals in MAFLD decreased
the risk of CKD, eGFR, and UACR; MAFLD with 2 or 3 achieved metabolic
goals was not significantly associated with the risk of CKD (OR: 0.81, 95% Cl:
0.59-1.12) and albuminuria.

Conclusion: MAFLD was independently associated with an increased risk of
CKD, as well as increased eGFR and UACR. This association is strongly driven
by T2DM status. Glycemic deterioration in MAFLD was dose-dependently
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associated with an increased risk of CKD. Achieved metabolic goals in MAFLD
decreased the risk of CKD by reducing the risk of albuminuria.

KEYWORDS

albuminuria, chronic kidney disease, estimated glomerular filtration rate, metabolic
dysfunction-associated fatty liver disease, metabolic goal achievement, type 2
diabetes mellitus, urine albumin-to-creatinine ratio

Introduction

Nonalcoholic fatty liver disease (NAFLD) represents the
most common chronic liver disorder worldwide, with a
prevalence of 29.2% in China (1, 2). NAFLD is closely associated
with metabolic disorders, such as type 2 diabetes mellitus
(T2DM) (3), hypertension (4), and obesity (5), and other extra-
hepatic diseases, such as chronic kidney disease (CKD) (6) and
cardiovascular disease (CVD) (7). The newly propagated name,
metabolic dysfunction-associated fatty liver disease (MAFLD),
might be a more appropriate term to describe the liver disease
associated with underlying metabolic dysfunction (8). The
association between MAFLD and other diseases is still not
fully understood.

Chronic kidney disease, another leading public health
problem affecting nearly 10% of the Chinese population (9),
is defined by estimated glomerular filtration rate (eGFR) and
urine albumin-to-creatinine ratio (UACR) (10). Diabetes is
the leading cause of CKD, and CKD is considered to share
common metabolic risk factors with NAFLD, such as T2DM
(6). The association between NAFLD and CKD is established
in several epidemiological studies (11-15), two of which are
based on patients with diabetes (11, 12). The risk of CKD
progression increased with the severity of NAFLD in patients
with T2DM (11). Putative mechanisms linking NAFLD with
CKD include T2DM and metabolic syndrome, dysbiosis and
perturbed intestinal function, and aging (6). Recent studies have
shown that MAFLD is independently associated with CKD (16—
18). Although T2DM plays a significant role in the association
between NAFLD and CKD, how T2DM development and
glycemic deterioration affect CKD and its renal function
indicators, eGFR and UACR, remains unknown.

Metabolic dysfunction-associated fatty liver disease criteria
identify an additional portion of people with more metabolic
comorbidities and a higher risk of CKD compared to NAFLD
(17, 19), so metabolic management is more important to reduce
the risk of CKD than before. “ABCs” metabolic goal, including
glycated hemoglobin Alc (HbAlc), blood pressure (BP), and
low-density lipoprotein cholesterol (LDL-C) (20, 21), was first
proposed to alleviate the complications of diabetes. A recent
study revealed that metabolic goal achievement among NAFLD
reduced the risk of CKD, and there was a significant interaction
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between poor glycemic control and NAFLD on the risk of
CKD (12). However, whether overall and specific metabolic goal
achievement among MAFLD has effects on CKD, as well as
eGFR and UACR, still needs to be explored.

Therefore, we conducted a cross-sectional study based on
the general population in southern China to evaluate the
associations of MAFLD and its T2DM status with CKD,
eGFR, and UACR, and then to check whether metabolic goal
achievement among MAFLD reduces the risk of CKD.

Materials and methods

Study population

The study was based on baseline survey data of Fuging
Cohort from the general population of Fuqing City in southeast
China. From July 2020 to June 2021, 7,009 eligible participants
aged 35-75 years who had lived in Fuqing City for at least
5 years were recruited. After exclusion, a total of 5,594
participants were included for analysis (Figure 1). This study was
conducted in compliance with the regulations of the Declaration
of Helsinki and was approved by the Ethical Committee of
Fujian Medical University (approval number [2020-58]). All
participants provided written informed consent.

Data collection

Face-to-face interviews for study participants were
performed by a team of trained interviewers using an electronic
structured questionnaire. The following information was
collected: demographics, smoking, alcohol and tea drinking,
physical activities, medical history, and medication use.

Height, weight, waist circumference, hip circumference,
systolic blood pressure (SBP), and diastolic blood pressure
(DBP) were measured by trained staff. Body mass index (BMI)
was calculated as body weight in kilograms divided by height
squared in meters (kg/m?). BP was measured using an electronic
sphygmomanometer (OMRON U30; Omron Company, Kyoto,
Japan) according to a standard protocol. The average of the three

readings was calculated for analysis. Daily physical metabolic
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Participants aged 35-75 years
N=7009
*  Missing data on demographic variable (N=197), lifestyles (N=154), fatty liver
(N=483), BMI (N=198), serum creatinine (N=32), urinary microalbumin
(N=68), urinary creatinine (N=88), HbAlc (N=49), HBV infection (N=32),
SBP/DBP (N=129);
«  Use of glucocorticoids (N=4);
e Use of lipid lowering drugs (N=130);
e Use of liver-related drugs (N=85);
N=5969 *  History of cancer (N=105)
* Missing on MAFLD (N=2)
* Missing on T2DM (N=373)
Participants in the analysis
N=5594
FIGURE 1

Flowchart of selection of study participants

equivalent (MET/day) was calculated for the quantification of
physical activity intensity.

Type 2 diabetes mellitus was defined as a fasting plasma
glucose level > 7.0 mmol/L or 2-h post-load glucose level >
11.1 mmol/L or HbAlc > 6.5% or use of antidiabetic drugs
or self-reported history of diabetes. Prediabetes was defined as
nondiabetic individuals having a fasting plasma glucose level
of 5.6-6.9 mmol/L or 2-h post-load glucose level of 7.8-11.1
mmol/L or HbAlc of 5.7%—6.4%. Hypertension was defined
as mean SBP > 140 mmHg or mean DBP > 90 mmHg or use
of hypotension.

Overnight fasting venous blood samples and random urine
samples were collected. Serum creatinine, glucose level, lipid
profile, urinary creatinine, and microalbumin were measured
using standard laboratory procedures (Toshiba automatic
biochemical analyzer, TBA-120FR, Japan). HbAlc was measured
using a high-performance liquid chromatography method
(fully automated glycohemoglobin (HbAlc) analyzer, HA8180,
Japan). Urinary creatinine and microalbumin were used to
calculate UACR.
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Abdominal ultrasonography was performed using an
ultrasonic instrument (Prosounda?, Hitachi Medical Company,
Tokyo, Japan) by experienced ultrasonographists.

Definition of metabolic
dysfunction-associated fatty liver disease

Metabolic dysfunction-associated fatty liver disease was
defined as evidence of fatty liver based on ultrasound with
at least one of the following three criteria (8): (1) overweight
or obesity (BMI > 23.0 kg/m2 in Asians); (2) T2DM; and
(3) metabolic dysregulation among non-overweight individuals
(BMI < 23.0 kg/m? in Asians). Metabolic dysregulation was
defined as the presence of at least two of the following metabolic
risk abnormalities: (1) waist circumference > 90 cm for Asian
men and 80 cm for Asian women; (2) BP > 130/85 mmHg or
specific drug treatment; (3) triglycerides (TG) > 1.70 mmol/L or
specific drug treatment; (4) high-density lipoprotein cholesterol
(HDL-C) < 1.0 mmol/L for men and < 1.3 mmol/L for women;
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(5) prediabetes; (6) insulin resistance (HOMA-IR) score > 2.5;
and (7) plasma high-sensitivity C-reactive protein (hs-CRP)
level > 2 mg/L.

Definition of CKD

The Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation was used to calculate eGFR(22). The
formula is given as follows: eGFR = 141 x min (Scr/k, 1)* x
max (Scr/k, 1)71209 x 0.99348¢ x 1.018 [if female], where Scr
is serum creatinine concentration in milligrams per deciliter,
k is 0.9 for males and 0.7 for females, o is —0.411 for males
and —0.329 for females, min represents the minimum of 1 or
Scr/k, and max represents the maximum of 1 or Scr/k. CKD
was defined as eGFR < 60 ml/min/1.73 m? or the presence of
albuminuria. Albuminuria was defined as UACR > 30 mg/g.

Definition of ABCs' metabolic goal

“ABCs” metabolic goal was defined as HbAlc < 6.5% (A),
SBP/DBP < 140/90 mmHg (B), and LDL-C < 100 mg/dl (C)
(12, 20, 23).

Statistical analysis

Continuous variables were expressed as median (25th and
75th percentiles) due to skewed distribution, and categorical
variables were presented as frequency (percentage). Differences
between non-MAFLD group and MAFLD group were assessed
using the Wilcoxon rank sum test for continuous variables and
Pearson’s chi-squared test for categorical variables.

Multivariate logistic regression was used to estimate
odds (ORs) and corresponding 95%
intervals (95% CIs) for associations between MAFLD and
CKD. Multivariate linear regression was used to estimate

ratios confidence

regression coefficients (Bs) and corresponding 95% CIs
for associations of MAFLD with eGFR and UACR. UACR
values were log-transformed for analysis. The following
models were constructed. Model 1 was unadjusted. Model
2 was adjusted for age, sex, and BMI. Model 3 was further
adjusted for education level (0/1-6/7-9/>10 years), occupation
(farmer service/office
job/others),

drinking (never/former/current), HBV infection (yes/no),

or unemployment/worker/sales or

alcohol drinking (never/former/current), tea
T2DM (yes/no, removed when conflicting with independent
variable), and physical activity (MET/day).

Subgroup analysis was performed to assess potential
effect modifiers by stratifying sex, age (<65/>65 years), BMI

(<28/>28 kg/mz), alcohol drinking (never/ever), tea drinking
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(never/ever), smoking (never/ever), HBV infection, T2DM,
hypertension, and dyslipidemia.

Statistical significance was defined as a 2-tailed P
< 0.05. All statistical analyses were conducted using R
version 4.0.5 (Foundation, Vienna, Austria).

Results

General characteristics of participants

The general characteristics of 5,594 participants are
presented in Table 1. The median age of the participants was 57
(50, 65) years and 35.1% were men. Of them, 1,878 (33.6%) and
589 (10.5%) were diagnosed with MAFLD and CKD.

Compared to the non-MAFLD group, participants with
MAFLD were more likely to be older, men, to have significantly
higher levels of BMI, waist circumference, hip circumference,
SBP, DBP, UACR, fasting and postprandial plasma glucose,
HbAlc, TC, TG, and LDL-C. In addition, the prevalence of
T2DM, hypertension, hyperlipidemia, albuminuria, and CKD
in the MAFLD group is significantly higher than that in the
non-MAFLD group (Table 1).

Association of MAFLD with CKD, EGFR,
and UACR

As shown in Table 3, MAFLD was independently associated
with an increased risk of CKD (OR: 1.35, 95% CI: 1.09-1.67)
after adjusting for age, sex, BMI, education level, occupation,
alcohol drinking, tea drinking, HBV infection, T2DM, and
MET/day (Table 2). Considering the heterogeneity of MAFLD,
MAFLD was categorized into three subtypes based on the
definition (24, 25). A significant association was observed only
in the T2DM subtype (OR: 2.85, 95% CI: 2.24-3.63). The
same analysis was performed with eGFR and UACR, two
indexes in the definition of CKD, as outcomes. Linear regression
analysis showed that MAFLD was independently associated with
increased eGFR (B: 1.37, 95% CI: 0.73-2.01) and UACR (B: 0.15,
95% CI: 0.09-0.21) (Supplementary Table S1). MAFLD subtype
analysis showed that a significant association for eGFR was
observed in the overweight/obesity subtype (B: 0.94, 95% CI:
0.19-1.69) and T2DM subtype (B: 3.10, 95% CI: 2.25-3.95),
whereas for UACR, a significant association was observed only
in the T2DM subtype (B: 0.53, 95% CI: 0.45-0.61). Collectively,
these data suggest that T2DM is a crucial factor in the association
between MAFLD and CKD.

Subgroup
in  the
(Supplementary Table S2). Significant
eGFR and UACR as
(Supplementary Table S3). For eGFR, the association was

interaction
CKD

interactions

analysis found no significant

association  between @ MAFLD  and

were observed for outcomes
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TABLE 1 General characteristics of subjects with and without MAFLD.

10.3389/fpubh.2022.1047794

Total Non-MAFLD MAFLD P value

N =5,594 N=3,716 N=1878
Age, median (25, 75th percentiles), year, 57 (50,65) 57 (49,65) 58 (52,66) < 0.001
Male, n (%) 1,961 (35.1) 1,275 (34.3) 686 (36.5) 0.101
Education level, years 0.114
0 1,921 (34.3) 1,245 (33.5) 676 (36.0)
1-6 1,900 (34.0) 1,273 (34.3) 627 (33.4)
7-9 1,303 (23.3) 894 (24.1) 409 (21.8)
>10 470 (8.4) 304 (8.2) 166 (8.8)
Occupation 0.028
Farmer or unemployment 4,074 (72.8) 2,684 (72.2) 1,390 (74.0)
Worker 590 (10.5) 425 (11.4) 165 (8.8)
Sales or service 358 (6.4) 242 (6.5) 116 (6.2)
Office job 511(9.1) 326 (8.8) 185 (9.9)
Other 61 (1.1) 39(1.0) 22(1.2)
Alcohol drinking status 0.266
Never 4,976 (89.0) 3,320 (89.3) 1,656 (88.2)
Former 186 (3.3) 114 (3.1) 72 (3.8)
Current 432(7.7) 282 (7.6) 150 (8.0)
Smoking status 0.372
Never 4,129 (73.8) 2,762 (74.3) 1,367 (72.8)
Former 491 (8.8) 314 (8.4) 177 (9.4)
Current 974 (17.4) 640 (17.2) 334 (17.8)
Tea drinking status < 0.001
Never 4,270 (76.3) 2,926 (78.7) 1,344 (71.6)
Former 61 (1.1) 34(0.9) 27 (1.4)
Current 1,263 (22.6) 756 (20.3) 507 (27.0)
T2DM, n (%) 1,248 (22.3) 515 (13.9) 733 (39.0) < 0.001
Hypertension, n (%) 2,609 (46.6) 1,447 (38.9) 1,162 (61.9) < 0.001
Hyperlipidemia, n (%) 1,986 (35.5) 1,118 (30.1) 868 (46.2) < 0.001
HBYV infection, n (%) 787 (14.1) 590 (15.9) 197 (10.5) < 0.001
BMI, kg/m2 23.9 (21.8,26.0) 22.7 (21.0,24.6) 26.2 (24.6,28.2) < 0.001
Waist circumference, cm 82.8(76.2,89.2) 79.4 (73.8,85.0) 89.6 (84.1,95.0) < 0.001
Hip circumference, cm 93.7 (89.8,98.0) 92 (88.4,95.8) 97.2 (93.6,101.2) < 0.001
SBP, mmHg 131.8 (119.0,146.5) 128.5 (116.5,143.0) 138.5 (125.5,152.9) <0.001
DBP, mmHg 84.0 (77.0,92.0) 82.5 (75.5,89.5) 88.0 (81.0,95.5) <0.001
Uric acid, umol/L 341.5 (291.5,404.5) 329.7 (282.9,389.4) 368.6 (314.9,433.6) < 0.001
Creatinine, umol/L 61.7 (54.5,72.4) 62.0 (55.2,71.8) 60.7 (53.1,73.7) 0.015
eGFR, mL/min/1.73 m? 97.17 (90.08,104.07) 97.18 (89.97,104.19) 97.15 (90.27,103.75) 0.4328
eGFR category 0.476
eGFR <60 49 (0.9) 36 (1.0) 13 (0.7)
60< eGFR<90 1,333 (23.8) 894 (24.1) 439 (23.4)
eGFR >90 4,212 (75.3) 2,786 (75.0) 1,426 (75.9)
UACR, mg/g 7.22 (4.46,13.46) 6.57 (4.24,11.35) 9.09 (5.26,18.14) < 0.001
Albuminuria, n (%) 561 (10.0) 261 (7.0) 300 (16.0) < 0.001
CKD, n (%) 589 (10.5) 284 (7.6) 305 (16.2) <0.001
FPG, mmol/L 4.95 (4.58,5.46) 4.84 (4.52,5.25) 5.24 (4.77,6.13) <0.001
Postprandial GLU, mmol/L 7.25 (6.00,9.01) 6.92 (5.80,8.41) 8.23 (6.67,10.48) <0.001

(Continued)
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TABLE 1 (Continued)

Total
N = 5,594
HbAIc, % 5.9 (5.7,6.2)
TC, mmol/L 5.65 (4.96,6.36)
TG, mmol/L 1.11 (0.82,1.56)

HDL-C, mmol/L 1.57 (1.36,1.83)
3.17 (2.70,3.69)

9.95 (6.65,16.05)

LDL-C, mmol/L
MET/day

10.3389/fpubh.2022.1047794

Non-MAFLD MAFLD P value

N =3,716 N =1,878

5.8 (5.6,6.0) 6.1 (5.8,6.6) <0.001
5.58 (4.90,6.27) 5.78 (5.11,6.51) < 0.001
0.98 (0.74,1.29) 1.47 (1.09,2.09) <0.001
1.64 (1.43,1.90) 1.45 (1.25,1.64) < 0.001
3.12 (2.66,3.60) 330 (2.82,3.79) < 0.001
10 (6.65,16.60) 9.79 (6.65,15.09) 0.4014

All continuous variables were expressed as median (25, 75th percentiles), categorical variables were presented as frequency (percentage).

BMI, body mass index; CKD, chronic kidney disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; GLU, plasma glucose; HbAlc,
glycated hemoglobin Alc; HBV, hepatitis B virus; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MAFLD, metabolic associated fatty liver
disease; MET/day, daily physical metabolic equivalent; SBP, systolic blood pressure; T2DM, type 2 diabetes mellitus; TC, total cholesterol; TG, triglyceride; UACR, urinary albumin to

creatinine ratio. Boldface type indicates statistical significance (P value < 0.05).

TABLE 2 Association between MAFLD subgroups and CKD.

No. CKD
Non-MAFLD 3,716 284 1.00 (ref)
MAFLD 1,878 305 2.34 (1.97,2.78)
T2DM (-)T & 1,046 106 1.36 (1.08,1.72)
overweight/obesity
(BMI>23)
T2DM (1)1 & BMI<23 & 99 9 1.21 (0.60,2.42)
>2 metabolic disorders
T2DM (+)F1 733 190 4.23 (3.45,5.19)

Model 1T (OR and 95% CI)

Model 2f (ORand 95% CI)  Model 38 (OR and 95% CI)

1.00 (ref)
1.74 (1.42,2.13)
1.08 (0.83,1.40)

1.00 (ref)
1.35 (1.09,1.67)
1.07 (0.82,1.40)

1.26 (0.63,2.54) 1.22 (0.60,2.45)

2.89 (2.27,3.67) 2.85 (2.24,3.63)

BMI, body mass index; CI, confidence interval; CKD, chronic kidney disease; MAFLD, metabolic associated fatty liver disease; OR, odds ratio; T2DM, type 2 diabetes mellitus. 1\Unacljusted
model. j:Age, sex and BMI adjusted. §Adjusted for age, sex, BMI, education level, occupation, alcohol drinking status, tea drinking status, HBV infection, T2DM (removed in MAFLD
subgroup analysis) and MET/day. Absence of T2DM. T T Presence of T2DM. Boldface type indicates statistical significance (P value < 0.05).

stronger for individuals who were female, nonsmokers, and had
T2DM. For UACR, the association was stronger for individuals
who had T2DM and hypertension.

Association of MAFLD and T2DM with
CKD, EGFR, and UACR

To further study the role of T2DM in the association
between MAFLD and CKD, MAFLD and T2DM were combined
for analysis (Table 3). Using non-MAFLD without T2DM group
as the reference, MAFLD without T2DM (OR: 1.40, 95% CI:
1.07-1.83), non-MAFLD with T2DM (OR: 2.87, 95% CI: 2.18-
3.78), and MAFLD with T2DM (OR: 3.72, 95% CI: 2.88,
4.79) groups were all associated with an increased risk of
CKD. To better understand the association between glycemic
status in MAFLD and CKD, MAFLD was categorized by
T2DM status. The unadjusted ORs of normal glucose group,
prediabetes group, and T2DM group among MAFLD for CKD
were 0.86 (95% CI: 0.43-1.72), 1.42 (95% CI: 1.12-1.79),
and 4.23 (95% CI: 3.45-5.19), respectively. Only the T2DM
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group remained statistically significant after full adjustment
(OR: 2.83, 95% CI: 2.23-3.58). Similarly, for eGFR and
UACR, a significant association was observed in the T2DM
group (Supplementary Table S4). The T2DM group was further
divided into newly diagnosed T2DM and pre-existing T2DM
to explore the effect of T2DM duration on CKD. The pre-
existing T2DM group had a higher OR (OR: 3.75, 95% CI: 2.80-
5.02) than newly diagnosed T2DM (OR: 2.21, 95% CI: 1.65-
2.96), indicating that the risk of CKD increases with T2DM
duration (Table 3).

Association of MAFLD and metabolic goal
achievement with CKD, EGFR, and UACR

“ABCs” metabolic goal was introduced to study whether the
metabolic goal achievement reduces the risk of CKD among
MAFLD (Figure 2). MAFLD with poorly controlled HbAlc,
BP, and LDL was associated with an increased risk of CKD.
MAFLD with HbAlc (OR: 1.20, 95% CI: 0.95-1.52) and BP goal
achievement (OR: 0.69, 95% CI: 0.50-0.95) decreased the risk
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TABLE 3 Association of MAFLD and T2DM with CKD.

10.3389/fpubh.2022.1047794

No. CKD Model 1T (OR and 95% CI) Model 2f(OR and 95% CI) Model 3% (OR and 95% CI)

Combination of MAFLD and T2DM

MAEFLD (-)7 & T2DM (-)t* 3,201 191 1.00 (ref)
MAFLD (+)f & T2DM ()Tt 1,145 115 1.76 (1.38,2.24)
MAFLD (-)" & T2DM (+)%8 515 93 3.47 (2.66,4.54)
MAFLD (+)*f & T2DM (+)5§ 733 190 5.51 (4.42,6.88)
P-trend < 0.001
MAFLD subgroups by different T2DM status

Non-MAFLD 3,716 284 1.00 (ref)
MAFLD without T2DM 1,145 115 1.35 (1.07,1.69)
MAFLD with normal glucose 135 9 0.86 (0.43,1.72)
MAFLD with prediabetes 1,010 106 1.42 (1.12,1.79)
MAELD with T2DM 733 190 4.23 (3.45,5.19)
MAFLD with newly diagnosed T2DM 420 89 3.25 (2.50,4.23)
MAFLD with pre-existing T2DM T 313 101 5.76 (4.41,7.51)

1.00 (ref)
1.41 (1.08,1.84)
2.87 (2.19,3.78)
3.76 (2.93,4.84)

< 0.001

1.00 (ref)
1.10 (0.85,1.41)
0.86 (0.42,1.72)
1.12 (0.86,1.45)
2.87 (2.26,3.63)
2.23 (1.67,2.98)
3.82(2.86,5.11)

1.00 (ref)
1.40 (1.07,1.83)
2.87 (2.18,3.78)
3.72 (2.88,4.79)

< 0.001

1.00 (ref)
1.09 (0.84,1.40)
0.84 (0.42,1.70)
1.11 (0.85,1.44)
2.83 (2.23,3.58)
2.21 (1.65,2.96)
3.75 (2.80,5.02)

P-trend < 0.001

< 0.001 < 0.001

CI, confidence interval; CKD, chronic kidney disease; MAFLD, metabolic associated fatty liver disease; OR, odds ratio; T2DM, type 2 diabetes mellitus. JrUnadjusted model. j5Age, sex, and
BMI adjusted. $Adjusted for age, sex, BMI, education level, occupation, alcohol drinking status, tea drinking status, HBV infection, and MET/day. TAbsence of MAFLD. T T Absence of
T2DM. ¥ Presence of MAFLD. $8Presence of T2DM. MNewly diagnosed T2DM is defined by laboratory indicators without pre-existing T2DM, meaning relative short duration of T2DM.
11 Pre-existing T2DM is defined as self-reported T2DM and use of antidiabetic drug, meaning relative long duration of T2DM. Boldface type indicates statistical significance (P value <

0.05).

of CKD, while LDL goal achievement has no effect on CKD
(OR: 1.50, 95% CI: 1.04-2.15). Notably, BP goal achievement
reversed the increased risk to a decreased one (OR: 0.69, 95% CI:
0.50-0.95), suggesting the importance of BP control to reduce
CKD risk in subjects with MAFLD. A combination of HbAlc
and BP control in MAFLD exhibited gradually decreased risks
of CKD. The group achieving both HbAlc and BP control
had the lowest risk (OR: 0.60, 95% CI: 0.41-0.89). With more
achieved metabolic goals in MAFLD, the risk of CKD decreased
more obviously. MAFLD with 2 or 3 achieved metabolic
goals exhibited no statistically significant association with
CKD (OR: 0.81, 95% CI: 0.59-1.12).

Using eGFR and UACR as outcomes, metabolic goal
achievement in MAFLD significantly decreased eGFR and
UACR (Supplementary Table S5). We
association with albuminuria, and the ORs were similar to those
for CKD (Supplementary Table S6).

also assessed the

Discussion

In this cross-sectional study based on the general population
in southern China, we demonstrated that the presence of
MAFLD significantly increased the risk of CKD by increasing
both eGFR and UACR. This significant association was observed
only in the T2DM subtype among MAFLD. Categorized
by glycemic status, MAFLD with T2DM group rather than
prediabetes and normal glucose groups was associated with
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an increased risk of CKD. Furthermore, metabolic goal
achievement in MAFLD decreased the risk of CKD by reducing
the risk of albuminuria.

In our population, the prevalence of MAFLD was 33.6%,
higher than 29.2% and 26.1% in two studies based on the
populations of southern China (26, 27). This may be attributed
to demographic differences and increasing prevalence over time.
The prevalence of eGFR <60 ml/min/1.73 m2, albuminuria, and
CKD was 0.9, 10.0, and 10.5%, respectively, compared to those
of 1.7, 9.4, and 10.8% from a nationally representative sample of
the Chinese adults (9).

Numerous studies have reported a significant association
between NAFLD and CKD (6, 11-14). Recently, a significant
association between MAFLD and CKD was established in
cross-sectional and cohort studies (16-18). Our study further
examined this association. To the best of our knowledge,
MAFLD has great heterogeneity due to its definition and can
be classified into different subtypes (24, 25). There is currently
no study that explores the association between MAFLD
subtypes and CKD. In our study, a significant association was
observed only in the T2DM subtype among the three MAFLD
subtypes. Furthermore, results indicated that the T2DM subtype
significantly increased eGFR and UACR, two renal function
indexes defining CKD. We speculated from the definition of
CKD that increased albuminuria by the T2DM subtype in
MAFLD exceeds increased eGFR, leading to CKD.

Diabetes is the leading cause of CKD, referred to as
diabetic kidney disease (DKD), developing in around 40%
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Category No. CKD OR and 95% CIT
Non-MAFLD 3716 284 1.00 (ref) ‘
MAFLD with HbA1¢<6.5% 1330 144 1.20 (0.95,1.52) H—a—
MAFLD with HbA1¢26.5% 548 161 1.75 (1.29,2.36) &
Non-MAFLD 3716 284 1.00 (ref) [ ]
MAFLD with BP<140/90 mmHg 794 60 0.69 (0.50,0.95) —a—
MAFLD with BP2140/90 mmHg 1084 245 1.90 (1.51,2.40) —_——
Non-MAFLD 3716 284 1.00 (ref) [ ]
MAFLD with LDL<100 mg/dL 279 51 1.50 (1.04,2.15) =
MAFLD with LDL=100 mg/dL 1599 254 1.33(1.07,1.65) ——
Non-MAFLD 3716 284 1.00 (ref) [ ]
MAFLD
HbA1¢26.5%&BP=140/90 mmHg 380 133 2.29 (1.67,3.15) L L |
HbA1c<6.5%&BP2140/90 mmHg 704 112 1.75 (1.34,2.28) =
HbA1¢26.5%&BP<140/90 mmHg 168 28 0.92 (0.57,1.47) —at—
HbA1c<6.5%&BP<140/90 mmHg 626 32 0.60 (0.41,0.89) +—E——
Non-MAFLD 3716 284 1.00 (ref) [ ]
MAFLD
0 achieved metabolic goali 323 109 2.17 (1.56,3.00) =
1 achieved metabolic goalsi 800 140 1.60 (1.24,2.06) ——
2-3 achieved metabolic goals‘+r 755 56 0.81 (0.59,1.12) —a—t
[ I [ [ 1
0.5 1 1.5 2 25 3
OR
FIGURE 2
Association of MAFLD and metabolic goal achievement with CKD. BP, blood pressure; Cl, confidence interval; CKD, chronic kidney disease;
MAFLD, metabolic associated fatty liver disease; OR, odds ratio; T2DM, type 2 diabetes mellitus. 'Adjusted for age, sex, BMI, education level,
occupation, alcohol drinking status, tea drinking status, HBV infection, T2DM, and MET/day. fAchieved metabolic goal is defined as
HbAlc<6.5%, SBP/DBP<140/90 mmHg, and LDL-C<100 mg/dl.

of patients with T2DM (28). Recent evidence showed that
MAFLD complicated with T2DM had a higher prevalence of
albuminuria and CKD than MAFLD without T2DM (17). We
observed a synergy effect of MAFLD and T2DM on CKD,
as well as eGFR and UACR. Further categorized into normal
glucose, prediabetes, and T2DM, only MAFLD with T2DM
group was significantly associated with CKD. In addition, the
pre-existing T2DM group had a higher risk of CKD than the
newly diagnosed T2DM, suggesting that T2DM progression
among MAFLD elevated the risk of CKD. MAFLD with
glycemic deterioration was associated with increased eGFR and
UACR. It is noteworthy that MAFLD with prediabetes was
still associated with increased eGFR, rather than UACR. The
natural pathway of DKD includes glomerular hyperfiltration,
progressive albuminuria, declining GFR, and finally, end-
stage renal disease (ESRD) (29). Glomerular hyperfiltration,
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characterized by increased GFR, was observed in prediabetes,
early stage of DKD (29, 30), and NAFLD(31, 32), consistent
with our findings that MAFLD with prediabetes and T2DM
significantly increased eGFR. Research showed that baseline
high eGFR or glomerular hyperfiltration was associated with
faster decline over time and worse renal outcomes (30, 33,
34). Whether increased eGFR in MAFLD and T2DM will
lead to faster decline and CKD development and progression
needs to be explored in our follow-up studies. Albuminuria
is present in around 30% of patients with T2DM and does
not occur in the absence of hyperglycemia (29). MAFLD itself
is also independently associated with an increased risk of
albuminuria (17). Consistent with these studies, our data showed
that only MAFLD with T2DM group significantly increased
UACR, and UACR continued to increase with the duration of
diabetes. Taken together, it is reasonable that we found that
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both eGFR and UACR were increased in the MAFLD with
T2DM group.

As the new definition of MAFLD incorporates more
metabolic risk factors and confers a high risk of CKD than
NAFLD (17, 19), metabolic management is essential for reducing
the risk of CKD. Our results demonstrated that the achievement
of any 2 “ABCs” metabolic goals comprising HbAlc, BP, and
LDL decreased the adverse effect of MAFLD on albuminuria
and CKD risk to null. As we know, it is very difficult to achieve
comprehensive metabolic control in practice, so it makes more
sense to identify a specific metabolic goal that reduces enormous
risks for diseases. Our findings revealed that MAFLD with
glycemic and BP control, rather than LDL control, exhibited no
statistically significant associations with CKD. According to the
Global Burden of Disease study data from 1990 to 2016, diabetes
and hypertension are the first two important causes of CKD(35).
A meta-analysis of four randomized controlled trials (RCTs)
showed that more intensive glucose control in adults with T2DM
over 5 years reduced kidney events (36). Several long-term
follow-up studies found that glycemic control in patients with
diabetes reduced the risk of DKD and albuminuria (37, 38),
in line with our findings. Research suggested that intensive BP
control decreased the risk of incident CKD in patients with
hypertension or diabetes (39). Interestingly, our study showed
that an increased risk of CKD was reversed to a decreased
one after BP control, suggesting BP serves as an important
bridge between MAFLD and CKD. MAFLD with both well-
controlled HbAlc and BP conferred the lowest risk compared
to other groups. Similarly, there is evidence that a combination
of poorly controlled blood glucose and BP was associated with
a higher risk of incident CKD than having either alone (40, 41).
Metabolic goal achievement in MAFLD significantly decreased
eGFR and risk of albuminuria, suggesting that this decreased risk
of CKD by metabolic goal achievement was basically attributed
to decreased albuminuria. The real effect of metabolic goal
achievement on eGFR may need to be assessed in our follow-up
studies. Moreover, we found that MAFLD with HbAlc < 6.5%
significantly reduced eGFR, consistent with studies showing that
improved HbAlc mitigates glomerular hyperfiltration in the
early-stage DKD (30).

The strength of our study is that we explored MAFLD with
different glycemic statuses on the risk of CKD and identified
the T2DM subtype which conferred the highest risk of CKD
among MAFLD subtypes. Furthermore, the introduction of
“ABCs” metabolic goal highlighted the importance of metabolic
management in reducing the risk of CKD in MAFLD. We also
used eGFR and UACR as outcomes to evaluate their impacts
on CKD. However, there are limitations in this study. First,
this cross-sectional study prevents us from making inferences
about a causal relationship. Second, ultrasound, rather than
a gold-standard liver biopsy, was performed to diagnose fatty
liver in our study. Although insufficient accuracy is a problem,
ultrasound is still the first choice in large-scale epidemiological
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studies for its accessibility and feasibility. Third, GFR and
albuminuria have a dynamic, fluctuating progressive process
(29), so only one sampling may not represent the real condition.
Future follow-up studies are needed to explore the long-term
changes in these renal function indexes and CKD development
and progression among the three MAFLD subtypes. Whether
increased eGFR in the T2DM subtype will lead to a faster decline
and CKD progression is an interesting topic.

In conclusion, we demonstrated that MAFLD significantly
increased the risk of CKD by increasing both eGFR and UACR.
The T2DM subtype is the only MAFLD subtype driving this
relationship. MAFLD with T2DM group rather than prediabetes
and normal glucose groups was associated with an increased
risk of CKD, as well as increased eGFR and UACR. Moreover,
metabolic goal achievement in MAFLD significantly decreased
the risk of CKD by reducing the risk of albuminuria.
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risk of diabetic nephropathy
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Aims: Cystatin C, an inhibitor of cysteine protease, has been used as a
biomarker for estimating glomerular filtration rate. However, the causal
relation between cystatin C and diabetic nephropathy remains uncertain.

Methods: We assessed the causal effect of cystatin C together with other five
serum biomarkers including KIM-1, GDF-15, TBIL, uric acid, and Scr on diabetic
nephropathy by Mendelian randomization (MR) analysis. 234 genetic variants
were selected as instrumental variables to evaluate the causal effect of cystatin
C (Ngwas=361194) on diabetic nephropathy (Ncase/Ncontrol up to 3283/
210463). Multivariable MR (MVMR) was performed to assess the stability of
cystatin C’s causal relationship. Two-step MR was used to assess the mediation
effect of BMI and SBP.

Results: Among the six serum biomarkers, only cystatin C causally associated
with diabetic nephropathy (IVW OR: 1.36, 95%ClI [1.15, 1.61]). After adjusting for
the potential confounders BMI and SBP, cystatin C maintained its causal effect
on the DN (OR: 1.17, 95%Cl [1.02, 1.33]), which means that the risk of DN
increased by 17% with an approximate 1 standard deviation (SD) increment of
serum cystatin C level. Two-step MR results indicated that BMI might mediate
the causal effect of cystatin C on diabetic nephropathy.

Interpretation: Our findings discovered that cystatin C was a risk factor for
diabetic nephropathy independent of BMI and SBP in diabetes mellitus patients.
Future research is required to illustrate the underlying mechanism and prove
targeting circulating cystatin C could be a potential therapy method.

KEYWORDS

Mendelian randomization, cystatin C, diabetic nephropathy, biomarker, glomerular
filtration rate
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Introduction

Diabetic nephropathy (DN), a most common complication
of diabetes mellitus (DM), is the main causes of end-stage renal
disease, and it occurs in 25% to 40% of DM patients worldwide
(1, 2). DN is often clinically diagnosed based on persistently
increased albuminuria with a ratio of microalbumin and urine
creatinine more than 300 mg/g or estimated glomerular filtration
rate (eGFR) less than 60 ml/min/1.73m? (3). The therapeutic
options for DN were very limited. Therefore, constant search for
potential novel therapeutic targets is in big need.

Many risk factors have been recognized to be related with the
development and progression of DN in the recent decade (1).
Several studies identified plasma kidney injury molecule 1(KIM-
1) as a positive predictor of ESRD in T1DM patients and it could
predict the early decline of eGFR as well as progression to
chronic kidney disease stage 3 without macroalbuminuria (4,
5). Growth differentiation factor-15 (GDF-15) was reported to
be a predictor of the rapid deterioration of renal function (6, 7).
A recent meta-analysis indicated that total bilirubin level was
negatively correlated with the risk of DN (8). Another meta-
analysis of 25741 T2DM patients revealed that each increase of
1mg/dl of serum uric acid could increase the risk of DN by 24%
(9). Serum creatinine (Scr) and cystatin C are routinely utilized
to estimate eGFR. However, a recent study suggested that high
level of baseline cystatin C and high velocity of increase of
cystatin C in T2DM patients were more likely to develop DN in
later life (10). Recent study also reported that high serum
creatinine (Scr) variability could independently predict the
onset of albuminuria in T2DM patients (11). However, these
observational studies couldn’t conclude the causal association
between these risk factors and DN.

Mendelian randomization (MR) can explore whether risk
factors are causally linked to the outcome by analyzing genetic
variants as instrumental variables, which represents with single
nucleotide polymorphisms (SNPs). Since the gene randomly
distributed at conception, MR can mimic randomized trials and
minimize the effect of confounders biasing observational studies
(12). Benefit by the recent comprehensive meta-analysis with the
GWAS of DN, we performed MR analysis to access the possible
causal effect of these risk factors on DN. In this study, we used
MR to evaluate whether the following six serum biomarkers of
renal function or renal injury (cystatin C, KIM-1, GDF-15, TBIL,
uric acid, and Scr) casually associate with DN. Interestingly, it
turned out only serum cystatin C was casually linked to DN.
Subsequently, we analyzed the SNPs relative to cystatin C and
found that the majority of them were related to body mass index
(BMI) and systolic blood pressure (SBP). Thus, we further
validated the causal relationship between serum cystatin C and
DN by multivariable MR using SBP and BMI as confounders,
which indicated the slightly alleviated detrimental casual effect.
Besides, two-step MR indicated that BMI might play as a
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mediator between cystatin C and DN. Thus, we concluded
that cystatin C was a risk factor in the development of DN
independent of BMI and SBP in diabetes mellitus patients.

Materials and methods
Overall study design

MR analysis was used to evaluate the causal association
between serum biomarkers and diabetic nephropathy, which is
based on three assumptions: Assumption 1, the selected genetic
variants should be robustly correlated with serum biomarkers;
Assumption 2, the genetic variants should not associate with the
confounders between the relationship of biomarkers and DN;
Assumption 3, the genetic variants should only associate with
DN via serum biomarkers. Two-sample univariable Mendelian
randomization was implemented to evaluate the causal
association between multiple serum biomarkers (cystatin C,
Scr, urate, total bilirubin, KIM-1, GDF-15) and DN.
Biomarkers with significant causal effects on the outcome will
be further searched for potential confounders from published
articles and Phenoscanner V2 (http://www.phenoscanner.
medschl.cam.ac.uk/). Multivariable Mendelian randomization
that included biomarkers with significant causal effect and
their confounders will be implemented to validate their causal
association. Once a causal relationship was established, two-step
MR was used to investigate whether confounder plays as a
mediator between cystatin C and DN (Figure 1).

Ethics

The summary-level data of GWAS used in this study are
publicly accessible, and the original study have acquired ethical
approval and informed consent.

Data source and instrumental
variable selection

Instrumental variables (IV) were extracted from GWAS data
and SNPs with high linkage disequilibrium were removed.
Independent SNP is defined by r* < 0.001 and clumping
distance >1Mb using 1,000 genomes reference panel for
Europeans (https://www.internationalgenome.org/). Genetic
variants that were highly associated with cystatin C, creatinine,
urate, and total bilirubin were selected from a GWAS cohort
conducted by the Neale Lab Consortium including 361194
individuals of European ancestry (http://www.nealelab.is/uk-
biobank). IVs for KIM-1 and GDF-15 were obtained from a
meta-analysis including up to 21,758 individuals of European

frontiersin.org


http://www.phenoscanner.medschl.cam.ac.uk/
http://www.phenoscanner.medschl.cam.ac.uk/
https://www.internationalgenome.org/
http://www.nealelab.is/uk-biobank
http://www.nealelab.is/uk-biobank
https://doi.org/10.3389/fendo.2022.1043174
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Feng et al. 10.3389/fendo.2022.1043174
Data Source Approach Objective
Exposure
Cystatin C (UK Biobank)
Total bilirubin (UK Biobank)
Urate (UK Biobank)
Creatinine (UK Biobank) o
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To test whether
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mediator
FIGURE 1

The flow of study. MR, Mendelian randomization; IVW, inverse-variance weighted; MR-PRESSO, Mendelian randomization pleiotropy residual
sum and outlier; IVW-MRE, multiplicative random effects inverse variance weighted; BMI, body mass index; SBP, systolic blood pressure.

ancestry (13). Genetic variants of confounder SBP were obtained
from a GWAS of a meta-analysis that contains over one million
European samples from International Consortium for Blood
Pressure (ICBP) and UK Biobank (UKB) (14). Genetic variants
of confounder BMI were retrieved from GWAS performed by
the Neale Lab consortium including 336,107 European
individuals (http://www.nealelab.is/uk-biobank). The BMI
GWAS used for two-step MR was obtained from the Genetic
Investigation of Anthropometric Traits (GIANT) Consortium
including 681,275 samples of European ancestry (15).

Diabetic nephropathy as outcome was defined when there
was glomerular disorders in the patients with diabetes mellitus
with the criterion of ICD-10 (code: N08.3*), summary statistics
of which was from FinnGen biobank including 213,746
European individuals (3283 cases and 210463 controls) (16).
Except for GDF-15, IVs from other exposures were extracted
with a genome-wide significant threshold (p<5E™®). Genetic
variants of GDF-15 were obtained with a lower threshold
(p<1E®) since few IVs were identified with the original
threshold. Palindromic SNPs were further excluded from the
IV list. For those instruments that are missing in the outcome,
proxy SNP with LD score>0.8 was used. In order to satisfy MR
assumption three, SNPs with significant association with the
outcome were excluded. The F statistic was calculated using the
formula: F = beta®/se’, where beta represents the effect of SNP on
the exposure and se is the standard error of the beta, to assess
whether there is a possibility of weak instrument bias (17). R
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calculated by the following formula: 2 x EAF x (1-EAF) x beta®,
where EAF represents the effect allele frequency of the SNP,
represents the proportion of variance of the exposure explained
by SNPs (18).

Statistical analysis

In this study, inverse variance weighted (IVW) analysis was
utilized as the major statistic method. Meanwhile, MR-Egger
regression, weighted median, and MR-PRESSO were also
performed as complementary methods to validate the IVW
result. The IVW method could combine each genetic variant’s
Wald estimate in a meta-analysis model and produce unbiased
result if horizontal pleiotropy is balanced (19). MR-Egger
regression can detect pleiotropy through the intercept it
produces while its causal estimate can be largely affected by
outliers (20). The weighted median method can provide
consistent results even if as many as 50% of instrumental
variables are invalid. Mendelian randomization pleiotropy
residual sum and outlier (MR-PRESSO) (21) could detect
outliers with horizontal pleiotropy (p<0.05), and return a
corrected causal estimate after removing them. To validate the
robustness of the MR result, Cochran’s Q statistic was performed
to detect heterogeneity among instrumental variables. If
heterogeneity exists, the multiplicative random effects inverse
variance weighted method was further performed (22) to
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validate the previous MR estimates. Leave-one-out analysis was
used to determine whether the SNPs strongly affect the stability
of causal estimates.

Multivariable MR (MVMR) was performed to assess the
stability of the significant causal relationships, which could
estimate the causal relationship between each exposure and a
single outcome, producing a causal estimate of direct effect and
adjusting pleiotropy caused by other exposures that were
included in the MVMR analysis (23). Two-step MR was used
to assess the confounder’s mediation effect (24). Firstly, IVs of
cystatin C were utilized to perform UVMR analysis against
confounder. Secondly, MVMR analysis was used to estimate
the causal effect of confounder on DN adjusted for cystatin C.
Potential confounders were obtained based on published papers
and the online search with Phenoscanner V2. We further
calculated the proportion of the mediation effect of
confounders by utilizing the product of coefficients method.
We first estimated the causal effect of cystatin C on individual
confounder, then multiplying the confounder’s effect on DN
adjusted for cystatin C, which produced the indirect effect.
Finally, we assessed the proportion of mediation effect through
dividing the indirect effect by the total effect which in this case is
the causal effect of cystatin C on DN. The standard errors were
generated by using the delta method. Results were displayed in
the form of odds ratio (OR) per an approximate 1 standard
deviation (SD) increment. In this study, the statistical power of
Mendelian randomization is calculated using mRnd (https://
shiny.cnsgenomics.com/mRnd/) with a type 1 error rate of 0.05
(25). Two-sided p<0.05 level of significance is used in all
estimates. Statistical analysis was carried out with
“TwosampleMR” and “MR-PRESSO” packages in R
version 4.1.3.

Results

Selection of genetic instrumental
variables of exposures

Summary information of selected IVs of 6 exposures was
presented in Table 1. The mean concentration of cystatin C,

10.3389/fendo.2022.1043174

creatinine, urate, and total bilirubin obtained from UK biobank’s
website which contain the same cohort from GWAS database
used in this study but with more participants were 0.908 + 0.176
mg/L, 72.407 + 18.524 umol/L, 309.398 + 80.394 wmol/L and
9.119 + 4.425 umol/L, respectively. The number of IVs varies
from 11 to 243, explaining the 4.15% ~ 28.21% variance of
corresponding exposure. General F statistics of all exposures and
each selected SNP was greater than 10, suggesting that
instrumental variables were valid and robust to be included in
further MR analysis. The detailed information of all selected
SNPs of six exposures was presented in Tables S1-Sé6.

The significant causal effect of serum
cystatin C on DN with univariable MR

Among 6 serum biomarkers, only cystatin C has a significant
causal effect on diabetic nephropathy as a risk factor (IVW OR:
1.19, 95%CI [1.04, 1.35], p=0.009) (Figure 2). The same causal
direction was observed in MR-Egger, weighted median, and MR-
PRESSO analysis (Figure S1). Hence, the risk of diabetic
nephropathy would increase by 19% with per SD increase of
cystatin C. Cochran’s Q test of cystatin C indicates that there is
evidence of heterogeneity (IVW p<0.05), while no indication of
pleiotropy in MR-Egger (p for intercept>0.05) (Table S7).
Multiplicative random effects IVW method returned a result
resembled to IVW (OR: 1.19, 95%CI [1.04, 1.35], p=0.009)
(Figure S1). Leave-one-out analysis indicated a similar result
to Cochran’s Q-test, suggesting some SNPs might influence the
causal estimate. We further identified rs734801, a cystatin C
gene (CST3), as a significant IV that could strongly affect the MR
result from the leave-one-out analysis (Figure S2).

Although horizontal pleiotropy may exist with a p<0.05 as
suggested with the global test of MR-PRESSO, the distortion test
showed that there is no difference whether the pleiotropic
outliers were removed or not (p=0.91). Therefore, we further
removed all SNPs identified by MR-PRESSO which may cause
horizontal pleiotropy (rs10200647, rs36207014, rs734801,
rs77924615, rs80138475). The resulting data showed that
cystatin C has a greater causal association with diabetic
nephropathy (IVW OR: 1.36, 95%CI [1.15, 1.61], p=0.0004),

TABLE 1 A summary of GWAS summary statistics for six different serum biomarkers.

Exposures Dataset source
Cystatin C UK Biobank

Total bilirubin UK Biobank

Urate UK Biobank
Creatinine UK Biobank
Kidney injury molecule 1 levels SCALLOP

Growth differentiation factor-15 levels SCALLOP

Sample size NSNP R2(%) F
361194 234 9.59 163.6084
361194 99 2821 1433.199
361194 188 735 152.2644
361194 243 415 64.37972
21,758 11 13.68 313.1804
21,758 18 5.67 7259881

NSNP, the number of SNP included in the MR analysis; R2(%), the proportion of variance explained by included SNPs of each exposure; F, the general F statistic for each biomarker.
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FIGURE 2

The forest plot of different serum biomarkers’ effect on diabetic nephropathy. OR, odds ratio; Cl, confidence interval; P.val, the p-value of VW

MR analysis

and Cochran’s Q-test no longer showed evidence of
heterogeneity (IVW p>0.05) (Table S7). On the basis of the
sample size of 213746 individuals (3283 cases and 210463
controls) and setting the explained variance of 4.76%, our
study has 99% power to detect effect of serum cystatin C on
DN with an OR of 1.36.

Association of rs734801 in the CST3
gene with cystatin C and DN

As mentioned previously, rs734801 of CST3 gene, which
encoded the most plentiful extracellular inhibitor of cysteine
proteases (26), strongly affect the MR result based on the leave-
one-out analysis. We further examined rs734801, finding that it
contributed most to the genetic control of serum cystatin C,
explaining 4.7% of the variance. This SNP strongly associated
with cystatin C (beta=- 0.37, p<lE’2°O), but not with DN (OR
=0.99, p=0.767) (Table S1).

The significant causal effect of serum
cystatin C on DN with MVMR

Next, we performed multivariable MR to further analyze the
direct effect of cystatin C on diabetic nephropathy. Through
online searching IVs selected for serum cystatin C with
Phenoscanner V2, we found several potential confounding
phenotypes (e.g. BMI, SBP, DBP, log eGFR, hypertension,
cholesterol). Finally, we chose BMI and SBP as adjusted
confounders in the MR analysis for the following reasons:
First, BMI and SBP were the most frequent phenotypes in the
process of searching among all the potential confounding
phenotypes. Second, BMI and SBP were reported to be risk
factors in published MR analysis (27, 28). Subsequently, we
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implemented three rounds of MVMR: cystatin C against diabetic
nephropathy adjusted for (1) BMI alone (2) SBP alone (3) BMI
and SBP combined. It showed that cystatin C maintained its
causal effect on the outcome no matter adjusted for BMI alone
(OR: 1.17, 95%CI [1.03, 1.33], p=0.019), SBP alone (OR: 1.20,
95%CI [1.05, 1.37], p=0.009) or both (OR: 1.17, 95%CI [1.02,
1.33], p=0.02) (Figure 3).

BMI could be a mediator between
cystatin C and DN

Next, we performed two-step MR to further investigate
whether BMI, SBP functioned as mediator between cystatin C
and DN. It showed that there was a casual association between
cystatin C and BMI ($=0.05, 95%CI [0.01, 0.09], p=0.024). After
adjusted for cystatin C, BMI showed detrimental effect on DN
(OR: 1.70, 95%CI [1.39, 2.07], p<0.001). The proportion
mediated by BMI was 15.2% (95%CI [4.93%, 22.6%] (Figure 4).

Although SBP was previously shown to be a risk factor of
DN, we failed to make a conclusion that it played as a mediator
between cystatin C and DN, since a causal relationship between
cystatin C and SBP was not significant (p=0.81) (Figure 4).

Discussion

In the present study, we took advantage of MR analysis to
thoroughly examine the causal association between six serum
biomarkers (Cystatin C, KIM-1, GDF-15, TBIL, Urate, and Scr)
and DN. Among the six biomarkers, only cystatin C positively
associated with the risk of DN. There was no statistical
significance for the genetic relationship among the other five
biomarkers and DN.
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T 1
0 1 2
FIGURE 3

Forest plot of cystatin C's effect on diabetic nephropathy adjusted for BMI and/or SBP. OR, odds ratio; Cl, confidence interval; P.val, the p-value

of IVW MR analysis. BMI, body mass index; SBP, systolic blood pressure.

Several studies have shown that high levels of serum urate
might cause CKD progression through a mechanism such as
excessive production of nitric oxide, activating the renin-
angiotensin system, stimulating the proliferation of vascular
smooth muscle cell, and obstruction from urate crystals.
However, a previous MR study showed that there is no causal
relation between serum urate levels and CKD (29) and
randomized, controlled trials (RCTs) consistently show that
lowering serum urate with allopurinol treatment has no
benefits on kidney outcomes among patients with early-to-
moderate DN (30). Consistent with this, our results suggest
that serum uric acid level didn’t casually link to DN.

Although KIM-1, GDF-15, and TBIL were previously
reported to contribute to tubular injury (31, 32) and predict
the progression of CKD (4-8). Our data did not show the
causally link of these molecules with DN. The reasons of these
discrepancies might be as follows: First, the sample sizes

reported in the previous studies are too small. Second, most of
these studies are observational, which may not reveal a causal
relationship but may arise reverse causality because of
confounding factors. Third, the experimental results from
animal studies may not fully translate into patients with CKD.
Cystatin C, a cysteine protease inhibitor, regulating the
activity of cathepsins S and K, have multiple functions in
human vascular pathophysiology (33), which is usually used as
a measure for GFR. Elevated serum cystatin C routinely serves as
an early and sensitive biomarker of impaired renal function (34).
Interestingly, our data indicated that serum cystatin C is causally
correlated with DN. Additionally, we found that a single SNP
(rs734801) in the CST3 gene had a strong association with
cystatin C. Besides, we performed another MR analysis
excluding this SNP along with another four IVs (rs10200647,
r$36207014, rs77924615, rs80138475) which were identified by
MR-PRESSO, and obtained a more significant causal effect on

Exposure R(95%Cl) OR(95%Cl) P.val
UVMR :
Cystatin C on BMI | ] 0.05 (0.01 to 0.09) 0.024
Cystatin C on SBP —@—  0.07 (-0.51t0 0.65) 0.809
MVMR 1

BMI on DN adjusted for cystatin C |
SBP on DN adjusted for cystatin C -

T
-1 0 1

FIGURE 4

0.53 (0.33t0 0.73)
0.02 (0.01 to 0.03)

1.70 (1.39 to 2.07) <0.001
1.02 (1.00 to 1.03) 0.002

Forest plot of two-step MR with BMI and SBP. OR, odds ratio; Cl, confidence interval; P.val, the p-value of IVW MR analysis. BMI, body mass

index; SBP, systolic blood pressure
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DN. Consistent with us, several observational studies
demonstrated that cystatin C levels are correlated with the
prevalence of T2DM (35) and obesity in adolescents with age
of 14-17 years independently of other confounding risk
factors (36).

The mechanisms underlying the casual relationship between
cystatin C and DN are unclear. There are several potential
explanations. Firstly, cystatin C function as a cysteine proteinase
inhibitor, which regulated the protease-antiprotease activities of
the vascular wall. Thus, the imbalance between cystatin C and
cysteine cathepsins might lead to the remodeling of the vascular
wall (37). Second, cystatin C was previously reported to be involved
in the amplification of cytokines and neuroinflammation in
microglia and vascular endothelial injury (38). As inflammation
is the hallmark of DN and endothelium injury plays a pivotal role
in the occurrence and progression of DN, cystatin C may
participate in in the pathological process of DN. Third, cystatin
C promotes the proliferation of T cells and differentiation of T cells
towards Th1/Th17 cell, which promotes the immune response
(39). There is evidence that cystatin C is implicated in several
inflammatory autoimmune diseases such as rheumatoid arthritis
(40). Since both innate and adaptive immune systems and renal
inflammation contribute to the development and progression of
DN (41), cystatin C may promote inflammation in DN. However,
whether elevated serum cystatin C results in DN progression
through endothelium injury, remodeling of vascular wall, and
the immune response requires further investigations.

Our study has some limitations: First, since the GWAS
derives from European ancestry, generalizability to other
ethnicities is limited. Second, due to lacking of individual-level
data of GWAS, we cannot explicitly present the baseline data of
participants or further stratify serum cystatin C to calculate
more detailed causal effect. Third, despite we adjust potential
pleiotropy, there is still chance for other confounders to
influence the causal estimate. Hence, future research is
warranted for further validating our findings.

Conclusions

Our results suggest that there was a causal relationship
between serum cystatin C and DN in diabetic patients, which
warns us that cystatin C is not only a biomarker bur also a risk
factor for DN progression.
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Background: Chronic kidney disease (CKD) in patients with type 2 diabetes
mellitus (T2DM) is the major cause of end stage renal disease, characterized by
proteinuria with a subsequent decline in glomerular filtration rate. Although
hyperglycemia is the major risk factor for the development and progression of
kidney disease among diabetic patients, many other risk factors also contribute
to structural and functional changes in the kidneys. As recommended by
Kidney Disease Improving Global Outcomes (KDIGO), CKD classification
based on cause and severity, links to risk of adverse outcomes including
mortality and kidney outcomes.

Objective: The aim of this study is to investigate the involvement of risk factors
associated with the severity of CKD among participants with longer duration of
diabetes. This study also aims to find whether number of risk factors vary
among risk of CKD progression categories based on KDIGO classification.

Material and methods: This cross-sectional study retrospectively selected 424
participants from type 2 diabetic cohort and categorized them based on the
classifications for the diagnosis of kidney diseases in patients with diabetes,
according to the KDIGO guidelines. Odds ratios and 95% CI of each risk factors
according to severity of renal disease were determined.

Results: Based on KDIGO classification, participants with type 2 diabetes (T2D)
were categorized in to low risk (n=174); moderately increased risk (n=98); and
high/very high risk (n=152). Type 2 diabetic participants with risk factors such as,
hyperlipidemia, hypertension, DM duration >15 years and diabetic retinopathy
showed a high/very high risk of CKD progression when compared with low-risk
category. While T2D participants with risk factors such as, lack of exercise,
hypertension, and diabetic retinopathy showed a moderately increased risk of
CKD progression. In addition, participants with highest number of risk factors were
significantly distributed among high/very high risk of CKD progression category.

frontiersin.org
34


https://www.frontiersin.org/articles/10.3389/fendo.2022.1079725/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1079725/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1079725/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1079725/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.1079725&domain=pdf&date_stamp=2022-12-09
mailto:ksiddiqui@ksu.edu.sa
https://doi.org/10.3389/fendo.2022.1079725
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.1079725
https://www.frontiersin.org/journals/endocrinology

Siddiqui et al.

10.3389/fendo.2022.1079725

Conclusion: This study findings conclude that patients with T2DM and duration
of >15 years, hyperlipidemia, hypertension and diabetic retinopathy have an
increased prevalence of advanced CKD. In addition to this, increased number
of risk factors could be an indicator of the severity of CKD in T2D.

KEYWORDS

diabetic kidney disease (DKD), diabetic nephropathy, longer duration of diabetes, risk
factors, high prevalence of diabetes

Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder
characterized by elevated blood glucose level and associated
with number of complications including acute metabolic and
long-term vascular complications. Type 2 diabetes mellitus
(T2DM) is the most common type of diabetes worldwide (1).
Chronic kidney disease (CKD) in patients with T2DM is the
major cause of end stage renal disease, characterized by
proteinuria with a subsequent decline in glomerular filtration
rate (2). The great increase in the prevalence of diabetes,
significant morbidity and mortality associated with kidney
disease among patients with diabetes and burden of healthcare
cost has led to research imperative in near future (1).

The development and progression of diabetic kidney disease
(DKD) involves the complex interplay of many factors
contributing to the structural and functional changes in the
kidneys. Chronic hyperglycemia is a crucial factor responsible
for the development of kidney disease in patients with DM and
lead to progressive glomerular and tubular damage, negatively
impacting on health outcomes. CKD in patients with DM is
defined as elevated urinary albumin excretion or impaired renal
function or both and approximately half of the patients with
T2D develop renal diseases (3). KDIGO guidelines recommend
that the combined assessment of eGFR and albuminuria status
provide more accurate evaluation as being at low, moderately
increased, high or very high risk of worsening kidney
function (4).

Besides hyperglycemic condition, the combination of other
factors including hypertension, dyslipidemia, genetic
predisposition, obesity, lifestyle factors are also contributing to
the development and progression of kidney disease among
patients with diabetes. The prevention and management of
CKD in patients with DM might depend on lifestyle
modifications and pharmacological strategies such as
combined targeted therapies for hyperglycemia, hypertension,
albuminuria, hyperlipidemia, and regular use of reno protective
agents, which might provide synergistic effect in controlling and
minimizing the effect of these factors (5). Recently a joint group
of American Diabetes Association (ADA) and KDIGO provide
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evidence-based recommendations and guidelines to improve
clinical outcomes of people with diabetes and CKD which
includes CKD screening and diagnosis, glycemia monitoring,
lifestyle therapies, treatment goals and pharmacologic
management (6). The impact of non-modifiable factors such
as age, gender and duration of diabetes are also critical (3, 7).

We hypothesized that in high-risk population, the
identification and efficient management of the modifiable risk
factors may prevent or delay the development of CKD in
patients with diabetes. In this population, there is a general
lack of consensus regarding the non-modifiable and modifiable
risk factors and comorbidities that are associated with risk of
CKD in diabetes. This study aims to investigate the involvement
of modifiable and non-modifiable risk factors and other
comorbid conditions linked with severity of CKD in T2D
cohort with longer duration of diabetes. This study also aims
to examine whether number of risk factors vary among risk
categories of CKD.

Materials and methods
Study population

The data of the study population were collected
retrospectively from a previous cohort study conducted at
University Diabetes Center, King Saud University Medical City
(KSUMC), Riyadh, Saudi Arabia during the year 2014-15 (8).
The study was approved by Institutional Review Board (IRB) at
College of Medicine, King Saud University (IRB/E-19/3969) and
was carried out in accordance with the declaration of
Helsinki (8).

The inclusion criteria of this study were as follows: (1) Saudi
nationals with T2DM (2) age between 35 and 70 years (3) greater
than 10 years of diabetes duration. Exclusion criteria were as
follows: (1) pregnant women (2) other causes of renal
impairment which includes glomerulonephritis, interstitial
nephropathy, vasculitis, malignant hypertension, pelvicalyceal
infection, bilateral cortical necrosis, amyloidosis; (3) patients
with abnormal liver function (4) patients who take the
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medications that might affect kidney functions; and (5) end stage
renal disease (ESRD) patients (6) patients with cancer.

Retrospectively selected 424 participants and categorized
based on the classifications for the diagnosis of kidney diseases
in patients with diabetes, according to KDIGO guidelines. The
selected participants were subdivided into three groups
according to the severity of risk, namely; low, moderately
increased and high/very high risk. Six eGFR categories were
included namely; G1, G2, G3a, G3b, G4 and G5 (G1 represents
290, G2 represents 60-89, G3a represents 45-59, G3b represents
30-44, G4 represents 15-29 and G5 represents <15 ml/min/1.73
m? of eGFR). Similarly, based on the values of ACR, three
categories were included namely; A1, A2 and A3 (Al represents
<30 mg/g, A2 represents 30-300 mg/g and A3 represents >300
mg/g of ACR). Low-risk category comprises of G1A1 and G2A1;
moderately increased risk category includes G1A2, G2A2 and
G3aAl; and high/very high risk category comprises of G1A3,
G2A3, G3aA2, G3bAl, G3aA3, G3bA2, G3bA3, G4A3, and
G5A3 (9, 10) (Figure 1).

Risk factors of DKD were determined according to National
Kidney Foundation guidelines and Rubeaan et al. (11, 12). Data of
non-modifiable risk factors (age, gender, diabetes mellitus duration
(DM duration)) and modifiable risk factors (glycemic control
(fasting blood sugar (FBS), HbAlc), blood pressure (systolic
blood pressure (SBP) and diastolic blood pressure (DBP)), lipids
(total cholesterol, triglyceride, HDL cholesterol, LDL cholesterol)
obesity (body mass index (BMI), smoking, lack of physical activity)
were collected from previous study records (8).

Diagnosis of T2D was based on the ADA criteria or reported
to be taking treatment for diabetes (13). The diabetic neuropathy
was evaluated by assessing upper and lower extremities of nerve
conduction velocity. The presence of at least one definite
microaneurysm in any field photographed was considered as
the criterion for the diagnosis of diabetic retinopathy (14).

10.3389/fendo.2022.1079725

Hypertension is diagnosed when blood pressure is consistently
>130 and/or >80mm Hg or being managed with
antihypertensive medications such as angiotensin II receptor
antagonist, thiazide diuretic, angiotensin-converting enzyme
inhibitor, beta blocker, and calcium channel blockers (15).
CKD-EPI creatinine equation was used to calculate eGFR (16).

Statistical analysis was performed using statistical software,
SPSS version 21.0 (IBM Corp., Armonk, NY, USA). The
categorical data were summarized as percentage and the
continuous data were presented as mean and standard
deviation and the difference were analyzed using one-way
ANOVA (analysis of variance). The categorical variables were
analyzed by using Chi-square test. Odds ratio (OR) were used for
association of risk factors with severity of kidney disease. OR was
calculated using online statistical calculator (https://www.
medcalc.org/calc/odds_ratio.php) and expressed in 95%
confidence intervals and graphically represented in the form of
forest plot. Low risk group was used as reference group to
calculate the OR. The p-value was taken as significant at p<0.05.

Results

The selected 424 T2DM participants were subdivided in to
three groups according to the severity of kidney diseases (low
risk, n=174; moderately increased risk, n=98; high/very high
risk, n= 152). The three groups were similar in BMI, DBP, HDL
and LDL cholesterol whereas age, DM duration, SBP, glycemic
parameters (FBS, HbAlc), and lipid parameters (total
cholesterol and triglycerides) were significantly differed among
three groups (Table 1).

Figure 2 shows the percentage of distribution of participants
according to the number of risk factors and other complications
among different risk categories based on KDIGO classification.

Persistent albuminuria categories
Description and range
Al A2 A3
(Normal to | (Moderately | (Severely
mildly increased) increased)
increased)
<30mg/g | 30-300 mg/g | >300 mg/g

o G1 Normal or high 290 0(0%) |
g

f % G2 Mildly decreased 60-89 76(17.9%)
R I
A G3a Mildly to moderately 45-39 22(5.2%) | 7%) |
E) E decreased I __|=

.g K] G3b Moderately to severely 30-44 4(0.94%)

S8 decreased

& § G4 Severely decreased 15-29

oA

£ G Kidney failore <15

o

Green: low risk; Yellow: moderately increased risk; Orange: high risk; Red: very high risk.

FIGURE 1

Distribution of participants according to the Kidney Disease Improving Global Outcomes (KDIGO) classification.
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TABLE 1 Demographic and clinical characteristics of patients with type 2 diabetes according to KDIGO classification.

Parameters Low risk (n=174) Moderately increased risk (n=98) High/very high risk (n=152) p value
Age (years) 54 + 6.0 559 £ 6.0 559 + 6.4 0.01
Gender (male, n %) 74 (42.5) 47 (48) 68 (44.7) 0.68
DM duration (years) 16.8 + 4.5 189 £ 6.0 19.5 £ 5.9 <0.001
Hypertension, n (%) 95 (54.6) 75 (76.5) 128 (84.2) <0.000
Hyperlipidemia, n (%) 139 (79.9) 84 (86.6) 141 (92.8) 0.004
BMI (kg/mz) 327 +£57 31.7 £ 5.1 323 +59 0.38
SBP (mm Hg) 130.4 + 16.9 138.6 + 18.0 143.6 + 209 <0.001
DBP (mm Hg) 72.6 £ 10.0 752 £ 10.6 743 £ 11.7 0.12
FBS (mg/dl) 187.8 + 74.2 2285+ 948 243.1 £ 103 <0.001
HbAlc (%) 100 + 1.3 105+ 1.5 109 + 2.1 <0.001
Total cholesterol (mg/dl) 172.5 + 37 182.7 + 44.0 198.6 + 54.2 <0.001
Triglyceride (mg/dl) 151.2 + 61.0 186.5 + 89.7 208.7 + 94 <0.001
HDL cholesterol (mg/dl) 44.8 £10.5 46.7 £ 12.1 474 £ 135 0.13
LDL cholesterol (mg/dl) 130.8 + 40.6 134 + 40.5 138.2 + 50.9 0.32

Data represents in mean + standard deviation and percentage. DM duration (diabetes mellitus duration), BMI (body mass index), SBP(systolic blood pressure), DBP(diastolic blood
pressure), FBS (fasting blood sugar), HDL cholesterol (high density lipoprotein cholesterol), LDL cholesterol (low density lipoprotein cholesterol), P value <0.05 is statistically significant.

Among all risk categories, participants with highest number of risk
factors (n= >6) were significantly distributed among high/very high
risk category. The percentage of distribution of number of risk
factors and other complications (n= >6) in low risk category was
50% while moderately increased risk and high/very high risk
categories showed 66.3% and 76.4% respectively (p=<0.001).

Risk factors of DKD associated with the
severity of kidney disease

Table 2 and Figure 3 show the odds ratios of risk factors
associated with the severity of kidney disease among T2D. In

non-modifiable risk factors, DM duration >15 years was found
to increase the odds of 1.75 in high/very high risk category
(p=0.026). Furthermore, in high/very high risk category,
presence of hyperlipidemia and hypertension showed an
increase in odds of three times (OR=3.22, CI 95% 1.57-6.61);
p=0.001) and four times (OR=4.43, CI 95% 2.61-7.52);
p=<0.0001) respectively. In addition, presence of diabetic
retinopathy remained significant with a higher OR of 4.5 (CI
95% 2.82-7.18); p=<0.0001) in high/very high risk category. In
moderately increased risk category, lack of exercise (2.13, CI 95%
1.06-4.30); p=0.033), comorbidities; hypertension (OR=2.71, CI
95% 1.55-4.72); p=0.004), microvascular complication; presence
of diabetic retinopathy (OR=2.51, CI 95% 1.50-4.19; p=0.004)

p=<0.001
<3
m4-6
m>6
80
8 60
3
2
£ 40
il ¥
% 20 / o
X . % S °
P P <3 R{\é’ N4
0 R
Low risk Moderately Highfvery high < \°&°
increased risk risk S

FIGURE 2

Shows the percentage of distribution of participants according to the number of risk factors and other complications among different risk
categories based on Kidney Disease Improving Global Outcomes (KDIGO) classification.
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TABLE 2 Odds ratios of risk factors associated with the severity of kidney disease among patients with type 2 diabetes.

Parameters Low risk Moderately OR
(n=174) increased (95% CI)
risk (n=98)
n (%) n (%)
Non-modifiable risk factors
Age, >45 (years) 156 (89.7) 91 (92.9) 1.50 (0.60-3.72)
<45 (years) 18 (10.3) 7 (7.1) 1.00
Gender, Male 74 (42.5) 47 (48) 1.24 (0.75-2.04)
Female 100 (57.5) 51 (52) 1.00
DM duration =15 117 (67.2) 73 (74.5) 1.42 (0.81-2.47)
(years)
<15 (years) 57 (32.8) 25 (25.5) 1.00
Modifiable risk factors
Obese, Yes 108 (62.4) 56 (57.7) 0.82 (0.49-1.36)
No 65 (37.6) 41 (42.3) 1.00
HbA1lc, >8 (%) 158 (91.3) 91 (94.8) 1.72 (0.60-4.91)
<8 (%) 15 (8.7) 5(5.2) 1.00
Exercise, No 134 (77.0) 86 (87.8) 2.13 (1.06-4.30)
Yes 40 (23.0) 12 (12.2) 1.00
Smoking, Yes 4(2.3) 3(3.1) 1.34 (0.29-6.12)
No 170 (97.7) 95 (96.9) 1.00
Comorbidities
Hyperlipidemia, 139 (79.9) 84 (86.6) 1.62 (0.81-3.24)
Yes
No 35 (20.1) 13 (13.4) 1.00
Hypertension, Yes 95 (54.6) 75 (76.5) 2.71 (1.55-4.72)
No 79 (45.4) 23 (23.5) 1.00
Microvascular complications
Diabetic 84 (48.3) 48 (49) 1.02 (0.62-1.68)
neuropathy, Yes
No 90 (51.7) 50 (51.0) 1.00
Diabetic 51 (29.3) 50 (51.0) 2.51 (1.50-4.19)
retinopathy, Yes
No 123 (70.7) 48 (49.0) 1.00

Low risk vs moderately increased risk and low risk vs high/very high risk.

had 2 times higher odds than low risk category. Diabetic
retinopathy showed an increase in odds of 1.79 (p=0.02) in
high/very high risk category than moderately increased risk
group (Supplementary Table 1).

Discussion

In this study, according to KDIGO classification, T2D
participants with risk factors such as, hyperlipidemia,
hypertension, DM duration >15 years and diabetic retinopathy
showed a high/very high risk of CKD progression when
compared with low risk category. While T2D participants with
risk factors including, lack of exercise, hypertension, and
diabetic retinopathy showed a moderately increased risk of

Frontiers in Endocrinology

Low risk  High/very high risk OR P
value (n=174) (n=152) (95% CI) value
n (%) n (%)
0.382 156 (89.7) 142 (93.4) 1.63 (0.73-3.66)  0.229
18 (10.3) 10 (6.6) 1.00
0.387 74 (42.5) 68 (44.7) 1.09 (0.70-1.69)  0.688
100 (57.5) 84 (55.3) 1.00
0212 117 (67.2) 119 (78.3) 1.75 (1.06-2.89)  0.026
57 (32.8) 33 (21.7) 1.00
0.448 108 (62.4) 89 (61.0) 0.93 (0.59-1.47) 0788
65 (37.6) 57 (39.0) 1.00
0.304 158 (91.3) 144 (94.7) 1.70 (0.70-4.15)  0.236
15 (8.7) 8 (53) 1.00
0.033 134 (77.0) 123 (80.9) 1.26 (0.74-2.16)  0.389
40 (23.0) 29 (19.1) 1.00
0.704 4(23) 6(3.9) 1.74 (0.48-630)  0.394
170 (97.7) 146 (96.1) 1.00
0.167 139 (79.9) 141 (92.8) 322 (1.57-6.61)  0.001
35 (20.1) 11 (7.2) 1.00
0.004 95 (54.6) 128 (84.2) 443 (2.61-7.52)  <0.0001
79 (45.4) 24 (15.8) 1.00
0911 84 (48.3) 84 (55.3) 132 (0.85-2.04)  0.208
90 (51.7) 68 (44.7) 1.00
0.004 51(29.3) 99 (65.1) 450 (2.82-7.18)  <0.0001
123 (70.7) 53 (34.9) 1.00

38

CKD progression. In addition, participants with highest
number of risk factors were significantly distributed among
high/very high risk of CKD progression category.

T2D is characterized by persistent glycemia associated with
insulin deficiency and insulin resistance. The pathogenesis of
hyperglycemia is recognized in several organs such as liver,
adipose tissue, intestine, kidney, central nervous system etc. (17,
18). The metabolic abnormalities in DKD includes glomerular
hyper filtration, progressive albuminuria, declining glomerular
filtration rate and eventually end stage renal disease. The
metabolic changes associated with diabetes may alter kidney
hemodynamics and promote glomerular hyperfiltration and
albuminuria (19).

Progression of kidney disease is accelerated by a variety of
modifiable and non-modifiable risk factors and associated
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comorbidities and unhealthy life styles such as, physical
inactivity, uncontrolled blood pressure and blood glucose (20-
22). The pathogenesis of the long-term persistent hyperglycemia
has been associated with functional and structural changes in
renal cells (23). A notable finding in this study is that among
non-modifiable risk factors, only DM duration >15 years
revealed a 1.75-fold increase in high/very high risk of CKD
progression than low risk category. In a Saudi registry study, the
prevalence of diabetic nephropathy was found to be increasing
with duration of diabetes and the highest was reported in the
duration >15 years (12). In a recent study, an adjusted hazard
ratio showed that the patients with duration of diabetes <10
years had reduced the risk of diabetic nephropathy than those
having longer duration of >10 years (24).

Hyperlipidemia has been implicated in the pathogenesis of
CKD in diabetes. In this cohort high/very high risk category
showed a three-fold increase in risk for hyperlipidemia than low
risk category. A prospective cohort study of patients with T2D
for a period of 5.8 years showed that elevated lipid levels were
associated with increased development of albumin creatinine
ratio (25). Furthermore, hypertension is widely known as
important independent risk factor for CKD in diabetes (26,
27). This study reported a significant increased risk for
hypertension among moderately increased category and high/
very high risk category. In a previous study, hypertensive
patients were found to be at a higher risk of developing DKD
as compared to non-hypertensive subjects with an increase in
odds of 1.67 (28).

It is well known that the prevalence of CKD and diabetic
retinopathy increase proportionally to the duration of disease
among T2D (29). This study reported a significant two-fold
increased risk for diabetic retinopathy among moderately
increased risk category whereas in high/very high risk category
it was four-fold. This finding is in line with various population
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studies where it was reported that diabetic retinopathy is a
known risk factors for diabetic nephropathy (12, 30, 31).

In general, physical activity would be effective in patients
with diabetes which improves insulin sensitivity, endothelial
dysfunction, cellular senescence and interstitial fibrosis which
may cause end stage renal damage and renal dysfunction in
diabetes (32-35). In this cohort, a significant two-fold increase in
risk for lack of exercise was observed among moderately
increased risk category than low risk. In an earlier study it was
reported that CKD patients with T2D improved kidney function
by 6-12% after twelve weeks exercise program (36).

In this study, the increase in number of risk factors
(modifiable/non-modifiable) and other co-morbidities were
linked with severity of CKD in T2D. In previous observations,
risk factors such as family history of DKD, cigarette smoking,
uncontrolled blood pressure, presence of low-grade
inflammation, advanced glycation end products, lack of
physical activity and hyperlipidemia had an influence on the
progression to kidney disease in diabetes and combination of
these risk factors have been identified as the ones that offer the
greatest risk of development and progression of DKD (11, 37).

These study findings highlight the importance of using
KDIGO classification to define CKD among patients with
diabetes. Furthermore, in clinical practice, regular risk factor
assessment could reduce the risk of kidney disease progression
and cardiovascular disease. By implementing life style
modifications, glycemic monitoring and pharmacological
management may help to improve clinical outcomes of people
with diabetes and CKD.

The limitations to this study include a cross-sectional-not
longitudinal- analysis which impedes any contributing
association between CKD and its risk factors. In addition,
relatively small sample size and lack of up-to-date data on
drugs made it difficult to determine its effect on clinical outcome.
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Conclusion

This study findings concludes that duration of diabetes > 15
years, hyperlipidemia, hypertension and diabetic retinopathy
have an increased prevalence of advanced CKD in T2DM. In
addition to this, increased number risk factors could be an
indicator for progression of CKD in T2D. Therefore, in high
risk population, implementing screening of known risk factors at
outset of disease may help to initiate treatment strategies at early
phase and prevent or delay the progression of disease. Further
studies in larger population are needed to determine the effect of
these risk factors and complications in the progression of renal
disease in T2D.
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Background: In sepsis patients, Type 2 Diabetes Mellitus (T2DM) was
associated with an increased risk of kidney injury. Furthermore, kidney
damage is among the dangerous complications, with a high mortality rate in
sepsis patients. However, the underlying predictive model on the prediction of
major adverse kidney events within 30 days (MAKE30) in sepsis patients with
T2DM has not been reported by any study.

Methods: A total of 406 sepsis patients with T2DM were retrospectively
enrolled and divided into a non-MAKE30 group (261 cases) and a MAKE30
group (145 cases). In sepsis patients with T2DM, univariate and multivariate
logistic regression analyses were conducted to identify independent predictors
of MAKE30. Based on the findings of multivariate logistic regression analysis,
the corresponding nomogram was constructed. The nomogram was evaluated
using the calibration curve, Receiver Operating Characteristic (ROC) curve, and
decision curve analysis. A composite of death, new Renal Replacement
Therapy (RRT), or Persistent Renal Dysfunction (PRD) comprised MAKE3O0.
Finally, subgroup analyses of the nomogram for 30-day mortality, new RRT,
and PRD were performed.

Results: In sepsis patients with T2DM, Mean Arterial Pressure (MAP), Platelet
(PLT), cystatin C, High-Density Lipoprotein (HDL), and apolipoprotein E (apoE)
were independent predictors for MAKE30. According to the ROC curve,
calibration curve, and decision curve analysis, the nomogram model based
on those predictors had satisfactory discrimination (AUC = 0.916), good
calibration, and clinical application. Additionally, in sepsis patients with T2DM,
the nomogram model exhibited a high ability to predict the occurrence of 30-
day mortality (AUC = 0.822), new RRT (AUC = 0.874), and PRD (AUC = 0.801).
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Conclusion: The nomogram model, which is available within 24 hours after
admission, had a robust and accurate assessment for the MAKE30 occurrence,
and it provided information to better manage sepsis patients with T2DM.

KEYWORDS

sepsis, type 2 diabetes mellitus, major adverse kidney events within 30 days,
nomogram model, early warning

Introduction

Sepsis is a life-threatening organ dysfunction due to a
dysregulated host response to infection induced by bacterial,
viral, or fungal infection (1). Sepsis is currently the leading cause
of mortality for patients, accounting for over 10% of the
mortality within hospitals (1, 2). Furthermore, sepsis is
associated with a mortality rate of 25-30% (3). It was reported
that between 17-20% of the patients with sepsis had diabetes
mellitus (4, 5). With the wide adoption of Western food and
lifestyles, it is projected that the prevalence of T2DM will exceed
700 million worldwide and may soon reach pandemic levels (6).
Due to immune system dysfunction, diabetic patients have an
increased propensity to develop infections and are at a higher
risk for sepsis (2 - 6 times) (7, 8).

Additionally, sepsis is particularly harmful to the kidney, which
makes sepsis-induced acute kidney injury (S-AKI) a risk factor for
increased mortality rate (9). Moreover, a growing body of research
has revealed that T2DM was associated with an increased risk of S-
AKT, but did not increase the overall mortality of sepsis patients (5,
8, 10). The renal damage may be due to increased activation of NF-
kappa B, TGF-B and oxidant levels as a result of consistent
hyperglycaemia milieu, or it may result from end-organ damage
by atherosclerosis (8). Nevertheless, S-AKI cannot be used to assess
clinically major renal adverse events such as death, and dialysis
dependency, among others. The National Institute of Diabetes and
Digestive and Kidney Diseases workgroup on clinical trials in
Acute Kidney Injury (AKI) recommended the use of MAKE30 as
an endpoint in 2012 (11). Effects of the short-term or longer-term
evolution of AKI were captured by MAKE30, a composite of death,
new RRT, or PRD (11). Furthermore, MAKE30 was a composite
and objective clinical outcome measure for sepsis patients that
reflected comprehensive renal outcomes better than just a single
complication, AKI Therefore, early MAKE30 prediction and
prompt personalized management may enhance the
clinical prognosis.

It is crucial to select appropriate endpoints in clinical trials.
Although there is consensus that serum creatinine and urine
volume are employed as AKI predictors, the serum creatinine
and urine volume have a significant variation until 50% of renal
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function is lost, indicating that none of them are particularly
meaningful to patients. In addition, researchers are beginning to
understand that patient-centered outcome, such as mortality,
dialysis, and chronic kidney disease development, are more
important for patients. With the help of MAKE30, it is
possible to detect short-term effects on AKI, improve target
therapy, and facilitate the conduct of clinical trials. The
MAKE30 has been used as an adequate test endpoint in
several clinical trials including the SALT, SMART, and
pediatric sepsis trials (12-14). There are no trustworthy or
reliable prediction models, however, to identify MAKE30 in
sepsis patients with T2DM. We hypothesized that a nomogram
model, based on routine biomarkers available within 24 hours of
admission, may be of significant clinical value to predict
MAKE30 because conventional biochemical indications are
intrinsically unstable when used as a single index. To identify
high-risk individuals likely to develop MAKE30 in sepsis
patients with T2DM, the goal of our study was to identify the
risk variables for MAKE30 and build an early prediction model.

Materials and methods
Study design

Between January 2015 and December 2021, 406 sepsis
patients with T2DM participated in a retrospective cohort
study (project number: 81773128), and anonymized clinical
data are obtained from the Biobank of First Affiliated Hospital
of Xi’an Jiaotong University (Xi’an, China).

Patients

All sepsis patients with T2DM (18 years old and above) were
evaluated for study enrollment. The sepsis 3.0 criteria were used for
sepsis diagnosis (1). Furthermore, T2DM patients were identified if
one of the following conditions was met: (1) self-reported diagnosis
of T2D, (2) fasting plasma glucose (FPG) 7.0 mmol/L or (3)
having received T2DM medications according to the 2022
American Diabetes Association (ADA) criteria (15). The
following were the exclusion criteria: (1) below 18 years old; (2)
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hospitalization less than 24 hours; (3) A history of chronic kidney
disease (stage 4-5) or renal transplantation, or current
hemodialysis; (4) Hematological disorders. Participants were
then divided into MAKE30 group and non-MAKE30 group
based on their diagnostic criteria (16). Any one of the following
criteria can be used to diagnose MAKE30 composite endpoints: (1)
death; (2) receiving RRT for the first time; (3) a PRD (defined as a
final inpatient serum creatinine value greater than or equal to 200%
of baseline). These three components of MAKE30 were removed
30 days after inclusion or at hospital release, whichever came first.
Furthermore, baseline serum creatinine was determined as follows:
(1) If available, the lowest value was measured between 12 months
and 24 hours prior to hospitalization; (2) When measured values
were unavailable, an estimate was made using the formula
previously described [creatinine(mol/l)= 88.4 x (0.74 — 0.2 +
0.003 x age) in females, and creatinine (umol/l) = 88.4 x (0.74 +
0.003 x age) in males] (16, 17).

Data collection

The general information immediately available within 24
hours after admission included age, gender, temperature, Heart
Rate (HR), Respiratory Rate (RR), MAP, source of infection, and
Sequential Organ Failure Assessment (SOFA). The level of
White Blood Cells (WBC), Neutrophil Percentage (NEUT%),
lymphocyte, monocyte, PLT, Procalcitonin (PCT), Prothrombin
Time Activity (PTA), Thrombin Time (TT), International
Normalized Ratio (INR), Fibrinogen Degradation Products
(FDP), D-Dimer (D-D), Fibrinogen (FIB), Activated Partial
Thromboplastin Time (APTT), Prothrombin Time (PT),
Globin (GLB); Albumin (ALB); Total Bilirubin (TBiL);
Lipoprotein(a) (Lp(a)); apoE, apolipoprotein B (apoB),
apolipoprotein A (apoA), Low-Density Lipoprotein (LDL),
HDL, Triglycerides (TGs), Total Cholesterol (TC), urinary

10.3389/fendo.2022.1024500

glucose, Uric Acid (UA), cystatin C, Blood Urea Nitrogen
(BUN), Creatinine (Cr), and Total Cholesterol (TC) were also
recorded within 24 hours after admission.

Statistical analysis

Mean + standard deviation was used to express the
continuous variables that conformed to the normal
distribution, median (interquartile range) was used to express
non-normally distributed continuous variables, and categorical
variables were expressed by the percentages. To further identify
the independent predictors of MAKE30, univariate and
multivariate logistic regression models were used. The
corresponding nomogram was constructed using the output
from multivariate logistic regression analysis, and then we
constructed an online dynamic nomogram using the
“DynNom” package. The ROC curves were used to evaluate
the accuracy of independent predictors of MAKE30. The
calibration curves were drawn to assess the consistency of the
observed results and predicted probability. Decision Curve
Analysis (DCA) was performed to assess the clinical net
benefit of the predictive model. Finally, an analysis of the
secondary outcomes using ROC curves was performed to
assess the discrimination of the nomogram for 30-day mortality.

SPSS 26.0 software and R version 4.1.2 were used for the
statistical analysis, at P < 0.05.

Results
Basic characteristics

In the final analyses, 406 sepsis patients with T2DM in total
were selected (Figure 1). Of the 406, 145 (35.7%) patients

Sepsis patients with Type 2 Diabetes Mellitus from the First Affiliated Hospital of
Xi’an Jiaotong University between January 2015 and December 2021 (n=477)

(1) <18 years old (n=0)

(2) The length of stay in hospital was less than 24 hours (n=12)

——1 (3) A past history of chronic kidney disease (stage 4-5) or renal
transplantation, or current hemodialysis (n=47)

(4) Hematological disorders (n=12)

| Final cohort (n=406)

I
MAKE30 group
n=145

FIGURE 1
The flowchart of patient selection.
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reached MAKE30 during hospitalization. For the individual
components, the mortality incidence was 92 (22.7%), new RRT
was 45 (11.1%), and PRD was 37 (9.11%). Venn diagram shows
the relationship among MAKE30 components more intuitively
(Figure 2A). The median age of participants was 62 years (range,
57 to 71), with 39.2% of patients being female. Patients with
MAKE30 were significantly older than those with non-MAKE30
(Table 1). Moreover, patients with MAKE30 had significantly
higher SOFA scores than those with non-MAKE30 (10, 8-13 vs.
5,3-7; P < 0.001). There were significant differences in the MAP
(67, 63-90 vs. 93, 80-112; P < 0.001), HR, and infection sources
between the MAKE30 group and the non-MAKE30 group.
Nevertheless, gender, temperature, and RR were not
significantly different at P > 0.05.

Univariate analyses of clinical
biochemical indicators

All the clinical biochemical indicators were available within
24 hours of admission as shown in Table 2. Univariate analyses
revealed that the level of NEUT, PCT, TT, INR, FDP, D-D,
APTT, PT, TBIiL, UA, cystatin C (2.0, 1.1-2.9 vs. 1.1, 0.9-1.5; P <
0.001), BUN, and Cr significantly increased in the MAKE30
group compared with the non-MAKE30 group. On the contrary,
the level of PLT (97, 58-151 vs. 162, 95-251; P < 0.001), PTA,
apoE (35.5, 30.3-55.0 vs. 49.5, 34.8-75.2; P < 0.001), apoB, apoA,
LDL, HDL (0.39, 0.29-0.51 vs. 0.70, 0.58-0.90; P < 0.001), and
TGs were significantly lower in the S-AKI group, compared with
the non-MAKE30 group.

10.3389/fendo.2022.1024500

Independent predictors of MAKE30 and
nomogram development

The significant different variables, including age, HR, MAP,
NEUT, PLT, PCT, PTA, TT, INR, FDP, D-D, APTT, PT, TBiL,
apoE, apoB, apoA, LDL, HDL, TGs, UA, BUN, cystatin C and Cr
were used in multivariate logistic regression analyses. Then, it
revealed that in sepsis patients with T2DM, MAP (0.928,0.906-
0.950), PLT (0.995,0.992-0.999), HDL (0.009,0.002-0.036), apoE
(0.988,0.979-0.997), and cystatin C (1.960,0.360-2.826) were
independent predictors for MAKE30 (Table 3). Furthermore, a
nomogram based on these traits was created to predict MAKE30
in sepsis patients with T2DM (Figure 2B). Moreover, we
provided an online version of this nomogram using the
“DynNom” package for widespread use by physicians and
researchers (https://diabetes-s-aki.shinyapps.io/DynNomapp/).

Verification of the prediction model

In sepsis patients with T2DM, the diagnostic value of the
nomogram model for MAKE30 was assessed using the ROC
curve. The model had a good ability to predict MAKE30 (AUC =
0.916) as demonstrated in Figure 2C. Moreover, the predictive
probabilities based on the calibration curve were consistent with
the observation results, indicating a successful calibration
(Figure 3A). In DCA, it was found that the nomogram has a
superior overall net benefit within a wide and practical range of
threshold probabilities, implying a high potential for clinical
application (Figure 3B). Hence, in sepsis patients with T2DM,
the nomogram model may be a robust MAKE30 predictor.

Mortality (n=92)

oL
D S
o
/ e BT w
69
/

IEEERERRE

FIGURE 2

MAKE30 in sepsis patients with type 2 diabetes mellitus. (A) Venn diagram of major adverse kidney events within 30 days (MAKE30) components;
(B) Nomogram to estimate the risk of MAKE30 in sepsis patients with type 2 diabetes mellitus; (C) The ROC curve of the nomogram for

predicting MAKE30 in sepsis patients with type 2 diabetes mellitus.
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TABLE 1 The demographic and clinical data of sepsis patients with diabetes between the non-MAKE30 and MAKE30 groups.

Total (n=406)

Variables

Non-MAKE30 (n=261)

Age (years) 62 (51-71)

Female 159 (39.2%) 101 (38.7%)
Temperature(°C) 36.7 (36.3-37.3) 36.7 (36.3-37.3)
HR (bpm) 93 (80-112) 89 (80-105)
RR (bpm) 20 (18-22) 20 (18-22)
MAP (mmHg) 88 (76-99) 91 (82-100)

Infection source
Pulmonary infection 94 (23.2%)
Intra-abdominal infection 177 (43.6%)

Urinary infection 59 (14.5%)

61 (49-71)

49 (18.8%)
131 (50.2%)

39 (14.9%)

Central nervous system infection 24 (5.9%) 14 (5.4%)
Skin and soft tissue infections 21 (5.2%) 13 (5.0%)
Cardiovascular system infections 31 (7.6%) 15 (5.7%)
SOFA 7(4-9) 5(3-7)

MAKE30 (n=145) OR (95%Cl) P value
64 (54-71) 1.019 (1.005-1.034) 0.010
58 (40.0%) 0.947 (0.625-1.434) 0.797

36.6 (36.2-37.5) 1.136 (0.910-1.418) 0.259
97 (82-120) 1.014 (1.004-1.023) 0.004
21 (19-23) 1.018 (0.980-1.057) 0357
67 (63-90) 0.915 (0.897-0.932) <0.001

0.005

45 (31.0%)
46 (31.7%)

20 (13.8%)

10 (6.9%)

8 (5.5%)

16 (11.0%)

10(8-13) 2.000 (1.749-2.287) <0.001

The subgroup analyses using the
prediction model

Figure 4 illustrates how ROC curve analyses revealed that the
nomogram model also had a high ability to predict the
occurrence of 30-day mortality (AUC = 0.822), new RRT
(AUC = 0.874), and PRD (AUC = 0.801) in sepsis patients
with T2DM.

Discussion

We constructed a simple nomogram model to predict
MAKE30 in sepsis patients with T2DM based on those
independent predictors (MAP, PLT, Cystatin C, HDL, and
apoE) within 24 hours of admission. The most important
thing was that the model worked well and was simple to
apply. In addition, doctors must use a quick and precise
nomogram model to anticipate MAKE30 to make tailored
management decisions, which will improve the outcome and
reduce mortality in sepsis patients with T2DM. Since sepsis is
one of the most common causes of kidney injury, it is a
prominent clinical problem in critically ill patients (18).
Furthermore, more sepsis patients with T2DM 145 (35.7%)
reached a MAKE30 composite outcome, than patients with
acute pancreatitis (16%) and sepsis patients (28.3%) (16, 17).

The classical theories suggest that the primary pathogenic
mechanisms causing kidney damage include decreased renal
blood flow, secondary tubular epithelial cell death, or acute
tubular necrosis. In the current study, sepsis with T2DM and a
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low level of MAP is an independent risk factor for MAKE30,
which indicates renal tissue ischemia. However, more studies
have revealed that various mechanisms, such as inflammation,
microcirculatory dysfunction, and metabolic reprogramming,
contribute to the pathogenesis of kidney injury, and that
hemodynamic instability was not a necessary pathogenetic
factor for kidney injury (19, 20). It is well known that during
the sepsis period, inflammatory mediators are released in the
intravascular compartment, causing damage to the vascular
endothelium. Then, the coagulation system subsequently
hyperactivated as a result of damaged vascular endothelium
activating platelets first, which significantly caused the
subsequent formation of micro-thrombi contributing to kidney
injury (20, 21). Intimate and complex relationships existed
between the inflammatory response and coagulation failure,
both of which have a significant impact on the etiology of
kidney damage in sepsis patients with type 2 diabetes. We also
found that PLT was an independent predictor of MAKE30.
Previous studies have demonstrated shown that PLT is
important for controlling hemostasis as well as for interacting
with other immune cells to modulate the immune and
inflammatory response (22). Lv et al. also revealed that platelets
contributed to kidney injury by inducing renal cell apoptosis (23).

In addition, we demonstrated that in sepsis patients with
T2DM, cystatin C was an independent predictor of MAKE30.
Protease inhibitors belonging to the cystatin superfamily, serum
cystatin C, can pass freely through the glomerular filtration and
then be completely reabsorbed and degraded by the renal tubules
(24). It is not significantly influenced by biological factors such as
age, gender, muscle mass, diet, infection, and tumors, in contrast
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TABLE 2 Univariate analyses of clinical biochemical indicators between non-MAKE30 and MAKE30 groups in sepsis patients with T2DM.

Total (n=406)

Variables

Non-MAKE30 (n=261)

MAKE30 (n=145) OR (95%(Cl) P value

WBC (x 10°/L) 10.4 (6.1-14.9)

NEUT (%) 86.3 (76.5-91.9)
Lymphocyte (x 10°/L) 0.75 (0.43-1.20)
Monocyte (x 10°/L) 0.39 (0.26-0.64)
PLT (x 10°/L) 134 (85-209)

PCT (ng/ml) 6.5 (1.1-23.0)

162 (95-251)

102 (5.9-16.1)
85.5 (73.1-90.9)
0.77 (0.46-1.27)

0.39 (0.26-0.61)

3.3 (0.59-17.7)

PTA (%) 72.0 (54.0-87.5) 76.0 (60.0-89.1)
TT (S) 14.7 (1.0-17.2) 14.6 (1.0-16.7)
INR 12 (1.1-14) 12 (1.1-14)
FDP (mg/L) 10.0 (4.5-22.4) 9.0 (4.3-19.1)
D-D (mg/L) 3.4 (1.7-7.7) 3.1(1.5-6.5)
FIB (g/L) 4.8 (3.3-6.0) 49 (3.4-6.1)
APTT (8) 39.7 (35.0-46.4) 39.0 (35.0-44.6)
PT (S) 14.8 (13.3-16.8) 14.6 (13.4-16.2)
GLB 24.6 (20.3-18.5) 25.0 (20.6,28.4)
ALB 30.7 (25.1-39.9) 30.5 (25.4,39.0)
TBiL 17.8 (10.7-34.6) 17.0 (10.6-29.0)

Lp(a) (mg/L) 103 (35-258) 97 (28-258)

apoE (mg/L) 46.8 (33.4-72.3)
apoB (g/L) 0.70 (0.52-0.89)
apoA (g/L) 0.73 (0.50-0.87)
LDL (mmol/L) 1.36 (0.90-2.14)
HDL (mmol/L) 0.62 (0.44-0.77)
TGs (mmol/L) 1.89 (1.11-3.48)
TC (mmol/L) 2.81 (2.03-3.84)
Urinary glucose (mmol/L) 11.2 (7.9-15.3)

UA (umol/L) 317 (213-436)

49,5 (34.8-75.2)
0.74 (0.57-0.94)
0.77 (0.64-0.87)
1.58 (1.02-2.21)
0.70 (0.58-0.90)
1.79 (1.16-3.97)
2.82 (2.08-3.95)
12.0 (8.1-15.4)

281 (203-380)

Cystatin C (mg/L) 1.2 (0.9-1.9) 1.1 (0.9-1.5)
BUN (mmol/L) 8.7 (5.4-15.2) 7.8 (5.1-11.5)
Cr (umol/L) 108 (59-239) 89 (55-235)

109 (6.7-14.1) 0.985 (0.960-1.012) 0279
89.2 (80.0-93.0) 1.021 (1.004-1.039) 0.017
0.70 (0.37-1.06) 0.838 (0.630-1.115) 0225
0.45(0.24-0.69) 1.409 (0.797-2.491) 0.239

97 (58-151) 0.992 (0.990-0.995) <0.001
16.6 (3.9-35.72) 1.013 (1.007-1.020) <0.001
61.1 (44.5-83.4) 0.978 (0.968-0.987) <0.001
15.5 (1.03-18.1) 1.011 (1.003-1.019) 0.009

1.3 (1.1-1.6) 2.156 (1.353-3.436) 0.001
12.2 (5.8-30.3) 1.004 (0.999-1.008) 0.106

43 (1.99.7) 1.024 (1.003-1.045) 0.025

44 (3.1-6.0) 0.924 (0.840-1.018) 0.109
422 (35.3-53.7) 1.024 (1.011-1.036) <0.001
15.6 (13.1-18.3) 1.034 (1.003-1.066) 0.030
24.1 (19.7,29.1) 1.006 (0.979-1.032) 0.682
31.2 (24.8,42.4) 1.004 (0.987-1.021) 0.645
18.4 (10.8,43.8) 1.003 (1.000-1.006) 0.024

135 (41-223) 1.000 (0.999-1.001) 0.991
35.5 (30.3-55.0) 0.984 (0.977-0.991) <0.001
0.62 (0.40-0.78) 0319 (0.156-0.654) 0.002
052 (0.36-0.81) 0.072 (0.031-0.167) <0.001
1.02 (0.66-1.75) 0.489 (0.371-0.644) <0.001
039 (0.29-0.51) 0.002 (0.01-0.009) <0.001
1.89 (1.03-2.86) 0.938 (0.900-0.977) 0.002
2.69 (1.92-3.72) 0.898 (0.801-1.008) 0.068
104 (7.2-15.2) 0.990 (0.962-1.018) 0.466
386 (281-531) 1.003 (1.002-1.005) <0.001

2.0 (1.1-2.9) 3.018 (2.262-4.028) <0.001
12.1 (6.7-23.0) 1.116 (1.083-1.150) <0.001

132 (72-320) 1.005 (1.003-1.007) <0.001

to Creatinine (Cr). Serum Cr may not be able to detect very early
changes in renal function, particularly in sepsis patients with early
tubular necrosis (18). Nevertheless, serum cystatin C was able to
predict the occurrence of AKI, one to two days earlier than serum
Cr (18, 25). Cystatin C has been suggested as a potential predictor
for the early diagnosis of S-AKI or was an alternative to the gold
standard “creatinine” in growing number of studies in recent years
(18, 26). Regardless of the underlying precipitating factors,
previous studies have demonstrated that cystatin C played a
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significant role in the diagnosis and prediction of kidney injury
in sepsis or other critical clinical conditions (25, 27). Moreover, in
critically ill neonates, cystatin C could be used as a powerful
predictor of kidney injury (28). When it was immediately
estimated within 24 hours after admission for early detection of
kidney injury, hence, serum or urine, cystatin C was very valuable
(26).In addition, it was found that serum cystatin C was associated
with the recovery, death, or renal replacement therapy of kidney
injury (27, 29).
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TABLE 3 Multivariate logistic regression analyses of independent predictors for MAKE30 in sepsis patients with T2DM.

Variables
MAP

PLT

HDL

apoE
Cystatin C

Constant

B

-0.075
-0.005
-4.766
-0.012
0.673

8.710

SE
0.012
0.002
0.737
0.005
0.187

1.245

Wald
39.339
7.205
41770
6.485
13.005

48.945

MAP, Mean Arterial Pressure; PLT, platelet; HDL, High-Density Lipoprotein; apoE, apolipoprotein E.

P-value
<0.001
0.007
<0.001
0.011
<0.001

<0.001

OR (95% Cl)
0.928 (0.906-0.950)
0.995 (0.992-0.999)
0.009(0.002-0.036)
0.988(0.979-0.997)

1.960(1.360-2.826)
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FIGURE 3
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Calibration curves and decision curve analysis of the nomogram for predicting MAKE30 (A) Calibration curves of the nomogram; (B) Decision
curve analysis of the nomogram.
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The ROC curve of the nomogram for predicting 30-day mortality (A), new RRT (B), and PRD (C). RRT, renal replacement therapy; PRD,
persistent renal dysfunction.
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Future interventions may be directed at altering the
apolipoproteins and cholesterol of sepsis patients, which was
revealed by omic methods (30, 31). Proinflammatory cytokines
can also alter the hepatic synthesis of apolipoprotein and acute
phase reactants in the liver, such as tumor necrosis factor-alpha
(TNF-au), interleukin-6 (IL-6), and interleukin-1 (IL-1) (32).
This study revealed that apoE was an independent predictor
for MAKE30. Increasing evidence has demonstrated that apoE is
important in the pathophysiological course of anti-infection and
anti-inflammation like sepsis (31). Previous studies have
demonstrated that apoE 3 could protect porcine proximal
tubular cells from gentamicin-induced injury (33), and apoE
€4 was protective against the development of kidney injury (34).

Decreased HDL concentrations are commonplace during an
acute sepsis episode and are proportional to the degree of
inflammation (32). Studies have shown that HDL levels
decreased by 40-70% throughout the inflammatory process,
which resulted in patients with sepsis having a bad prognosis
(35). Furthermore, in patients with sepsis, reduced HDL levels
were independently associated with an increased risk of kidney
injury onset and decreased Glomerular Filtration Rate (GFR)
(36). Chien et al. indicated that to avoid disease progression,
multi-organ dysfunction, and renal injury in sepsis, HDL levels
were a prognostic factor for making a personalized management
plan (37). Reduced cholesterol may be the outcome of elevated
erythropoietin brought on by hypoxia signaling activation in
patients with ischemia-induced kidney impairment (38). Since
kidneys are significant in the recycling of senescent HDL
particles, clinical studies have demonstrated that low levels of
HDL were associated with increased risk of kidney injury (35).
Moreover, polymorphisms in HDL metabolism genes such as
rs1800777 (allele A) in the CETP gene, were strongly associated
with an increased risk of kidney injury during sepsis (39).
Increased HDL levels may activate the endothelial nitric oxide
synthase (eNOS) pathway, reducing the production of adhesion
molecules, leucocytes activation, and neutrophil infiltration,
reducing vascular impairment and renal parenchymal damage
(35). The loss of HDL and its components is influenced by renal
tubular injury influences tubular reabsorption function and
catabolism (35). Extra renal synthesis and metabolism of HDL
components can also be influenced by kidney injury (40).
Therefore, in sepsis patients with T2DM, lower HDL is
significantly associated with MAKE30 prediction

In this study, we developed a simple nomogram model
(based on MAP, PLT, Cystatin C, HDL, and apoE) to predict
MAKE30 in sepsis patients with T2DM. After verification, it
demonstrated good performance in discrimination, calibration,
and clinical application. This nomogram can also be used to
determine the appropriate treatment options for high-risk
patients. The application of the nomogram model is
demonstrated by the following example: assuming a sepsis
patient with T2DM with a MAP of 70 mmHg, a Cystatin C of
3 mg/L, an HDL of 1 mmol/L, a PLT of 200 x 10°/L, and an apoE
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of 40 mg/L. The score assigned to each parameter on the
“Points” axis is obtained as shown in Figure 2B. The sum of
points for each parameter is used to calculate the final score [27
(MAP) + 12 (Cystatin C) + 72 (HDL) + 23 (PLT) + 15 (apoE) =
149]. This score corresponds to about 33% risk of developing
MAKE30. Another option is to use the online version (https://
diabetes-s-aki.shinyapps.io/DynNomapp/) to obtain the same
result easily. Finally, we also discovered that in sepsis patients
with T2DM, the nomogram model had perfect predictive power
for predicting 30-day mortality (AUC = 0.822), new RRT
(AUC = 0.874), and PRD (AUC = 0.801).

Limitations

Nevertheless, this study had some limitations. Firstly, since it
was a single-center study, there was a chance of selection bias
influencing the results. Secondly, it was a seven-year
retrospective study, so there was significant advancement in
the management decision-making process, affecting sepsis
development. Thirdly, the model was constructed from a
training group with a significantly smaller testing sample.
Therefore, additional multi-center prospective studies with an
adequate cohort size would be needed to assess its potential and
validate the results.

Conclusions

In conclusion, our study demonstrated that in sepsis patients
with T2DM, the levels of MAP, PLT, Cystatin C, HDL, and apoE
available within 24 hours after admission played a critical role in
MAKE30 prediction. Moreover, the predictive nomogram
model based on those predictors performed well in the
discrimination, calibration, and clinical application for
MAKE30, which is crucial for clinicians to make timely
personalized management decisions.
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Objective: To investigate the association between Hemoglobin Glycation Index
(HGI) and Diabetic Kidney Disease (DKD) in Chinese type 2 diabetic individuals
and to construct a risk score based on HGI to predict a person’s risk of DKD.

Methods: We retrospectively analyzed 1622 patients with type 2 diabetes
mellitus (T2DM). HGI was obtained by calculating the fasting plasma glucose
(FPG) level into the formula, and they were grouped into low HGI group (L-HGI),
medium HGI group (H-HGI) and high HGI group (H-HGI) according to tri-
sectional quantile of HGI. The occurrence of DKD was analyzed in patients
with different levels of HGI. Multivariate logistics regression analysis was used to
analyze the risk factors of DKD in patients with T2DM.

Results: A total of 1622 patients with T2DM were enrolled in the study. Among
them, 390 cases were DKD. The prevalence of DKD among the three groups was
16.6%, 24.2% and 31.3%. The difference was statistically significant (P = 0.000).
There were significant differences in age (P=0.033), T2DM duration (P=0.005),
systolic blood pressure (SBP) (P=0.003), glycosylated hemoglobin (HbAlc)
(P=0.000), FPG (P=0.032), 2-hour postprandial plasma glucose (2h-PPQG)
(P=0.000), fasting C-peptide FCP (P=0.000), 2-hour postprandial C-peptide
(2h-CP) (P=0.000), total cholesterol (TC) (P=0.003), low density lipoprotein
cholesterol (LDL-C) (P=0.000), serum creatinine (sCr) (P=0.001), estimated
glomerular filtration rate (eGFR) (P=0.000) among the three groups. Mantel-
Haenszel chi-square test showed that there was a linear relationship between
HGI and DKD (x2=177.469, p < 0.001). Pearson correlation analysis showed that
with the increase of HGI level the prevalence of DKD was increasing (R= 0.445,
P=0.000). It was indicated by univariate logistic regression analysis that
individuals in H-HGI was more likely to develop DKD (OR: 2.283, 95% ClI:
1.708~ 3.052) when compared with L-HGI. Adjusted to multiple factors, this
trend still remained significant (OR: 2.660, 95% CI: 1.935~ 3.657). The combined
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DKD risk score based on HGI resulted in an area under the receiver operator
characteristic curve (AUROC) of 0.702.

Conclusions: High HGI is associated with an increased risk of DKD. DKD risk score
may be used as one of the risk predictors of DKD in type 2 diabetic population.

KEYWORDS

diabetes mellitus, type 2, hemoglobin glycation index, diabetic kidney

disease, complication

1 Introduction

Diabetic kidney disease (DKD) is an important microvascular
complication of diabetes and has become the main cause of chronic
kidney disease (CKD) and end stage renal disease (ESRD) (1-3).
Early detection of DKD and conducting the most effective targeted
intervention are the key steps to offset the development of adverse
clinical outcomes of diabetes mellitus (DM). Glycated hemoglobin
(HbA1lc) level is recommended as the gold standard method to
evaluate glycemic control in DM patients. Despite the generally
acknowledged role of HbAlc in the management of patients with
diabetes, considerable differences in HbAlc exist even in patients
with similar mean blood glucose (MBG) profiles (4, 5). Studies have
shown that some individuals have persistently higher or lower
HbAlc levels than expected. However, recent researches had
shown that considerable biological variation of HbAlc was not
only affected by blood glucose levels but also influenced by
interindividual biological differences and environmental factor (6,
7). That means, even at the same blood glucose level, the level of
HbAlc could be different. Therefore, solely relying on HbAlc level
to evaluate the risk of DM is not suitable for all populations, which
will produce a significant deviation. Hempe et al. (8) described this
discrepancy by hemoglobin glycation index (HGI), which was
calculated as the difference between an individual’s observed
HbAlc and the estimated HbAlc.

HGI can identify people with HbAlc levels that are higher or
lower than average compared to other people with the same blood
glucose concentration (8, 9). It has been found that HGI could
promote the development of some microvascular and
macrovascular complications in DM patients (10). A recent meta-
analysis showed that increased HbAlc variability was associated
with increased risk of all-cause mortality, cardiovascular disease
(CVD), renal disease, peripheral neuropathy in patients with type 2
diabetes mellitus (T2DM) (11). In the Diabetes Control and
Complications Trial (DCCT), a high HGI at the baseline was a
predictor of CKD and retinopathy in patients with T1DM after 7
years of follow-up (12). The individual variation in HbAlc observed
in the DCCT was attributable to biological variation and not
measurement error. In the Action in Diabetes and Vascular
Disease: Preterax and Diamicron Modified Release Controlled
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Evaluation (ADVANCE) trial, a high HGI at the baseline
predicted major microvascular events, which comprised new or
worsened nephropathy or retinopathy in T2DM (13). Chih-Hung
Lin et al. (14) found that HGI independently predicted renal
function deterioration in patients with T2DM and a low CKD
risk. Although cumulative evidence suggests a role for HGI in
diabetes complications, Lachin et al. (15) had contradictory findings
on reassessment of HGI for prediction of microvascular
complications in the DCCT. They concluded that HGI was not a
useful predictor for microvascular complications because it is not
statistically independent of HbAlc.

Although the above-mentioned studies have shed light on the
potential application of HGI in the management of diabetic
complications, the evidence for HGI as a predictor of DKD
remains unclear. Therefore, this study intends to analyze the
relationship between HGI level and the risk of DKD in Chinese
patients with T2DM and to construct a risk score to conveniently
predict a person’s risk of DKD aiming to provide a new reference
for clinical evaluation of diabetic complications.

2 Materials and methods
2.1 Participants

In this retrospective study, 1622 T2DM who were hospitalized
in Peking University International Hospital endocrinology
department from March 2015 to April 2021 were analyzed.
Among them, 1016 (62.64%) were males and 606 (37.36%) were
females, with an average age of (55.8 £ 13.47) years. The average
duration of T2DM was 9.31 + 7.73 years. All subjects met the T2DM
diagnostic criteria of the World Health Organization (WHO) in
1999 (16). According to the diagnostic criteria of DKD (17), the
subjects were divided into 1232 cases of non-DKD and 390 cases of
DKD. The exclusion criteria included: (1) Other type of diabetes
mellitus; (2) Acute complications of diabetes; (3) With primary
renal parenchyma; (4) Recent urinary tract infection, taking drugs
that affect renal function, etc.; (5) With severe anemia or blood loss;
(6) Pregnant and lactating women; (7) Patients who were
hospitalized for twice or more times.
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2.2 Methods

2.2.1 General conditions collected

All participants’ age, date of birth and diabetic duration (unit by
year) were collected and recorded. All participants were asked to
take off their shoes and socks and wear light and thin clothes,
following which height (cm) and weight (kg) were measured with
measuring instrument, and body mass index (BMI) was obtained
according to the formula weight/height” (kg/m?). Blood pressure
including systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were measured in all participants.

2.2.2 Laboratory measurement

All subjects were asked to fast for at least 8 hours, and venous
blood samples were collected in the morning. Chemiluminescence
method was then used to test blood glucose and blood lipid profile.
Other biochemical indices were then determined. High-pressure
liquid chromatography was used to test HbAlc level. The tests were
carried out in the biochemical laboratory of Peking University
International Hospital. Laboratory measurements included fasting
plasma glucose (FPG), 2 hour postprandial plasma glucose (2h-
PPG), fasting C-Peptide (FCP), 2 hour C-Peptide (2h-CP), HbAlc,
low-density lipoprotein cholesterol (LDL-C), total cholesterol (TC),
triglyceride (TG), high-density lipoprotein cholesterol (HDL-C),
uric acid (UA), serum creatinine (sCr), alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and urinary
microalbumin/creatinine ratio (UACR). The estimated glomerular
filtration rate (eGFR) was estimated according to the sCr level.

2.2.3 HGI calculation

Taking the actual measured value of HbAlc as the dependent
variable and FPG as the independent variable, a linear regression
equation was established as follows: predict HbAlc= 5.249 + 0.383*
FPG (r= 0.636 and p<0.001). Predicted HbA1c was then subtracted
from the individual’s observed HbAlc to generate HGI (HGI =
observed HbA1c - predicted HbAlc). HGI values were divided into
three groups by using the tri quantile method: L-HGI, M-HGI and
H-HGI (Figure 1).

2.3 Statistical methods

All data were processed by SPSS 22.0. Normal distribution data
were shown as mean standard deviation ( + s), and nonnormal
distribution data were shown as mean median and quartile spacing.
When quantitative data were normally distributed and variance was
homogeneous, variance analysis was used for comparison among
groups. When data were not normally distributed, variance analysis
such as Kruskal Wallis test was used for comparison among
multiple groups; qualitative data was expressed in percentage (%).
Chi-square test was used to compare the qualitative data among the
three groups. Pearson correlation analysis was used to analyze the
correlation between HbAlc and FPG, and the regression equation
was established accordingly. Logistic regression method was used
for analysis of the main influencing factors of DKD with T2DM,
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and p< 0.05 was used for statistical significance. The AUROC was
used to evaluate the sensitivity of the proposed risk score for the
prediction of DKD.

3 Results

3.1 General characteristics among the
3 groups

There were significant differences in age (P=0.033), T2DM
duration (P=0.005), SBP (P=0.003), HbAlc (P=0.000), FPG
(P=0.032), 2h-PPG (P=0.000), FCP (P=0.000), 2h-CP (P=0.000),
TC (P=0.003), LDL-C (P=0.000), sCr (P=0.001), eGFR (P=0.000)
among the three groups. There were no significant differences in sex
(P=0.299), DBP (P=0.058), BMI (P=0.274), TG (P=0.932), HDL-C
(P=0.327), UA (P=0.089), UACR (P=0.111). The prevalence of
DKD among the three groups was 16.60%, 24.20% and 31.30%.
The difference was statistically significant (P=0.000). Mantel-
Haenszel chi-square test showed that there was a linear
relationship between HGI and DKD (x* ~ 31.817, P=0.000).
Pearson correlation analysis showed that with the increase of HGI
level the prevalence of DKD was increasing (r= 0.140, P=0.000).
(Table 1, Figure 2)

3.2 Binary logistic regression analysis of the
relationship between DKD and related
factors and HGl risk analysis in T2DM

To investigate the potential interactions affecting the prevalence
of DKD in T2DM, binary logistic regression analysis was performed
as shown in Table 2. It was shown that age, T2DM duration, SBP,

y=5.25+0.38%
15.00

12.50-]
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o
-
s
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FIGURE 1

Correlation between HbAlc and FPG. We drove the predicted
HbAlc, which was defined as follows: predict HbAlc= 5.249 +
0.383* FPG (r= 0.636 and p<0.001).
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TABLE 1 Comparison of general data and biochemical index results in each group.

Variable

Sex [n(M/F)] 353/188 330/211 333/207 2.416 0.299
Age (yeas) 55.70 = 12.94 56.86 + 13.40 54.73 + 14.00 3.415 0.033
T2DM Duration (yeas) 9.00 + 7.73 10.17 + 7.69 8.74 + 7.69 5.307 0.005
SBP (mmHg) 130.90 + 16.23 134.53 £ 17.55 132.56 + 18.06 5.961 0.003
DBP (mmHg) 78.10 £ 11.13 79.31 + 10.36 79.60 + 11.30 2.858 0.058
BMI (Kg/mz) 25.78 +3.73 26.14 + 3.65 26.00 + 3.65 1.296 0.274
FBG (mmol/L) 8.53 +3.27 891 +3.29 9.01 + 3.00 3.435 0.032
PBG (mmol/L) 11.66 + 4.19 12.76 + 4.38 13.47 + 4.68 23.119 0.000
HbAlc (%) 6.99 + 1.34 8.46 +1.28 10.43 £ 1.40 937.672 0.000
FCP (ng/ml) 2.66 = 1.31 243 +1.31 2.14 + 1.38 19.637 0.000
2h-CP (ng/ml) 6.81 + 4.07 5.66 + 3.36 4.65 + 3.60 43.579 0.000
TC (mmol/L) 423 +1.04 435+ 1.15 447 + 1.16 5.976 0.003
TG (mmol/L) 2.08 +2.00 2.05 + 1.60 2.09 £ 1.62 0.080 0.923
HDL-C (mmol/L) 1.02 + 0.27 1.00 £ 0.27 1.00 + 0.26 1.119 0.327
LDL-C (mmol/L) 243 +0.83 2.56 + 0.90 2.64 £ 092 8.059 0.000
UA (umol/L) 345.30 + 91.16 349.17 + 96.78 336.85 + 94.44 2421 0.089
Crea (umol/L) 68.77 + 19.49 71.87 + 35.99 65.66 + 17.94 7.835 0.000
eGFR (ml/min/1.73m?) 97.42 + 18.58 95.44 + 21.78 100.28 + 18.69 8.196 0.000
UACR (mg/g) 60.79 + 280.66 103.63 + 422.70 96.65 + 363.17 2.202 0.111
DKD (%) 90 (16.6) 131 (24.2) 169 (31.3) 31.817 0.000

FCP, TC, eGFR, HGI were risk factors for DKD. Furthermore, in
our study, HGI was found having a strong link with the incidence of
DKD. Univariate logistic regression analysis showed that compared
with L-HGI group, the risk of DKD in H-HGI group was
significantly increased (OR: 2.283, 95% CI: 1.708~ 3.052). After
adjusting for age, T2DM duration, SBP, TC, FCP, eGEFR, the risk of
DKD in H-HGI group was 2.66 times than that in L-HGI
group. (Table 3)

35% 31.30%

30% 24.20% =
5% %
& o0y | 16.60%
[a)
2 150 | = =

0% | = =

5% | = %

L-HGI  M-HGl  H-HGI

FIGURE 2

Comparison of prevalence of DKD in different HGI groups. We
found an increase in the prevalence of DKD in three groups. The
difference was statistically significant (P=0.000). Correlation analysis
revealed that with the increase of HGI level the prevalence of DKD
was increasing (r= 0.140, P=0.000).
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3.3 Construction of a risk score for DKD

According to the results, the variables such as HGI, age, T2DM
duration, SBP, TC, FCP, eGFR were the key risk factors (P < 0.05).
We put them into the model, which determined the risk of DKD
[DKD risk score =0.212* HGI + 0.042* T2DM duration (year) +
0.023* SBP (mmHg) + 0.164* FCP (ng/ml)- 0.017* age (year)-
0.024* eGFR (ml/min/1.73m?)- 2.301]. The area below the receiver
operating characteristics (ROC) curve of this model was 0.702 (95%
CI: 0.671 - 0.734), which showed good discrimination ability. The
sensitivity and specificity corresponding to the maximum Youden
index were 0.640% and 0.649%, respectively (Figure 3).

4 Discussion

In this Cross- Sectional study of Chinese adults with T2DM, we
found an association between HGI and incident DKD. A dramatic
increase in DKD incidence was observed among subjects with
higher values of HGI. Our findings suggested that HGI may be a
useful predictor of incident DKD among patients with T2DM.

HbAlc value is generally considered the gold standard method
for evaluating glycemic control. However, in three large
randomized controlled clinical trials (18-20), namely, the Action
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TABLE 2 Binary logistic regression analysis of risk factors for DKD in T2DM.

Variables

10.3389/fendo.2023.1108061

DKD in T2DM

OR (95% CI)

Age (yeas) -0.017 0.984 (0.971-0.997) 0.015
T2DM Duration (yeas) 0.042 1.043 (1.024-1.063) 0.000
SBP (mmHg) 0.023 1.023 (1.016-1.030) 0.000
FCP (ng/ml) 0.164 1.179 (1.070-1.299) 0.001
TC (mmol/L) 0.117 1.124 (1.007-1.255) 0.037
eGFR (ml/min/1.73m?) -0.024 0.976 (0.968-0.984) 0.000
HGI 0212 1.236 (1.135-1.346) 0.000

TABLE 3 Logistic regression analysis of the relationship between HGI and DKD in T2DM.

HGlI level Unadjusted model

OR' (95%Cl)

Multivariate model®

OR? (95%Cl)

L-HGI 1.000 (ref) 0.000 1.000 (ref) 0.000
M-HGI 1.6019 (1.186-2.161) 0.002 1.414 (1.023-1.995) 0.036
H-HGI 2.283 (1.708-3.052) 0.000 2.660 (1.935-3.657) 0.000

*Adjusted for age, T2DM duration, SBP, TC, FCP, eGFR.

to Control Cardiovascular Risk in Patients with Diabetes
(ACCORD), ADVANCE and the Veterans Affairs Diabetes Trial
(VADT), intensive glycemic control in patients with T2DM did not
benefit large blood vessels. Especially in the ACCORD trial, as

ROC curve
10
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=
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FIGURE 3
Receiver operating characteristics curves of DKD risk score. We put
HGI, age, T2DM duration, SBP, TC, FCP and eGFR into the model
The area below the ROC curve of this model was 0.702 (95%CI:
0.671 - 0.734). The sensitivity and specificity corresponding to the
maximum Youden index were 0.640% and 0.649% respectively.
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compared with standard therapy, intensive therapy to target normal
HbAlc levels for 3.5 years increased mortality and did not
significantly reduce major cardiovascular events (21).
Accordingly, Sheng et al. (22) proposed a hypothesis that HbAlc
variability may be related to all-cause mortality of intensive therapy,
and conducted a post hoc analysis of the ACCORD trial. This study
showed that long-term follow-up HbAlc variability was a strong
predictor of all-cause mortality. Thus, HbAlc is not a one-size-fits-
all indicator of blood glucose control. This phenomenon might be
attributed to various biological factors, including genetic
predisposition, erythrocyte turnover rates, intracellular glucose
concentrations, intracellular or extracellular pH, lipid peroxides,
inorganic phosphates, hemoglobin oxygenation status, cellular
redox status, and the activity of non-enzymatic protein glycation
(9, 23).

Increasing evidence is supporting the role of glucose variability
(GV) in the development of diabetic complications (24). Studies in
recent years (25) have shown that HbAlc levels vary greatly among
individuals, and some patients may have high or low HbAlc levels
inconsistent with blood glucose control levels, which brings some
difficulties to clinical prognosis assessment based on this indicator.
HGI can identify people with HbAlc levels that are higher or lower
than average compared to other people with the same blood glucose
concentration (8, 9). Biological sources of HGI variation include
genetic and environmental factors that affect person-to-person
variation in HbAlc or blood glucose. In our study, we also found
that only 40.5% of HbAlc variation can be explained by FPG. In
addition, Sabanayagam C. et al. (26) designed a study to determine
whether the relationship of HbAlc to diabetic microvascular
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complications showed any natural thresholds that could be useful in
diagnosing diabetes. There data supported use of an HbAlc cut-oft
point of between 6.6 and 7.0% in diagnosing diabetes. Any
retinopathy, CKD, albuminuria and peripheral neuropathy were
less well detected at these cut-off points. Our study also suggested
that the incidence of DKD in L-HGI group [HbAlc (6.99 + 1.34) %]
is lowest, similar to previous studies.

Before 2015, several studies shown a positive association
between GV and diabetic complications, both macrovascular and
microvascular (27). Since 2015, new evidence has also emerged in
support of GV as an independent risk factor for total mortality and
death due to cardiovascular disease in both type 1 and type 2
diabetes (11, 28-32). R. J. McCarter et al. (12) concluded that
individual biological variation in HbA1c, which is distinct from that
attributable to mean blood glucose (MBG), was evident among type
1 diabetic patients in DCCT and was a strong predictor of risk for
diabetic complications. At 7 years’ follow-up, patients in H-HGI
had three times greater risk of retinopathy (30 vs. 9%, P < 0.001) and
six times greater risk of nephropathy (6 vs.1%, P < 0.001) compared
with the L-HGI. The individual variation in HbAlc observed in
DCCT was attributable to biological variation and not measurement
error. Evidence of a link between biological variation in HbAlc and
microvascular complications in DCCT suggested that factors
responsible for biological variation in nonenzymatic HbAlc may
also influence individual susceptibility to diabetic complications.
Chih-Hung Lin et al. (14) found that a high HGI predicted rapid
renal function decline without or with a resultant eGFR < 60 ml/
min/1.73m?, but not onset of macroalbuminuria followed for a
median of 7.3 years. Thus, HGI independently predicted renal
function deterioration in patients with T2DM and a low CKD
risk. In patients with T2DM, HbA ¢ variability affects CKD more
than average HbAlc (33). Even in nondiabetic individuals, studies
have reported the effect on HGI and kidney dysfunction and CKD
among the non-diabetic individuals and the adults with
hypoglycemic drug naive prediabetes and diabetes. Teresa
Vanessa Fiorentino et al. concluded that HGI may be a useful
tool to identify nondiabetic individuals with an increased risk of
having kidney dysfunction (34). Wonjin Kim et al. found an
association between HGI and incident CKD. High HGI was
associated with an increased risk of incident CKD. Regardless of
HbAIc value, subjects with higher values of HGI were at a higher
risk of incident CKD during the 10-year follow-up period (35).

In the ACCORD population, baseline age, BMI, SBP, DBP,
fasting serum glucose, TC and SCr had significant difference
compared with low HbAlc variability, while sex and LDL-C had
not (22). Most of these results have been confirmed in our study but
of BMI and LDL-C, suggesting that the influencing factor of HGI in
T2DM is complex and that the causes are multifactorial. In
addition, further logistic regression analysis showed that the age,
T2DM duration, SBP, TC, FCP, 2h-CP, eGFR and HGI were the key
risk factors of DKD in this study. The risk of DKD in T2DM
patients with high HGI levels is 2.283 times higher than those with
low HGI levels. Adjusted to multiple factors, this trend still
remained significant (OR: 2.660, 95%CI: 1.935~ 3.657).
Furthermore, we constructed a risk score based on HGI to predict
a person’s risk of DKD, which could be useful for the clinician.
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At present, the mechanism of HGI on DKD in T2DM is still
unclear. The possible mechanisms involve the following aspects: (1)
Fluctuation of blood glucose leads to increased oxidative stress,
production of inflammatory cytokines and endothelial dysfunction
(36, 37). Compared with persistent hyperglycemia, islet B-cell
dysfunction and apoptosis increased significantly in the state of
blood glucose fluctuation which leading to decrease of insulin
secretion (38). (2) Fluctuated blood glucose deteriorated the
progression of DKD by increasing the blood urea nitrogen and
sCr, decreasing creatinine clearance, and accelerating renal
ultrastructural injury. This adverse result was probably due to its
promoting oxidative stress activity and the p-AKT signaling
pathway inhibition, which activated its downstream proteins,
resulting in severe renal injury (39). (3) One possible explanation
is that even periods of sustained hyperglycemia are “remembered,”
thus conferring an increased risk of microvascular complications
(40, 41), hence, the detrimental effect of HbA1c variability may be
mediated through the same mechanism underlying the “metabolic
memory” phenomenon, including oxidative stress. (4) Because the
risk of microvascular complications increases exponentially as
HbAlc rises (42), subjects with higher HbAlc variability would
“accumulate” a surplus of risk in the periods spent at the upper end
of their HbAlc range. This hypothesis might be indirectly
supported by GIUSEPPE PENNO’s observation that the effect of
HbAlc variability is a statistically significant effect in the higher
quartile of HbA1c-SD (33).

5 Conclusion

To sum up, HGI may be a reference index for blood glucose
control in T2DM patients and could predict the risk of DKD. This
study brings important enlightenment for daily diabetes
management, that is, diabetes patients should take into account
the variability of HbAlc while controlling blood glucose or HbAlc
levels. “Beyond HbAlc” is an important concept of diabetes
diagnosis and treatment at present (43). Blood glucose,
glycosylated albumin and HbAlc variability are important factors
for blood glucose control and long-term prognosis. In order to
reduce the risk of all-cause death in diabetic patients, measures
should be taken as soon as possible to incorporate HbA1lc variability
into the management objectives of diabetic patients.

This study also has some limitations. As the analysis was
conducted on the basis of cross section, the existing database
cannot collect relevant data at the time of diagnosis of diabetes.
Unfortunately, previous studies have not reported it yet. Next, we
will focus on collecting data of new-onset T2DM, and make further
exploration on the impact of HGI on DKD. In addition, the subjects
have not been followed up to determine the relationship between
HGI and DKD in the existing cross-sectional study. However,
according to the current research results, HGI has stable disease
prediction value. Furthermore, high-quality and large sample
prospective cohort studies and randomized controlled clinical
trials and even cytological studies will be carried out to clarify the
mechanism of HGI and the predictive value of HGI on DKD, and to
develop a personalized HbAlc variability control target, so as to
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provide new reference indicators for clinical diabetic blood glucose
control and reduce the occurrence of complications.
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Background: Diabetic nephropathy is a leading cause of end-stage renal disease.
The diagnostic markers of nephropathy, including the presence of albuminuria
and/or a reduced estimated glomerular filtration rate, are not clinically ideal, and
most of them are raised after a significant reduction in renal function. Therefore,
it is crucial to seek more sensitive and non-invasive biomarkers for the diagnosis
of diabetic nephropathy.

Objective of the study: This study aimed to investigate the serum cystatin C
levels and dyslipidemia for the detection of diabetic nephropathy in patients with
type 2 diabetes mellitus.

Methodology: A hospital-based comparative cross-sectional study was
conducted from December 2021 to August 2022 in Tikur, Anbessa specialized
teaching hospital with a sample size of 140 patients with type2 diabetes mellitus.
Socio-demographic data was collected using a structured questionnaire, and 5
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mL of blood was collected from each participant following overnight fasting for

Results: In type 2 diabetes patients with nephropathy, we found significant
lipoprotein abnormalities and an increase in serum cystatin C (P < 0.001)
compared to those without nephropathy. Serum cystatin C, systolic blood
pressure, fasting blood glucose, total cholesterol, triglyceride, low density
lipoprotein, very low-density lipoprotein, high density lipoprotein, and duration
of diabetes were identified as being significantly associated with diabetic
nephropathy (P < 0.05) in multivariable logistic regression analysis. The mean
values of total cholesterol levels, triglyceride levels, and high-density lipoprotein
cholesterol levels were also found to be significantly higher (P < 0.05) in females
as compared to male type-2 diabetic patients. The fasting blood glucose levels
and lipid profiles of the participants were found to be significantly associated with

Conclusion: The present study found significant serum cystatin C and lipoprotein
abnormalities in T2DM patients with diabetic nephropathy when compared with
those without diabetic nephropathy, and these lipoprotein abnormalities were

significantly associated with serum cystatin C levels.

diabetes, diabetic nephropathy, serum cystatin C, serum creatinine, dyslipidemia

Dejenie et al.
biochemical analyses.
serum cystatin C levels.
KEYWORDS
Background

Diabetes mellitus (DM) is a common metabolic disorder
resulting from insufficient insulin secretion or insulin action that
leads to elevated blood glucose levels (1). The metabolic disorders
associated with DM cause secondary pathophysiological changes in
multiple organ systems caused by acute and chronic complications
(2). Diabetic nephropathy is one of the major chronic microvascular
complications of diabetic and a leading cause of end-stage renal
disease (ESRD) (3), and it is predominantly due to type 2 diabetes
mellitus (T2DM) (4). Hyperglycemia is the main driving force
behind the development of chronic complications of diabetic,
including DKD (5). There are hypotheses that have been widely
supported by scholars about how hyperglycemia causes diabetic
complications (including DN), which are the polyol pathway, the
hexosamine pathway (HBP), the production of AGEs, and PKC. It

Abbreviations: DM, Diabetes mellitus, T2DM, type 2 diabetes mellitus; ESRD,
end-stage renal disease, very VLDL, low-density lipoprotein; LDL, low-density
lipoprotein, TG, triglycerides; HDL, high-density lipoprotein, TC, total
cholesterol, eGFR, estimated glomerular filtration rate; BP, blood pressure;
SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass
index; rmp, revolutions per minute; FBG, fasting blood glucose; BUN, blood urea
nitrogen; EPHI, Ethiopian Public Health Institute; SPSS, Statistical Package for
Social Sciences, CI, confidence interval; DRERC, Department of Ethics and
Research Committee; Cys-C, Cystatin C; Scr; Serum creatinine, AOR, adjusted

odds ratio; SD, standard deviation.
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stimulates the resident and non-resident renal cells to produce
humoral mediators and cytokines that can lead to functional and
phenotypic changes in renal cells and tissues, interference with cell
growth, interacting proteins, advanced glycation end products
(AGEs), etc., ultimately resulting in glomerular and tubular
damage and the onset of kidney disease. Therefore, poor blood
glucose control is a particularly important risk factor for the
development of DN.

T2DM Patients with diabetic nephropathy are often associated
with abnormal lipid metabolism and lipid deposition (6). This
altered lipid profile is termed “diabetic dyslipidemia,” which
includes high plasma levels of total cholesterol, very low-density
lipoprotein (VLDL), low-density lipoprotein (LDL), and
triglycerides (TG) and a lower concentration of high-density
lipoprotein (HDL). Several studies suggest that diabetic
dyslipidemia plays a major role in the pathogenetic development
of diabetic nephropathy in T2DM patients (7, 8). However, this has
not been well studied in most of the sub-Saharan African countries,
including Ethiopia.

The diagnostic markers of nephropathy, including the presence
of albuminuria and/or a reduced estimated glomerular filtration
rate (eGFR), are not clinically ideal, and most of them are raised
after a significant reduction in renal function (9, 10). Kidney biopsy
is the gold standard for differentiating diabetic nephropathy from
non-diabetic nephropathy (11), but it is invasive and not suitable
for routine clinical practice. Therefore, it is crucial to investigate the
pathogenesis and seek more sensitive and non-invasive biomarkers
for the diagnosis of diabetic nephropathy.
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Human cystatin C is a member of the cystatin superfamily
(inhibitors of cysteine proteinases) and a nonglycosylated basic
protein with a low molecular mass (13 kD) that is freely filtered by
the glomerulus and produced by all nucleated cells (12, 13). Studies
have reported that unlike serum creatinine, serum cystatin C is not
influenced by age, sex, muscle mass, or dietary intake (14, 15). It is
currently under investigation as a promising marker and a replacement
for serum creatinine and other renal markers for the early detection of
renal impairment (16). Recent studies showed that cystatin C is a more
sensitive serum marker for renal function assessment compared to
serum creatinine (15, 17). Increased cystatin C and disorders of lipid
metabolism are associated with diabetic nephropathy in T2DM
patients (18). Therefore, this study aimed to explore the clinical
significance of serum cystatin C and lipid profile abnormalities for
the differential diagnosis of diabetic nephropathy and non-diabetic
nephropathy in patients with T2DM.

Methods and materials
Study design, settings, and participants

A hospital-based comparative cross-sectional study was
conducted from December 2021 to August 2022 in Tikur,
Anbessa specialized teaching hospital, Addis Ababa, Ethiopia,
with the aim of evaluating the serum cystatin C and lipid profiles
as markers of diabetic nephropathy in known type 2 diabetic
patients who were on regular follow-up at the diabetic clinic of
Tikur, Anbessa specialized hospital. A total of 140 eligible T2DM
patients who had follow-ups at the diabetic center of Tikur Anbesa
specialized hospital during the study period were recruited for this
study. We classified the T2DM participants into those with and
without nephropathy. The first group included a total of 83 T2DM
patients without nephropathy, and the second group included 57
T2DM patients with nephropathy diagnosed by physicians. We
excluded patients who had any of the other complications of
diabetic, medical or surgical problems, were pregnant women, or
had taken lipid-lowering drugs from the study.

A structured questionnaire was used to collect socio-demographic
data, including age, sex, address, history, and duration of diabetes.
Anthropometric measurements such as weight, height, body mass
index (BMI), and blood pressure (BP) were determined using
appropriate standardized devices. The height and weight of the
participants were measured following standard protocols. Then, BMI
was calculated via weight in kilograms divided by height in meters
squared (BMI = Kg/m®). Furthermore, blood pressure was measured
using a digital automatic BP monitor apparatus for three consecutive
times (five minutes apart), and the average values for both diastolic and
systolic BP were considered for this study.

Maintaining all aseptic precautions, 5 mL of blood was collected
following overnight fasting from the ante-capital vein of each
volunteer participant by two trained laboratory technicians for
biochemical analyses. The blood sample was collected using an
appropriate test tube and transferred to a clean, dry serum separator
tube. Then it was centrifuged at 3000 revolutions per minute (rpm)
at room temperature (20 to 25°C). A pure serum sample was
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separated and placed in the nunc tube, where it was stored at -20
until biochemical analysis was done.

Fasting blood glucose (FBG) level, serum TC, HDL cholesterol,
and TG levels were determined using Dimension EXL 200 System
chemistry analyzer through enzymatic method from the serum
sample using commercially available kit of auto analyzer. Serum
creatinine and blood urea nitrogen (BUN) were also estimated by
the enzymatic method. LDL cholesterol and VLDL cholesterol
concentrations were calculated using the Friedewald formula (19).
The cystatin C levels of serum were measured by a turbidimetric
immunoassay test. All biochemical investigations were done on a
fully automated analyzer at the National Reference Laboratory for
Clinical Chemistry, Ethiopian Public Health Institute (EPHI).

Statistical analysis

Data was entered and analyzed using SPSS version 25. Categorical
variables were presented in frequency and percentages. Continuous
variables including demographics, clinical and biomedical data were
expressed as mean =+ standard deviation. An independent sample t-test
or Mann-Whitney U test was used for the comparison of variables as
appropriate. An adjusted logistic regression and multiple linear
regression models were employed to examine the association of
predictor variables with diabetic nephropathy. All statistical tests
were two-tailed, and p-values <0.05 at a 95% confidence interval
(CI), were taken as statistically significant.

Result

The socio-demographic characteristics of
the study participants

A total of 140 T2DM patients were recruited for this study (83
without diabetic nephropathy and 53 with diabetic nephropathy). The
mean age of all patients was 45.2 + 13.2 years. From all the subjects
involved in the study, 74 (52.9%) were males and the rest 66 (47.1%)
were females. Majority of T2DM patients 116(82.9%) were living in
urban areas. In all patients, the mean + SD of BMI was 26.3 + 3.7 kg/
m?. The mean + SD of the duration of patients with T2DM was 13.3 +
8.6 years with the maximum and minimum duration of 36 years and
lyear respectively. In T2DM patients with diabetic nephropathy, we
found that the TG, TC, LDL, and VLDL cholesterol levels were
significantly increased, whereas HDL cholesterol levels were
significantly lower (P < 0.001) in those patients. The detailed basic
characteristics of the study participants are depicted in Table 1.

Clinical parameters and independent
predictors of diabetic nephropathy in
T2DM patients

Out of 140 T2DM patients, 85 (60.7%) used oral medication, 25

(17.86%) used insulin injection, and 30 (21.4%) used both oral
medication and insulin injection. After adjusting for all possible
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TABLE 1 Socio-demographic and clinical profiles of T2DM patients with and without nephropathy.

Variables . . T2DM patien T2DM patients without
All T2DM patients (n=140) with nephropathy (n=57) nephropathy (n=83) p-value

Age (year), mean + SD 45.0 + 13.2 44.0 +15.12 46.2 + 13.18 0.875

Male n (%) 74 (52.9) 32 (56.1) 42 (50.6) 0.127
Sex Female n (%) 66 (47.1) 25 (43.9) 41 (49.4) 0.136

Urban n (%) 116 (82.86) 48 (84.2) 68 (81.9) 0471
Residence Rural n (%) 24 (17.14) 9 (15.8) 15 (18.1) 0.812
BMI, mean + SD 263 +3.7 26.4 + 5.98 275 +342 0.052
Duration of T2DM 133 £ 86 153 +7.6 123+76 0.077
FBG 135 + 14.7 1752 + 16.4 873 + 7.1 0.071
SBP (mmHg), mean + SD 129.2 + 21.29 139.7 + 19.29 128.7 + 21.7 0.025
DBP (mmHg), mean + SD 80.9 + 10.24 82.9 +9.40 80.8 + 11.61 0.459
TC (mg/dL) mean + SD 197.6 + 42.5 229.2 + 64.8 164.7 + 21.4 <0.001
TG (mg/dL) mean + SD 104.8 + 47.4. 127.8 +39.5 773 +56.6 <0.001
HDL (mg/dL) mean + SD 347 +10.7 27.6 + 891 413+95 <0.001
LDL (mg/dL) mean + SD 147 +27.1 159.3 + 38.9 121.7 + 24.6 <0.001
VLDL (mg/dL) mean + SD 39+ 115 515 +29.7 239 + 85 <0.001
BUN (mg/dL) mean + SD 29+78 30.6 + 8.9 263 +5.7 0.031
Scr (mg/dL) mean + SD 0.97 +0.31 1.1+04 08+03 0.75
Cys-C (mg/dL mean + SD 1.15 + 0.6 13+0.7 073+ 0.3 <0.001

Comparisons were made using independent sample t-test, Mann-Whitney test, or Chi-square test as appropriate. Categorical variables are presented in frequency and percentage while
continuous variables are presented as mean + SD, P-value<0.05 was considered statistically significant. SD, Standard Deviation; %, percentage; BMI, Body Mass Index; SBP, Systolic Blood
Pressure; DBP, Diastolic Blood Pressure; FBG, Fasting Blood Glucose; TC, Total Cholesterol; TG, Triglyceride; HDL-C, High-Density Lipoprotein Cholesterol; LDL-C, Low-Density Lipoprotein
Cholesterol; VLDL, Very Low Density Cholesterol; BUN, Blood Urea Nitrogen; Cys-C, Cystatin C; Scr, Serum creatinine.

confounders using multivariable logistic regression analysis serum
cystatin C (P <0.001), SBP (P = 0.02), FBG (P =0.001), TC (P
<0.01), TG (P <0.001), LDL (P <0.001), VLDL (P <0.001), HDL
(P<0.061) and duration of T2DM (P =0.04) were identified to be
significantly associated with diabetic nephropathy. Increasing serum
cystatin C levels by one unit was associated with 1.41 times (AOR: 1.41,
95% CI: 1.09, 2.77) higher odds of having diabetic nephropathy. For a
unit increase in the duration of T2DM, there was a 1.32 times (AOR:
1.32, 95% CI: 1.11, 2.87) greater likelihood of having diabetic
nephropathy. The odds of T2DM patients with nephropathy
significantly increased per a unit rise in SBP, FBG, TC, TG, LDL,
and VLDL levels (Table 2).

Comparison of clinical and biomedical
parameters between males and females

An independent sample t-test showed that the mean values of
TC (P = 0.021), TG (P = 0.011), and HDL cholesterol levels (P =
0.01) were significantly higher in females as compared to male type-
2 diabetic patients, but significantly lower in serum creatinine levels
(P =0.03) as compared to males (Table 3).

Frontiers in Endocrinology

Multiple linear regression analysis of serum
cystatin C with clinical and biomedical
parameters in type 2 diabetic patients

In the multiple linear regression analyses, the SBP, FPG, TC,
TG, HDL, LDL, and VLDL of the T2DM participants were
significantly associated with serum cystatin C levels (Table 4).

Discussion

This study aimed to evaluate serum cystatin C and lipid profiles
for assessing the potential predictor markers of diabetic
nephropathy in patients with T2DM. High serum creatinine and
low cytostatin C levels were found in males, whereas low creatinine
and high cystatin C levels were found in females. It is well known
that the creatinine level is highly affected by muscle mass, which
means that males are more muscular than females. But the cystatin
C difference needs further study as it is a promising marker
currently under investigation.

The study found significantly higher serum cystatin C levels and
SBP and lipid profile abnormalities in type 2 diabetics with
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TABLE 2 Independent factors for predicting diabetic nephropathy in
T2DM patients.

Variables AOR (95% Cl) P - value
Age (in years) 0.97 (0.87-1.07) 0.381
BMI (kg/m2) 1.32 (0.44-1.89) 0.125
SBP (mmHg) 1.731 (1.01-1.072) 0.02
DBP (mmHg) 0.92 (0.95-1.022) 0.17
FBG (mg/dL) 1.30 (1.11-2.87) 0.01
TC (mg/dL) 1.5 (1.01-2.91) <0.001
TG (mg/dL) 1.41 (1.21-2.66) <0.001
HDL (mg/dL) 0.67 (1.23-2.57) 0.061
LDL (mg/dL) 1.21 (1.07-2.47) <0.001
VLDL (mg/dL) 1.3 (1.11-2.87) <0.001
BUN (mg/dL) 0.96 (0.71-1.95) 0.131
Scr (mg/dL) 0.86 (0.91-2.95) 0.07
Cys-C C (mg/dL) 1.41 (1.09-2.77) <0.001
Diabetes duration (in years) 1.32 (1.11-2.87) 0.04

Mean + SD is significant at the p< 0.05; AOR, adjusted odds ratio; CI, confidence interval;
BMI, Body Mass Index; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; FB,
Fasting Blood Glucose; TC, Total Cholesterol; TG, Triglyceride; HDL-C, High-Density
Lipoprotein Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol; VLDL, Very Low
Density Cholesterol; BUN, Blood Urea Nitrogen; Cys-C, Cystatin C; Scr, Serum creatinine.

nephropathy compared to those without nephropathy. These
findings are similar to other previous studies (18, 20). In contrast
to these findings, the study conducted by Jing Wei et al. revealed
that the serum parameters, including HDL and LDL, were not

10.3389/fendo.2023.1124367

significantly different between T2DM patients with nephropathy
and those without diabetic nephropathy (21). However, in the case
of serum cystatin C levels, TC, and TG, this study agreed with the
findings of the present study, and unlike our finding, it found a
significant difference in serum creatinine in type 2 diabetics with
nephropathy compared to those without nephropathy.

There is growing evidence that abnormalities in lipid
metabolism contribute to renal disease progression (6). In T2DM
patients with diabetic nephropathy, we found that HDL cholesterol
levels were significantly low in T2DM patient with nephropathy and
other parameters of lipoproteins were significantly higher.
Numerous experiments studies explained the mechanism as the
hyperlipidemia can cause glomerulosclerosis and tubulointerstitial
sclerosis by stimulating resident renal cells to produce fibrotic
cytokines and chemokines, leading to infiltration of monocytes or
macrophages into glomerular tissue to promote extracellular matrix
deposition and have shown that lipid accumulation, lipid toxicity
and lipid metabolism disorders are related to diabetic kidney
damage (6, 22).

Several studies found that the levels of serum cystatin C rose earlier
than creatinine (22, 23). In this study we found that the cystatin C level
of the type 2 DM is increased significantly and associated with
lipoproteins in T2DM patients diagnosed nephropathy. This showed
that the serum cystatin C level is related to subclinical tubular
impairment and can be an earlier marker of renal disease in diabetic
patients before the onset of other renal markers. This is in agreement
with some other earlier studies (23, 24).

In the multivariate regression analysis, we found that the serum
cystatin C level is significantly associated with FBG, TC, TG, HDL,
LDL, and VLDL (P < 0.001). However, it is insignificantly
associated with serum creatinine, duration of DM, BMI, BUN,

TABLE 3 Comparison of clinical and biomedical parameters between males and females. .

Variables

Sex of participants

Male (n=74)

Female (n=66)

Age (in years) 53.7 £ 8.1 489 +58 0.27
BMI (kg/m?) 25.78 + 5.44 236+73 0.15
DBP (mmHg) 85.7 + 10.74 82.9 +9.94 0.21
SBP (mmHg) 128.3 + 20.32 125.8 + 18.72 0.49
FBG (mg/dL) 89.9 + 6.1 1292 + 162 0.07
TC (mg/dL) 182.7 + 204 227.2 + 63.8 0.021
TG (mg/dL) 121.8 + 385 168.3 + 76.6 0.011
HDL (mg/dL) 323+6.5 426+ 89 0.01
LDL (mg/dL) 138.7 + 24.6 158.3 + 48.9 0.501
VLDL (mg/dL) 249 + 85 50.5 + 28.7 0.101
BUN (mg/dL) 263 +6.7 28.6 + 8.7 0.24
Scr (mg/dL) 12+03 0.8 + 0.4 0.03
Cys-C (mg/dL) 0.73 +0.2 13404 0.081

Comparisons were made using independent sample t-test, P-value<0.05 was considered statistically significant. BMI, Body Mass index; SBP, Systolic Blood Pressure; DBP, Diastolic Blood
Pressure; FB, Fasting Blood Glucose; TC, Total Cholesterol; TG, Triglyceride; HDL-C, High-Density Lipoprotein Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol; VLDL, Very Low
Density Cholesterol; BUN, Blood Urea Nitrogen; Cys-C, Cystatin C; Scr, Serum creatinine.
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TABLE 4 Multiple linear regression analysis of serum cystatin C with clinical and biomedical parameters in type 2 diabetic patients.

Serum cystatin C

B (95% Cl)

Variables

Sex of participant -0.061 0.481
Age of participant 0.009 0.215
Duration of DM 0.066 0.303
BMI (kg/m?) 0.011 0.613
SBP (mmHg) 0.12 0.021
DBP (mmHg) 0.07 0.571
FPG (mg/dL) 0.54 <0.001
TC (mg/dL) 0.75 <0.001
TG (mg/dL) 0.87 <0.001
HDL (mg/dL) -0.25 0.023
LDL (mg/dL) 0.46 0.016
VLDL (mg/dL) 0.43 0.003
BUN (mg/dL) 0.06 0.324
Scr (mg/dL) 0.032 0.451

Analysis was made using multiple linear regression analysis, P-value<0.05 was considered statistically significant. BMI, Body Mass index; SBP, Systolic Blood Pressure; DBP, Diastolic Blood
Pressure; FBG, Fasting Blood Glucose; TC, Total Cholesterol; TG, Triglyceride; HDL-C, High-Density Lipoprotein Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol; VLDL, Very Low-

Density Cholesterol; BUN, Blood Urea Nitrogen; Cys-C, Cystatin C; Scr, Serum creatinine.

and the age of the participant. This was in line with study conducted
by Kachhawa et al. (18).

This study also revealed the mean values of TC, and TG were
significantly higher (p < 0.05) in females as compared to male type-
2 diabetic patients, but low in HDL and serum creatinine levels as
compared to males. Another study conducted by Radzeviciene et al.,
support these results on type one diabetic patients (19, 25).

Conclusion

We found that serum cystatin C is not significantly affected by
sex, unlike serum creatinine, and a significant difference was found
between T2DM patients with nephropathy and those without
nephropathy. The present study also found significant lipoprotein
abnormalities in T2DM patients with diabetic nephropathy when
compared with those without diabetic nephropathy, and these
lipoprotein abnormalities were significantly associated with serum
cystatin C levels.
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Diabetic nephropathy (DN) is the most common microvascular complication in
diabetes and one of the leading causes of end-stage renal disease. The standard
treatments for patients with classic DN focus on blood glucose and blood
pressure control, but these treatments can only slow the progression of DN
instead of stopping or reversing the disease. In recent years, new drugs targeting
the pathological mechanisms of DN (e.g., blocking oxidative stress or
inflammation) have emerged, and new therapeutic strategies targeting
pathological mechanisms are gaining increasing attention. A growing number
of epidemiological and clinical studies suggest that sex hormones play an
important role in the onset and progression of DN. Testosterone is the main
sex hormone in males and is thought to accelerate the occurrence and
progression of DN. Estrogen is the main sex hormone in females and is
thought to have renoprotective effects. However, the underlying molecular
mechanism by which sex hormones regulate DN has not been fully elucidated
and summarized. This review aims to summarize the correlation between sex
hormones and DN and evaluate the value of hormonotherapy in DN.

KEYWORDS

sex hormones, estrogen, testosterone, diabetic nephropathy, metabolism

Introduction

Diabetic nephropathy (DN) is one of the most common and serious complications of
diabetes mellitus and a major cause of chronic kidney disease and end-stage renal disease
(ESRD) (1-4). The occurrence and progression of DN are closely related to patient blood
glucose levels, blood pressure, genetic background and age (5, 6). Unlike other renal
diseases, once macroalbuminuria occurs, DN will remain throughout life, which makes DN
a major cause of death in patients with diabetes. DN patients at the end stage of renal failure
rely on dialysis and kidney transplantation. Therefore, preventing and treating DN has
become a pressing problem worldwide. Many studies have shown that the occurrence and
development of DN are closely correlated with sex (7). In addition to social roles,
psychological cognition and behavioral habits, the most important difference between
the sexes is sex hormones. Especially in women, sex hormones vary greatly throughout life,
from infancy to adolescence, sexual maturity, pregnancy, perimenopause and
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postmenopause. However, the underlying molecular mechanism by
which sex hormones regulate DN has not been fully elucidated.
Moreover, based on the impact of sex hormone imbalances on the
development of DN, hormone therapy in patients with diabetes may
alleviate diabetic kidney injury to a certain extent and is a
potentially valuable therapeutic strategy for DN patients.

In this article, we summarized the effects of sex hormone
changes on DN development by searching and reviewing
published articles. We hope our work will provide information on
the correlation between sex hormones and DN and provide new
clues for the treatment of DN.

Sex hormones

Sex hormones are steroidal hormones synthesized mainly by the
gonads, the placenta, and the reticular cortex of the adrenal gland in
animals. In female animals, the ovaries mainly secrete two types of
sex hormones: estrogen and progesterone. In male animals, the
testes secrete androgens, mainly testosterone.

The synthesis of sex hormones is based on cholesterol, which is
converted to pregnenolone by cytochrome P-11A (CYP11A).
Pregnenolone can be converted to progesterone by 3BHSDI and
transported from the outer mitochondrial membrane to the inner
mitochondrial membrane by transporters (8). There are two ways to
synthesize androstenedione. First, pregnenolone is converted to
dehydroepiandrosterone by CYP17 and then to androstenedione;
second, progesterone is converted to 170-hydroxyprogesterone and
then to androstenedione (8). Androstenedione is converted to
testosterone by the enzyme 17HSD3, which is converted to
estradiol via aromatase (CYP19) (8, 9). Figure 1 shows the
synthesis of sex hormones.

Most sex hormones are metabolically inactivated in a similar
manner: by forming more water-soluble conjugates, such as
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FIGURE 1
Synthesis of sex hormones.
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glucuronides or sulfate esters, in metabolic organs, such as the
liver and kidneys. These conjugates are then excreted in urine or
secreted into the intestine with bile and excreted in feces (10, 11).

Testosterone

Testosterone is a steroid hormone. It is the main sex hormone
and anabolic hormone in the male body and is mainly synthesized
by the interstitial cells of the testicles. Other organs, such as the
adrenal glands and ovaries, also produce small amounts
of testosterone.

Androgen receptor (AR) is encoded by the AR gene on the X
chromosome and is widely distributed in various tissues and organs,
including the endothelium and kidney (12). AR plays an important
role in the development and maintenance of the reproductive,
musculoskeletal, cardiovascular, immune, neurological and
hematopoietic systems (12, 13). When not bound to testosterone,
AR is bound in the cytoplasm by heat shock protein (HSP) and
chaperone proteins. When interacting with testosterone or
dihydrotestosterone, AR is released from HSP and chaperone
proteins and translocates to the nucleus to produce the
corresponding biological effects (14). Sankar et al. reported that
AR was a key determinant of the response to testosterone, and
circulating levels of testosterone can influence spatial cognition in
adult males (15).

Estrogen

Estrogens are produced by the placenta and ovaries of female
animals and promote the development of secondary sexual
characteristics and the maturation of sexual organs in females.
There are three main types of estrogens in females, estrone (E1),
estradiol (E2) and estriol (E3). These estrogens play important roles
in regulating many physiological functions, such as cell
proliferation and differentiation, development, body homeostasis
and metabolism (16-20). Under physiological and
pathophysiological conditions, the effects of estrogen are mediated
by estrogen receptors /(3 and G protein-coupled estrogen receptors
(GPER). These receptors are involved in the development of many
diseases, including DN, cancer, neurodegenerative diseases, and
cardiovascular, metabolic and autoimmune diseases (21-24).

Alterations in sex hormones
in diabetes

Alterations in sex hormones between
the sexes

Under physiological conditions, sex hormone levels and their
functions in men and women alter with increasing age. Both
testosterone and estrogen have been found to decline with age in
men and women (25-28). Gambineri et al. summarized the reasons
for the difference in circulating sex hormone levels between the
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sexes, and they believed that it is due to the difference in the
synthesis site of sex hormones, the conversion rate of sex hormones
to each other, and the binding degree of sex hormones to sex
hormone binding globulin (SHBG) in the two sexes (29).

Alterations in sex hormones in diabetes

Diabetes can cause an imbalance in sex hormones in patients
(30). Studies have shown that compared with men without diabetes,
men with diabetes have decreased levels of testosterone and
increased levels of E2. However, testosterone levels are higher and
E2 levels are lower in women with diabetes than in those without
diabetes, suggesting that diabetes is associated with an imbalance in
sex hormones (30-37). In females with diabetes (compared with
females without diabetes), the decreased level of E2 may reduce
creatinine clearance and increase urine albumin excretion and
tubular fibrosis in the kidney, which may increase the risk of
developing renal complications (38).

Insulin levels have a significant impact on the functional
regulation of the hypothalamic-pituitary-gonadal axis (HPGA) (39).
Normally, insulin is secreted by pancreatic 3 cells. Then, it binds to
insulin receptors and activates intracellular protein tyrosine kinase
(PTK). Activated PTK can phosphorylate and activate insulin
receptor substrates (IRS) to activate phosphoinositide 3-kinase
(PI3K). The activated PI3K signaling cascade enhances
gonadotropin-releasing hormone (GnRH) secretion in the
hypothalamus, which stimulates the pituitary secretion of
luteotropic hormone (LH) and follicle-stimulating hormone (FSH)
and eventually induces the release of sex hormones by the gonads
(40). Approximately 5% of sex steroids are present in the blood and
enter cells through specific receptors on the plasmalemma (41).
During diabetes, altered levels of SHBG, increased levels of
oxidative stress and increased levels of CYP19 activity are present
in adipose tissue. This results in the conversion of testosterone and
androstenedione to estradiol and estrone, respectively, which
contribute to reducing serum testosterone concentrations in men
with diabetes (42-47). In addition, the disruption of glucolipid
metabolism, the reduced bioavailability of insulin during diabetes
and the reduced activity of CYP19 in the ovaries of diabetic rats, as
determined by Bozkurt et al., might be responsible for the reduced
levels of estradiol in females with diabetes (48-50).

The level of insulin can be affected by leptin. Leptin is a type of
adipokine that is secreted by adipose tissue. It can regulate energy
metabolism and may regulate reproductive function by regulating the
release of GnRH in the hypothalamus (39, 51, 52). The level of insulin
can also affect the generation of leptin (53, 54). Under normal
circumstances, leptin phosphorylates IRS-2 on hypothalamic leptin
receptors, activating PI3K and stimulating the release of GnRH (55,
56). Under diabetic circumstances, the feedback between insulin and
leptin is disordered, thus impairing the release of GnRH and
ultimately reducing sex hormone secretion.

In contrast, altered levels of sex hormones may be a
predisposing factor for diabetes. CYP19 is the limiting enzyme for
estradiol synthesis. Jones et al. found that in aromatase-knockout
(ArKO) female mice, glucose oxidation was decreased and obesity
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and insulin levels were increased (57). A study showed that
decreased CYP19 activity combined with low concentrations of
dihydrotestosterone (DHT) downregulates the expression of
transforming growth factor-p (TGF-B) and type IV collagen and
inhibits the level of glomerulosclerosis and tubular interstitial
fibrosis, thus attenuating the progression of renal complications
in male diabetic rats (35). Takeda et al. showed that a short-term E2
treatment could reverse the development of glucose intolerance and
insulin resistance by enhancing lipid metabolism in male ArKO
mice (58).

Role of sex hormones in the
development of DN

Sex differences in the development of DN

The occurrence and development of DN are affected by sex to a
great extent (59-61). Observations in humans and animals showed
that the level of sex steroids in males and females are altered by DN.
Plasma testosterone levels in men were decreased to levels similar to
those in women, while plasma estradiol levels in women were
decreased to levels similar to those in men. In many DN models,
male animals tend to progress more quickly than female animals. In
type 1 and type 2 diabetes, the prevalence of microproteinuria and
macroproteinuria is higher in males than in females, and the risk of
microproteinuria and progression to macroproteinuria is also
higher (7, 62-65). This phenomenon is also seen in nondiabetic
renal diseases. Neugarten et al. found that men with chronic renal
disease show a more rapid decline in renal function than women
with chronic renal disease (66).

However, other studies showed an opposite result, as they
reported that women with diabetes have a higher risk of
progressing to ESRD than men with diabetes (67). When the
women with diabetes included in the statistics were older
(postmenopausal), they had a higher rate of progression to ESRD
(68). In the Irbesartan DN trial and the angiotensin II (AnglI)
receptor antagonist Losartan study, postmenopausal women with
diabetes developed end-stage renal disease at a faster rate than men
with diabetes (69, 70). In addition, age at diagnosis of type 1
diabetes also has an impact on the timing of the onset of ESRD
in both sexes. Men diagnosed with type 1 diabetes before puberty
had a delayed onset of ESRD, while women diagnosed at puberty
face a higher risk of ESRD (71, 72).

Role of testosterone in DN

The risk of renal complications in men with diabetes is higher
than that in premenopausal women with diabetes. Testosterone is
considered to be more conducive to the genesis of DN in males.
Kang et al. reported that men have a higher risk of renal
complications (73). Sharon et al. reported that the decrease in
testosterone may partly attenuate kidney injury in males (74). Jan
et al. reported that men with type 1 diabetes have a higher risk of
ESRD and mortality (75). In contrast, the effect of testosterone on
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the progression of DN in females with diabetes is rarely mentioned,
and females are considered to be less influenced by
testosterone (73).

Role of estrogen in DN

Changes in estrogen levels affect the occurrence of DN, and
estrogen may have different effects in males and females with
diabetes (76, 77). As mentioned above, the level of circulating
testosterone in men with diabetes is decreased, while the level of
E2 is increased (33, 36, 37). The increased level of E2 may increase
the risk of renal complications in men (38, 60, 78). In male STZ-
induced diabetic rats, inhibition of testosterone transformation to
estradiol attenuates inflammation and the expression of type IV
collagen and TGF-f3; hence, the progression of DN is reduced (78).

As the most important sex hormone in women, estrogen has
been shown to prevent podocyte apoptosis. Estrogen can also
inhibit type I/IV collagen synthesis in mesangial cells and
promote the degradation of the extracellular matrix, which are
critical factors that induce tubular fibrosis (79-81). The effect of
estrogen on the female kidney may vary at the postmenopause
stage. William et al. reported that women at the postmenopause
stage have a higher risk of renal complications (70). Lewis et al.
found that kidney function was reduced in women with diabetes
with an average age of 58 (69). Studies have shown that women who
undergo ovariectomy (OVX) have a higher risk of diabetes and
other complications (82-84). Mankhey et al. reported that in STZ-
induced diabetic female rats, OVX could enhance DN, whereas 17-
B-estradiol replacement therapy could attenuate DN (38).
Therefore, estrogen is considered to have a renal protective
function in women with diabetes.

Sex hormones affect the genesis of DN and
its underlying mechanisms

Patients with diabetes who progress to nephropathy have
significantly higher initial mean blood pressure, cholesterol,
HbAlc, low-density lipoprotein (LDL) cholesterol and triglyceride
levels (85). The development of DN includes renal hemodynamic
changes, sugar/lipid metabolic disorders, and the effects of oxidative
stress and inflammation. These changes cause glomerular basement
membrane thickening, mesangial matrix accumulation, glomerular
sclerosis and tubular epithelial cell injury, which eventually lead to
renal tubular fibrosis, proteinuria and the leakage of large molecules
(86-88).

@Oxidative stress and inflammation

In the diabetic state, NADPH oxidases (Nox proteins) are
activated to produce excess reactive oxygen species (ROS)
through the electron transport chain (89). When too many ROS
accumulate, they attack organs, including the kidney, and this is
accompanied by the depletion of antioxidants. Additionally, the
oxidative/antioxidant system balance is disrupted, resulting in
oxidative stress (89, 90). The kidney contains a high density of
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mitochondria. Excess ROS lead to oxidative damage to
mitochondrial proteins and mitochondrial DNA (mtDNA). Then,
the kidney fails to filter and reabsorb Na+, glucose and other
metabolites from the urine, and vascular permeability is increased
(91, 92). Testosterone may reduce the activation of STAT3 to
increase the production of ROS (93). Mustafa and Mehmet found
that estradiol had positive effects on the antioxidant defense system
and tissue lipid peroxidation in OVX diabetic rats, possibly by
enhancing the antioxidant activities in the kidney, thus protecting
against diabetes (94). Hong et al. found that estrogen can inactivate
Nox, inhibit the production of superoxide anions, and reduce
oxidative stress in the kidney, thus reducing kidney injury (95, 96).

The high glucose environment of diabetes also leads to
increased production of advanced glycation end products (AGEs),
which interact with their receptor RAGE to activate NF-kB. Then,
inflammatory responses occur, producing multiple
proinflammatory and profibrotic molecules (97-100). T and B
lymphocytes are subsequently activated (101). Activated T
lymphocytes can produce proinflammatory cytokines (e.g., IL-17,
IL-6, TNF-o and IFN-Y) or recruit and activate macrophages (102-
108). Activated B lymphocytes can induce the formation of
inflammatory immune complexes and produce proinflammatory
cytokines (e.g., IL-6, IL-10 and TNF) (106, 109-111). After
proinflammatory cytokines are released, the cascade amplifies the
NF-kB signal, produces more proinflammatory cytokines and
recruits adjacent macrophages to the inflammatory site in tubules,
which leads to kidney infiltration, increases the expression of
proinflammatory and profibrotic molecules (e.g. type I/IV
collagen and TGEF-B), and exacerbates renal tubular fibrosis
(101, 111).

In the diabetic state, testosterone can phosphorylate and
activate C-jun (a molecule that functions in renal inflammation)
(112-114). Activated C-jun may upregulate monocyte
chemoattractant protein-1 (MCP-1) expression. This promotes
tubular epithelial cells to attract macrophages to the injury site of
tubules, causing local inflammation and tubular cell apoptosis. The
activation of C-jun can also upregulate the expression kidney injury
molecule-1 and directly induce tubular fibrosis (114, 115). In SD
male rats, once inflammation occurs in the kidney, testosterone can
upregulate the expression of the proinflammatory cytokine TNF-o
to exacerbate the inflammatory response and increase the
expression of profibrotic substances to promote tubule epithelial-
mesenchymal transition (EMT) and promote renal fibrosis (116).

Tubular fibrosis is the outcome of the inflammatory response in
the kidney and is led by TGF- (a key molecule that can stimulate
the production of several extracellular matrix proteins that
accumulate in the diabetic kidney, including type IV collagen,
fibronectin and laminin). EMT of the renal tubular epithelium
leads to tubular fibrosis (117, 118). In the state of diabetes, DHT
upregulates the expression of TGF-B in diabetic male rats and
accelerates the production of the early fibrosis marker connective
tissue growth factor (CTGF). Additionally, epithelial cells acquire a
fibroblast phenotype, leading to the genesis of tubular fibrosis (60).

Estrogen can interfere with the expression of TGF-} and its
downstream signaling pathway via members of the small mother
against decapentaplegic (Smad) protein family (Smad2/Smad3/

frontiersin.org


https://doi.org/10.3389/fendo.2023.1135530
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Liu et al.

Smad6/Smad7) (80, 119). Studies have shown that in STZ-induced
diabetic female rats, E2 regulates the activity of TGF-B by
downregulating profibrotic signaling molecules (Smad2, Smad3)
and upregulating antifibrotic signaling molecules (Smad6, Smad7)
(80). Thus, E2 can reduce proteinuria and ECM protein expression
associated with diabetic glomerulosclerosis and renal tubular
fibrosis and play a renoprotective role in females with diabetes
(80). Regulation of casein kinase IT (CK2) is another mechanism by
which E2 may regulate TGF-P activity. CK2 is a serine/threonine
protein kinase that, when activated, phosphorylates early growth
reactivity 1 (EGR-1). EGR-1 typically binds to specific protein 1
(Spl), preventing Spl from binding to target sequences. Ck2
induces EGR-1 phosphorylation in response to TGF-f3 to prevent
the formation of the EGR-1/Sp1 complex, and the level of free Sp1
increases. Sp1, in turn, binds to target sequences in the promoters of
type IV collagen and increases its synthesis. In murine mesangial
cells, E2 treatment prevented the TGF-B-induced increase in CK2
expression and activity, thereby inhibiting TGF-P signaling and
type IV collagen upregulation (120).

In addition to regulating TGF- expression and activity in renal
cells, E2 can also indirectly regulate TGF- in the kidney by regulating
macrophage infiltration. Macrophages are a key source of TGF-f in
diabetic kidneys. In a spontaneously hypertensive rat model of kidney
disease, the level of macrophage infiltration in the kidney was higher in
males than in females, and OVX in females increased the number of
macrophages. Similarly, OVX in diabetic female rats increased
macrophage infiltration, and this effect could be normalized by E2
treatment (80, 121). These data suggest that E2 inhibits macrophage
infiltration, thereby preventing the production of TGF- by a major
source and potentially protecting the kidney from injury.

@Hemodynamic changes

Increases in ROS are generated by persistent hyperglycemia and
can lead to dilatation of the afferent glomerular arteriole,
hyperfiltration, hypertransfusion and high internal pressure in the
kidney in the early stages of diabetes (122). A prolonged high
filtration load due to high glucose increases sodium-glucose
cotransporter protein 2 levels in the proximal tubules, and the
resorption of glucose and sodium chloride increases. This leads to
dysfunctional tubuloglomerular feedback and results in the
disruption of the afferent/efferent arteriole balance and increased
glomerular unit plasma flow (123). This abnormal status ultimately
increases the renal glomerular filtration rate (GFR) and
causes glomerulosclerosis.

Before adolescence, sex does not play a significant role in the
incidence of DN (124). With aging and the occurrence of chronic
complications associated with diabetes mellitus, DN tends to begin
earlier in men than in women because testosterone can activate the
renin-angiotensin-aldosterone system (RAAS) (73). The RAAS is
one of the primary control systems that regulates the balance of
blood pressure and fluids, and the kidney is the organ that activates
the RAAS. The major bioactive hormone in the RAAS is Angll,
which is cleaved from angiotensinogen and can promote
vasoconstriction, fibrosis, inflammation and apoptosis (125-128).
AnglI receptors can be divided into two types according to their
length: ATR1 (40 kDa) and ATR2 (41 kDa). ATR1 is considered to
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be associated with increased blood pressure and vasoconstriction,
while AT2R is considered to be associated with reduced blood
pressure and inflammation inhibition (127, 128). DHT upregulates
ATRI expression in sexually mature SD male rats (73). The activity
of AngII might be modulated by angiotensin-converting enzyme 2
(ACE2) or 3B-HSD4 in males. ACE2 is a zinc metalloproteinase
that may degrade AngII to Ang-(1-7) (128-130). Oudit et al. found
that the loss of ACE2 exacerbated the degree of glomerulosclerosis
in male mice (131). 3-HSD4 is a ketone reductase whose activity is
regulated by angiotensin; it can reduce testosterone and
progesterone to inactive metabolites. Under normal conditions,
3B-HSD4 protects the kidney from the potential negative effects
of testosterone; in patients with diabetes with increased AnglI levels,
the loss of 3B-HSD4 activity may increase the susceptibility of the
kidney to testosterone-induced damage (132).

Estrogen has a regulatory effect on the RAAS. It can attenuate
Angll-induced hypertension and reduce renal insufficiency (73,
130, 133-135). Nitric oxide (NO) can dilate blood vessels, and
endothelial cells produce NO through endothelial nitric oxide
synthase (eNOS) to regulate vascular tone (136). NO can
counteract the vasoconstrictive effects of AnglIl (137). Acute
hyperglycemia induces a state of oxidative stress in the
endothelium, which reduces NO production and leads to
endothelial dysfunction (137). Estrogen can upregulate eNOS
expression to accelerate NO release or increase NO bioavailability
to relax blood vessels and lower blood pressure, thereby reducing
glomerular sclerosis (138-141). Estrogen can also stimulate NO
release and attenuate glomerular sclerosis and renal fibrosis by
upregulating ATR2 expression in the renal medulla (142).

@Metabolic disorders

There are two aspects of abnormal glucose metabolism in
patients with diabetes. AGEs bind to their receptors to activate
the NF-xB pathway and stimulate the production of vascular
endothelial growth factor (VEGF), TGF- and MCP, leading to
glomerular podocyte loss, expansion of the glomerular extracellular
matrix and progressive glomerulosclerosis (143). Second, protein
kinase C is activated by high glucose levels. This results in decreased
production of eNOS and increased production of VEGF, which
destabilize the endothelial microenvironment and activate the NF-
kB pathway. The NF-xB-mediated inflammatory response leads to
tubular fibrosis (99).

Persistent hyperglycemia in patients with diabetes can promote
fatty acid synthesis and triglyceride accumulation. Excessive lipid
accumulation in the glomerulus and renal tubules leads to podocyte
dysfunction and damage to proximal tubular epithelial cells and
tubular interstitial tissue (144). In addition, proteinuria in patients
with diabetes may also serve as a carrier of fatty acids in urine. This
leads to the accumulation of fatty acids in the kidney, thus
exacerbating renal tubular injury in patients with diabetes (145).
In OVX diabetic female rats, due to the lack of estrogen, lipid
metabolism disorders occur, and fasting blood glucose levels and
the insulin resistance value (HOMA-IR) were significantly
increased compared with those in the control group (146).

Generally, glucose/lipid metabolic disorders may induce DN
through oxidative stress, inflammation and hemodynamic changes.
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Therefore, the role of sex hormones in the modulation of these
processes is the same as stated above.

The effects of sex hormones that may function in the
occurrence of DN are illustrated in Figure 2, and the molecules
affected by sex hormones in the progression of DN are listed
in Table 1.

Effects of sex hormone replacement
therapies for DN

Effects of sex hormone replacement
therapies in females with DN

Using E2 supplementation therapy for DN obtains good
results in reducing kidney injury in women; for example,
Szekacs et al. reported that in postmenopausal women with DN,
estradiol supplementation reduces albuminuria (147). Raloxifene
is a type of selective estrogen receptor modulator. It may attenuate
glomerulosclerosis and albuminuria in women with DN and slow
the progression of nephropathy (148-151). In addition, Bahaa
et al. also found that progesterone treatment can attenuate DN in
females (152). However, the risk or side effects of sex hormone
therapies are nonnegligible. Eliassen et al. reported that E2
supplementation in premenopausal women increases their risk
of breast cancer, but Dixon et al. found that raloxifene does not
have side effects similar to those of E2 (149, 153). Moreover, the
side effects of progesterone in the treatment of DN have been less
frequently reported (152).

r
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Effects of sex hormone replacement
therapies in males with DN

Using sex hormone therapy for males with DN has been less
commonly reported. Qin Xu et al. found that DHT has a dose-
dependent effect in DN male rats. DHT at low concentrations (0.75
mg) can partly ease the progression of nephropathy, while DHT at
high concentrations (2.0 mg) has the opposite effects in the
kidney (154).

Icariin is a recently discovered GPER agonist. Qi et al. reported
that icariin has antioxidative stress and antifibrotic effects in DN
male rats, but whether it has side effects is unclear and not
reported (155).

Table 2 summarizes the existing preclinical/clinical/animal
experiments using sex hormone replacement therapies and their
roles in the treatment of DN models.

Conclusions

In summary, many studies have shown that the occurrence and
progression of DN are closely related to sex hormones. Testosterone
can exacerbate DN by activating the RAAS or phosphorylating C-
jun to induce tubular fibrosis, so DN usually progresses faster in
male patients than in female patients. Estradiol can upregulate the
expression of eNOS and increase the level of NO to alleviate the
vasoconstriction effect of Angll to reduce tubular fibrosis. In
addition, estradiol can alter the level of Smad family members
and reduce macrophage infiltration and CK2 activation to alleviate
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TABLE 1 Sex hormones affect the pathogenesis of DN and related molecules.

Sex Changes in the molecules involved in DN pathogenesis Outcomes Reference
hormones
Oxidative stress Inflammation Renal
haemodynamics
Testosterone STAT3| C-junt ATRI1? Fibrosist (60, 73, 93, 112-116, 131, 132)
ROS?T MCP-11 3B-HSD4| Kidney
TNF-ot AnglI? injury?
CTGFt
Type IV
collagent
TGF-B1
Estrogen Antioxidants (e. g. GSH-Px, GSH and Smad 2/3| eNOS?T Fibrosis| (73, 80, 94-96, 119-121, 130, 133-135,
SOD) 1 Smad 6/71 NO?T Kidney 138-142)
Nox| CK2| ATR21 injury]
ROS| Type IV AnglI|
collagen|
TGE-Bl

Annotation: STAT3, signal transducer and activator of transcription-3; ROS, reactive oxygen species; Nox, NADPH oxidases; GSH-Px, glutathione peroxidase; GSH, glutathione; SOD,
superoxide dismutase; MCP-1, monocyte chemoattractant proteins-1; TNF-c, tumor necrosis factor-o; CTGF, connective tissue growth factor; TGF-p, transforming growth factor-f; CK2, casein
kinase II; ATRI, angiotensin II receptors-1; Angll, angiotensin II; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; ATR2, angiotensin II receptors-2.

The symbol "1" means upregulation.

The symbol "|" means downregulation.

TABLE 2 Sex hormone replacement therapies in DN.

Research Object Method Outcome Reference
category
Estradiol Clinical research Postmenopausal Oral estradiol (2mg/day) combined Albuminuria| (147)
women with DN | with norgestrel (0.5mg/day) CrClt
Preclinical Female rats with | Estradiol pellets implanting after Albuminuria (38)
research/animal DN OVX (10ug/day) GSI|
experiment TIFI|

Blood glucose level|

Preclinical db/db female Subcutaneous implantation of UAE| (156)
research/animal mouse estradiol pellets after OVX(8.3ug/ Mesangial expansion|
experiment day) Fibronectin|

Blood glucose level |

Raloxifene Clinical research Postmenopausal Oral (60mg/day) Albuminuria] (148, 150,
women with DN Risk of vertebral fracture| 151)
No effect on fasting blood glucose with short-
term raloxifene treatment

Preclinical Female rats with | Administering in the phytoestrogen- UAE] (149)
research/animal DN free chow (10mg/kg/day) GSI)
experiment TITE|

Type I/IV collagen|

TGE-B)

IL-6)
Preclinical db/db female Subcutaneous treatment (10mg/kg/ Mesangial area| (156)
research/animal mouse day) TGF-BJ
experiment Fibronectin|

Progesterone Preclinical Female rats with | Progesterone treatment after OVX UACR| (152)

research/animal DN (10mg/kg) GSI|
experiment Fibronectin|

ATRI|

TGE-B}

Dihydrotestosterone = Preclinical Male rats with Dihydrotestosterone in low UAE] (154)

research/animal DN concentrations subcutaneous Glomerular sclerosis|
experiment implantation (0.75mg/day) TITF|

Type IV collagen|

TGF-B|

IL-6]

(Continued)
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TABLE 2 Continued

10.3389/fendo.2023.1135530

Research Method Outcome Reference
category
Preclinical Male rats with Dihydrotestosterone in high Opposite results compared with (154)
research/animal DN concentrations subcutaneous dihydrotestosterone in 0.75mg/day
experiment implantation (2.0mg/day) concentrations (low concentration)
Icariin Preclinical Male rats with Oral (80mg/kg) MDA| (155)
research/animal DN Type IV collagen|
experiment TGF-B|
Preclinical Male rats with Gavage (20, 40, and 80 mg/kg/day) Blood urea nitrogen| (157)
research/animal DN Urine protein|
experiment Urinary creatinine]

CrCIt
TITE|

Annotation: CrCl, creatinine clearance rate; GSI, glomerulosclerotic index; TIFI, the index of tubulointerstitial fibrosis; UAE, urinary albumin excretion; TITF, tubulointerstitial fibrosis; TGF-p,
transforming growth factor-f; IL-6: interleukin-6; UACR, urinary albumin to creatinine ratio; ATR1, angiotensin II receptor 1; MDA, malondialdehyde.

The symbol "1" means upregulation.
The symbol "|" means downregulation.

tubular fibrosis. Thus, estradiol is thought to play a protective role
in DN. Along with that for new targets for treatment, understanding
the effect of sex hormones will provide a new combined therapeutic
strategy for DN. Particular challenges are presented and placed
within the context of future treatments against DN.
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Background: Obesity often initiates or coexists with metabolic abnormalities.
This study aimed to investigate the pathological characteristics and the
independent or mutual relations of obesity and metabolic abnormalities with
end-stage kidney disease (ESKD) in patients with type 2 diabetes (T2D) and
associated diabetic kidney disease (DKD).

Methods: A total of 495 Chinese patients with T2D and biopsy-confirmed DKD
between 2003 and 2020 were enrolled in this retrospective study. The metabolic
phenotypes were based on the body weight index (BMI)-based categories
(obesity, BMI > 25.0 kg/m?) and metabolic status (metabolically unhealthy
status, > 1 criterion National Cholesterol Education Program Adult Treatment
Panel Il (NCEP/ATP Il1) excluding waist circumference and hyperglycemia) and
were categorized into four types: metabolically healthy non-obesity (MHNO),
metabolically healthy obesity (MHO), metabolically unhealthy non-obesity
(MUNO), and metabolically unhealthy obesity (MUO). The pathological findings
were defined by the Renal Pathology Society classification. Cox proportional
hazards models were used to estimate hazard ratios (HRs) for ESKD.

Results: There are 56 (11.3%) MHNO patients, 28 (5.7%) MHO patients, 176
(35.6%) MUNO patients, and 235 (47.5%) MUO patients. The high prevalence of
the Kimmelstiel-Wilson nodule and severe mesangial expansion were associated
with obesity, whereas severe IFTA was related to metabolically unhealthy status.
In the multivariate analysis, the adjusted HR (aHR) was 2.09 [95% confidence
interval (Cl) 0.99-4.88] in the MHO group, 2.16 (95% Cl 1.20-3.88) in the MUNO
group, and 2.31 (95% CI1 1.27-4.20) in the MUO group compared with the MHNO
group. Furthermore, the presence of obesity was insignificantly associated with
ESKD compared with non-obese patients (@HR 1.22, 95% C| 0.88-1.68), while the
metabolically unhealthy status was significantly associated with ESKD compared
to the metabolically healthy status in the multivariate analysis (aHR 1.69, 95% Cl
1.10-2.60).

79 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1103251/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1103251/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1103251/full
https://orcid.org/0000-0001-7750-1864
https://orcid.org/0000-0003-1121-3004
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1103251&domain=pdf&date_stamp=2023-05-10
mailto:liufangfh@163.com
https://doi.org/10.3389/fendo.2023.1103251
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1103251
https://www.frontiersin.org/journals/endocrinology

Zhao et al.

10.3389/fendo.2023.1103251

Conclusion: Obesity itself was insignificantly associated with ESKD; however,
adding a metabolically unhealthy status to obesity increased the risk for
progression to ESKD in T2D and biopsy-proven DKD.

KEYWORDS

diabetic kidney disease, type 2 diabetes, metabolic phenotype, end-stage kidney
disease, prognostic factor

1 Introduction

Diabetes has emerged as one of the most severe non-
communicable diseases, affecting approximately 536.6 million
adults worldwide according to the 10th edition of the
International Diabetes Federation (IDF) Diabetes Atlas (1). China
ranks first in diabetes prevalence, with estimates of 140 million
affected individuals in 2021 (1). Decreasing mortality among those
with diabetes is accomplished by improving medical care; however,
the prevalence of developing diabetic kidney disease (DKD) has
been estimated at approximately 25%-40% (2). DKD has become
the leading cause of end-stage kidney disease (ESKD) in China and
worldwide. Delaying the development and progression of DKD
remains one of the most important fields in China.

The risk of developing and progressing to DKD is associated
with genetic, environmental, and lifestyle factors. These include age,
sex, race, as well as modifiable risk factors such as obesity. Several
studies have shown that abdominal obesity increases the risk of the
progression of chronic kidney disease (CKD) (3, 4). Metabolic
syndrome, characterized by a cluster of metabolic abnormalities,
has also been identified as an independent risk factor for ESKD (5).
Obesity often occurs with metabolic disorders, including
hyperglycemia, dyslipidemia, and elevated blood pressure. The
role of obesity in renal insufficiency is controversial (6-8), and
partly depends on the clustering of metabolic abnormality factors.
Obesity and metabolic status are categorized into four types of
metabolic phenotypes. Metabolically unhealthy was based on the
presence of metabolic syndrome and encompasses three of the five
components outlined by the criteria from the National Cholesterol
Education Program (NCEP) Adult Treatment Panel-IIT (ATP-III)
(9). Previous studies have shown that the prevalence of CKD slowly
increased in metabolically healthy non-obesity (MHNO),
metabolically healthy obesity (MHO), metabolically unhealthy
non-obesity (MUNO), and metabolically unhealthy obesity
(MUO) subgroups within a Taiwanese population (10). Several
studies have also reported that, compared to the MHNO group, the
MHO, MUNO, and MUO groups progressively increased the CKD
risk (11, 12). However, the effect of combined effects of the obesity
based on body mass index (BMI) and metabolic status on the risk of
future ESKD is lacking. Moreover, stratification by obesity and
metabolic status management would have a strong impact on both
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the individual (stigmatization, self-esteem) and society (attention by
healthcare professionals or politicians) (13). Thus, it is important to
determine whether obesity itself, metabolic abnormalities, or both
conditions contribute to the increased risk of ESKD.

Obesity-related glomerulopathy is characterized by
glomerulomegaly as well as disorders of podocytes in the presence
of focal and segmental glomerulosclerosis lesions with the
underlying mechanisms of insulin resistance and blood pressure
salt sensitivity (14). While the metabolic syndrome-induced renal
injury mechanism is complex, a high prevalence of microvascular
disease was observed in patients with metabolic syndrome. The
renal pathological findings in patients with T2D and different
metabolic phenotypes have not been well described. Based on the
above, this study was used to determine the effect of metabolic
phenotype on the risk of ESKD and illustrated the renal
pathological characteristics of different metabolic phenotypes in
patients with T2D and biopsy-proven DKD.

2 Materials and methods
2.1 Study design and patient selection

A total of 732 patients with diabetes who underwent
percutaneous renal biopsy between 2003 and 2020 at the West
China Hospital of Sichuan University were reviewed. Indications
for renal biopsy include diabetes and renal damage with persistent
albuminuria or renal dysfunction, sudden onset overt proteinuria,
or hematuria (15). We excluded patients with the following
conditions at enrollment: type 1 diabetes (n = 11), missing
information on BMI or metabolic abnormalities (n = 23), those
with a BMI <18.5 kg/m” (n = 6), progression to ESKD at the time of
renal biopsy (n = 12), and co-existing non-diabetic renal disease,
like membranous nephropathy or immunoglobulin A nephropathy
(IgAN) (n = 185) (Figure 1). Finally, 495 adult patients with T2D
and biopsy-confirmed DKD were included in the present study. All
patients provided informed consent. The study was approved by the
Institutional Review Board at the West China Hospital of Sichuan
University. This study also complied with the 1964 Helsinki
Declaration and its later amendments or comparable
ethical standards.
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from 2003 to 2020

732 Diabetic patients underwent renal biopsy

185 Excluded because of coexistence with
systemic disease or nondiabetic renal disease

547 Patients with diabetic kidney disease

52 Excluded due to
12 Progression to end-stage kidney disease before
renal biopsy
11 Type 1 diabetes mellitus
23 Incomplete information of body weight index
or metabolic abnormalities
6 Body weight index< 18.5 kg/m?

495 Eligible patients analyzed

FIGURE 1
Flowchart of patients in this study.

2.2 Metabolic phenotype

According to the previous studies (16, 17), we defined the
metabolic status using the ATP-IIT metabolic syndrome
definition, excluding the waist circumference >80 cm component
due to its significant collinearity with BMI. As all the patients in our
study had T2D, patients with one or more of the three following
components were classified as metabolically unhealthy (18):
triglyceride level >1.7 mmol/L; high-density lipoprotein (HDL)
cholesterol level <1.0 mmol/L in men or <1.3 mmol/L in women;
or lipid-lowering medication use; systolic blood pressure =130
mmHg or diastolic pressure =85 mmHg; or antihypertensive
medication use. Patients taking lipid-lowering agents with fibrates
and/or statins were recorded as fulfilling the lipid criterion, while
patients using antihypertensive drugs were recorded as satisfying
the blood pressure criterion. Based on the Asian criteria, the general
obesity status was assessed by BMI. Obesity was defined as a BMI of
> 25.0 kg/m* (19, 20). Patients with a BMI of 18.5-<23.0 were
considered normal weight; for those with a BMI of 23.0-<25.0
were overweight. The patients with normal weight and those who
were overweight were collapsed into the non-obesity group. Hence,
we categorized four metabolic phenotypes based on the BMI-based
categories (non-obesity, obesity) and metabolic status
(metabolically healthy status or metabolically unhealthy status):
MHNO, MHO, MUNO, and MUO (12).

2.3 Clinical and pathological covariates

Baseline demographics and clinical information at the time of
the renal biopsy were extracted from the hospital’s electronic
medical records system. The estimated glomerular filtration rate
(eGFR) was evaluated using the Chronic Kidney Disease
Epidemiology Collaboration formula (21). The use of renin-
angiotensin—aldosterone system inhibitors, new classes of glucose-
lowering agents such as glucagon-like peptide-1 receptor agonists
(GLP-1RA), dipeptidyl peptidase-4 (DDP-4) inhibitors, and
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sodium-glucose cotransporter 2 (SGLT2) inhibitors by the patient
for more than half of the follow-up period was defined as treatment.
Patients attend follow-up appointments two to four times annually,
depending on their clinical condition (15, 22, 23).

Renal biopsy tissues were routinely prepared for light
microscopy, immunofluorescence, and electron microscopy using
standard procedures. The original immunofluorescence,
microscopic, and electron microscopy images were used to
confirm a diagnosis of DKD according to the basis of the Renal
Pathology Society (RPS) classification (24). The glomerular
classifications were categorized into five classes, which were class
I, class IIa, class IIb, class III, and class IV. Interstitial fibrosis and
tubular atrophy (IFTA) and interstitial inflammation were scored
from 0 to 2. Arteriolar hyalinosis and arteriosclerosis were assessed
and scored according to the RPS-DKD classification (24). In
addition to the RPS-DKD classification, other pathological
lesions, including global glomerulosclerosis, segmental sclerosis,
extracapillary hypercellularity (EXHC), the Kimmelstiel-Wilson
(KW) lesion, mesangial proliferation, and capillary
microaneurysms, were evaluated (25). The detailed definition of
pathological parameters is listed in Supplementary Table 1.

2.4 Renal outcomes

Renal outcome was defined by the progression to ESKD, which
was defined as eGFR <15 ml/min/1.73 m* or the need for chronic
renal replacement therapy (21). All patients were followed up until
January 2022.

2.5 Statistical analysis

Continuous datasets were expressed as the mean and standard
deviation (SD) if normally distributed, or as the median and
interquartile range (IQR) if not normally distributed. Categorical
datasets were expressed as counts and percentages. In patients with
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different types of metabolic phenotypes, differences in the
continuous datasets were analyzed using one-way analysis of
variance (ANOVA). Categorical datasets were analyzed by the
chi-squared test or Fisher’s exact test. Differences in the
continuous datasets between patients with or without obesity or
metabolically healthy were analyzed by Student’s t-test or the
Wilcoxon test, while the categorical datasets were analyzed using
the chi-squared test or Fisher’s exact test (26).

Survival curves for different metabolic phenotypes were
generated using the Kaplan-Meier method and log-rank tests.
The Cox proportional hazard model was to explore hazard ratios
(HRs) for ESKD. Baseline hemoglobin Alc (HbAlc) levels were
missing for eight individuals. Multiple imputation methods were
used to derive multivariable models. Three multivariable
proportional hazard models, both of which included clinical
parameters (age, sex, baseline eGFR, and proteinuria), were used
in the present study. Age and sex were chosen based on biological
plausibility. The second multivariable model incorporated the
above parameters plus smoking status, HbAlc, hemoglobin,
serum albumin concentration, usage of renin-angiotensin-
aldosterone system inhibitors, and new classes of glucose-
lowering agents. Clinical covariates such as HbAlc and serum
albumin were selected as potential confounders because of their
significance in the univariate analysis or association with ESKD in
previous studies (27). The third model was the covariates in model 2
plus pathological parameters. Parameters with p <0.05 in the third
adjusted model were significant predictors of prognosis.

We performed a series of sensitivity analyses to test the
robustness of the results. First, we repeated the main analysis
after excluding the first year of follow-up to minimize the
potential for reverse causality (28). Second, we reexamined the
metabolic phenotypes using the NCEP ATPIII definition of
metabolic syndrome (having three of the five criteria) for the
determination of metabolically unhealthy status. If the waist
circumference was not obtained, the BMI was considered a risk
factor for adiposity (29).

All statistical analyses were performed using Stata version 14.0
(Stata Corp. LLC, College Station, TX, USA). Statistical significance
was accepted at p <0.05.

3 Results
3.1 Baseline clinical characteristics

Table 1 shows the baseline clinical characteristics of patients.
The mean age of the patients was 51 years, and 346 (69.9%) were
men. The median baseline eGFR was 59.7 ml/min/1.73 m?, and the
median 24-hour proteinuria was 4.20 g/d. The mean BMI was 25
kg/mz, and the mean HblAc was 7.6%. A total of 53.1% (263)
patients were obese, and 46.9% (232) patients were non-obese.
Approximately 17.0% (84) were in a metabolically healthy status,
and 83.0% (411) were in a metabolically unhealthy status. Obese
patients have a higher prevalence among men, and higher systolic/
diastolic blood pressure than non-obese patients. Compared with
non-obese patients, obese patients have a higher percentage of
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Tibetans and higher hemoglobin levels. The eGFR and
proteinuria levels showed no significant difference between the
non-obese group and the obese group (Supplementary Table 2).
When patients were stratified by metabolic status, the sex and race
distributions were similar between the patients with a metabolically
healthy status and those with a metabolically unhealthy status
(Supplementary Table 3). However, the eGFR level was
significantly lower in patients with a metabolically unhealthy
status than in those with a metabolically healthy status.
Proteinuria showed no difference between the two groups
(Supplementary Table 3).

When stratified by metabolic phenotypes, there are 56 (11.3%)
MHNO patients, 28 (5.7%) MHO patients, 176 (35.6%) MUNO
patients, and 235 (47.5%) MUO patients. Table 1 displays the
baseline clinical characteristics among the four groups, with age
being similar among all groups. However, patients with MHO and
MUO have a higher percentage of males than the MHNO and
MUNO groups. The systolic and diastolic blood pressure levels
slowly increased in patients with MHNO compared to those with
MUO. The median eGFR was 67.5 ml/min/1.73 m* in MHNO, 67.3
ml/min/1.73 m* in MHO, 58.0 ml/min/1.73 m* in MUNO, and 58.0
ml/min/1.73 m* in MUO. The median eGFR decreased slowly from
the MHNO group to the MUO group. Of note, the triglyceride
concentration slowly increased while the HDL concentration slowly
decreased from the MHNO group to the MHO, MUNO, and MUO
groups. However, proteinuria, duration of diabetes, HbAlc, and
fasting plasma glucose showed no significant difference among the
four groups.

3.2 Renal pathological changes

Supplementary Table 4 shows the renal pathological changes in
obese patients and non-obese patients. The KW nodule is a typical
renal structural change in DKD. The results showed that obese
patients have severe mesangial expansion and a higher prevalence
of KW nodules than non-obese patients. However, RPS glomerular
classification, percentages of global glomerulosclerosis or segmental
sclerosis, presence of EXHC, microaneurysm, and IFTA score
showed no differences between the two groups.

Supplementary Table 5 shows renal pathological changes in
patients with a metabolically unhealthy and a metabolically healthy
status. Patients with a metabolically unhealthy status have higher
IFTA, arteriosclerosis, and arteriolar hyalinosis scores compared to
those with a metabolically healthy status. However, none of the
glomerular lesions, such as mesangial expansion, KW nodule, and
EXHC, showed any significant difference between patients with
metabolically unhealthy status and those with metabolically
healthy status.

Table 2 shows renal pathological findings among the MHNO,
MHO, MUNO, and MUO groups. The results demonstrated that
patients with MUO have the highest prevalence of KW nodules
among the four groups. Compared with the MHNO group,
mesangial expansion was much more severe in patients in the
MHO, MUNO, and MUO groups. Furthermore, the prevalence of
severe IFTA (scores 2 and 3) was significantly higher in the MUNO
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TABLE 1 Clinical characteristics of patients with different metabolic phenotypes.
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Characteristics MHNO (n=56) MHO (n = 28) MUO (n = 235) vaFI’;Je
Age, mean (SD), y 51 (10) 51 (8) 51 (9) 51 (10) 0.98
Sex, Male, n (%) 38 (67.9) 24 (85.7) 111 (63.1) 173 (73.6) 0.03
Race, Tibetan, n (%) 6 (10.7) 7 (25.0) 15 (8.5) 34 (14.5) 0.06
Smoking, Never/Ex/Current, (n) 34/5/17 16/3/9 103/25/48 116/42/77 0.405
Body mass index, mean (SD), kg/m2 22 (2) 24 (3) 22 (2) 28 (3) <0.001
Systolic blood pressure, mean (SD), mmHg 121 (9) 122 (9) 146 (24) 148 (23) <0.001
Diastolic blood pressure, mean (SD), mmHg 78 (6) 79 (6) 85 (14) 88 (13) <0.001
History of diabetic retinopathy, n (%) 31 (55.4) 11 (39.3) 100 (56.8) 120 (51.1) 0.31
Duration of diabetes, median (IQR), months 96 (36-120) 84 (36-132) 96 (36-144) 96 (40-132) 0.73
Hemoglobin Alc, median (IQR), % 7 (5.9-7.9) 6.9 (5.7-8.4) 7.3 (6.3-8.8) 7.4 (6.3-8.6) 0.29
Hemoglobin Alc, median (IQR), mmol/mol 53 (41-63) 52 (39-68) 56 (45-73) 57 (45-70) 0.29
Hemoglobin, mean (SD), g/L 114 (23) 124 (27) 115 (25) 124 (28) <0.01
Serum albumin, mean (SD), g/L 33.8 (7.1) 34 (7) 33 (7.5) 34,5 (8) 0.25
Fasting plasma glucose, median (IQR), mg/dL 127 (94.5-190.8) 110.4 (90.6-141.6) 132.6 (101.5-187) 135'17721;);1'8_ 0.08
fnsztimated glomerular filtration rate, median (IQR), ml/min/1.73 67.5 (49.1-98.7) 673 (52.3-103.7) 58 (42.8-86) 58 (38.5-90.2) 0.04
24-h proteinuria, median (IQR), g/d 3.76 (1.33-5.56) 3.81 (1.75-7.5) 4.59 (2.28-7.04) 4.26 (1.84-7.92) 0.42
Hematuria, n (%) 26 (46.4) 15 (53.6) 78 (44.3) 90 (38.3) 0.30
Uric acid, mean (SD), mg/dl 0.6 (0.1) 0.6 (0.1) 0.6 (0.1) 0.7 (0.2) 0.03
Triglyceride, median (IQR), mg/dl 114.7 (82.4-134.6) 115.2 (84.1-140.4) 160.232‘(1111)7'8_ 172.7 (124-263.1) <0.001
Cholesterol, median (IQR), mg/dl 181.7 (163-210.4) 188‘212236)3 o 198 (165.7-245.6) 194‘254?76)0 o 0.11
High-density lipoprotein cholesterol, median (IQR), mg/dl 58.4 (50.3-79.5) 51.3 (42.2-63) 50.7 (39.1-69.2) 45.2 (37.1-59.9) <0.001
Low-density lipoprotein cholesterol, median (IQR), mg/dl 101.5 (72.1-123.5) 113.7 (96.7-143.9) 114.8 (79.7-148.1) 105.2 (76.6-141.9) 0.07
Renin-angiotensin-aldosterone system inhibitors, n (%) 43 (76.8) 22 (78.6) 135 (76.7) 185 (78.7) 0.96
New oral hypoglycemic agents, n (%) 14 (25.0) 10 (35.7) 61 (34.7) 78 (33.2) 0.59
Insulin therapy, n (%) 37 (66.1) 19 (67.9) 121 (68.8) 157 (66.8) 0.95

Data are presented as the mean (standard) for continuous variables with symmetric distribution, median (25th-75th percentiles) for continuous variables with asymmetric distribution, or

percentages for categorical variables.
SD, standard deviation; IQR, interquartile range.

and MUO groups compared to the MHNO and MHO groups.
However, interstitial inflammation, arteriosclerosis score, or
arteriolar hyalinosis scores showed no significant difference
among the four groups (Table 2).

3.3 Metabolic phenotype and risk of ESKD

During the median follow-up of 29 months, a total of 231
(46.7%) patients reached ESKD, and Figure 2A shows that the
survival rate for renal outcome decreased from the MHNO group to
the MUO group. Figure 2B shows that the renal survival rate was
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similar between non-obese and obese patients. When stratified by
metabolic status, patients who were metabolically unhealthy
demonstrated a lower renal survival rate than those who were
metabolically healthy (Figure 2C). An increase in the number of
cardiometabolic risk components was associated with an increased
incidence of progression to ESKD (log-rank test, p =
0.01) (Figure 2D).

Table 3 shows the crude and multivariate-adjusted HRs for
progression to ESKD based on the baseline cohort, using the
MHNO group as the reference category. Univariate analysis
showed that, compared with MHNO, the HR of progression to
ESKD in diabetic patients with MHO, MUNO, and MUO was 1.60,
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TABLE 2 Renal pathological characteristics of patients with and without metabolic phenotype.

MHNO (n = 56)

Characteristics

MHO (n = 28)

MUNO (n = 176) MUO (n =235)  P-value

Renal Pathology Society classification”, n (%) 0.26
I+ 1Ila 15 (26.8) 8 (28.6) 43 (24.4) 54 (23.0)
IIb 16 (28.6) 7 (25.0) 36 (20.5) 35 (14.9)
111 20 (35.7) 11 (39.3) 73 (41.5) 103 (43.8)
v 5 (8.9) 2 (7.1) 24 (13.6) 43 (18.3)
Global glomerulosclerosis, (%) 25.9 (10-38.5) 14.3 (9.2-39.2) 25 (11.8-47.1) 29.4 (14.3-50) 0.91
Segmental sclerosis, (%) 0 (0-6.9) 0 (0-9.6) 0 (0-11.1) 0 (0-10.8) 0.93
Presence of Kimmelstiel-Wilson nodule, n (%) 20 (35.7) 13 (46.4) 74 (42.0) 134 (57.0) <0.01
Presence of extracapillary hypercellularity, n (%) 6 (10.7) 1(3.6) 15 (8.5) 15 (6.4) 0.54
Presence of microaneurysm, n (%) 27 (48.2) 6 (21.4) 81 (46.0) 101 (43.0) 0.09
Mesangial expansion <0.001
score 0 3 (54) 0 (.0) 4(2.3) 6 (2.6)
score 1 36 (64.3) 4 (14.3) 80 (45.5) 87 (37.0)
score 2 17 (30.4) 24 (85.7) 92 (52.3) 142 (60.4)
Interstitial fibrosis and tubular atrophy, n (%) 0.01
score 0 1(1.8) 4(14.3) 6 (3.4) 10 (4.3)
score 1 34 (60.7) 17 (60.7) 93 (52.8) 100 (42.6)
score 2 17 (30.4) 6 (21.4) 52 (29.5) 93 (39.6)
score 3 4(7.1) 1(3.6) 25 (14.2) 32 (13.6)
Interstitial inflammation®, n (%) 0.16
score 0 1(1.8) 3 (10.7) 5(2.8) 8 (3.4)
score 1 44 (78.6) 16 (57.1) 119 (67.6) 172 (73.2)
score 2 11 (19.6) 9 (32.1) 52 (29.5) 55 (23.4)
Arteriosclerosis’, n (%) 0.16
score 0 9 (16.1) 5(17.9) 18 (10.2) 30 (12.8)
score 1 32 (57.1) 15 (53.6) 77 (43.8) 104 (44.3)
score 2 15 (26.8) 8 (28.6) 81 (46.0) 101 (43.0)
Arteriolar hyalinosis*, n (%) 0.09
score 0 9 (16.1) 7 (25.0) 18 (10.2) 27 (11.5)
score 1 21 (37.5) 9 (32.1) 46 (26.1) 63 (26.8)
score 2 26 (46.4) 12 (42.9) 112 (63.6) 145 (61.7)

Data are presented as percent for categorical variables. ' Defined by Renal Pathology Society Diabetic Kidney Disease Classification.

95% confidence interval [CI] 0.99-3.25, 1.92, 95% CI 1.12-3.29, and
1.95, 95% CI 1.16-3.28, respectively. The crude HR of HbAlc and
diabetes duration for the progression to ESKD was 0.93 (95% CI
0.86-1.01) and 1.01 (95% CI 0.99-1.01) in patients with T2D,
respectively. In the multivariate analysis, the adjusted HRs were
2.09 (95% CI 0.99-4.88) in the MHO, 2.16 (95% CI 1.20-3.88) in
the MUNO, and 2.31 (95% CI 1.27-4.20) in the MUO groups
compared with the MHNO group used as a reference. Additionally,
in the multivariate analysis, HbAlc was not associated with future
ESKD (HR 1.05, 95% CI 0.97-1.12).

Frontiers in Endocrinology

To illustrate whether obesity or metabolic status is associated
with renal outcome, we conducted Cox proportional HRs
stratified by obesity or metabolic status (Table 3). The results
showed that in the multivariate analysis, the presence of obesity
itself was insignificantly associated with ESKD in patients with
T2D compared with non-obese patients (aHR 1.22, 95% CI 0.88-
1.68). When stratified by metabolic status, the metabolically
unhealthy status significantly increased the risk for ESKD
compared with the metabolically healthy status (aHR 1.69,
95% CI 1.10-2.60). Moreover, no significant interactions were
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FIGURE 2
Survival rate of end-stage kidney disease in all patients with type 2 diabetes according to the metabolic phenotype (A), obesity or not (B), metabolically
healthy status (C), or according to the number of metabolic abnormalities except for diabetes (D).

TABLE 3 Univariate and multivariate analyses for ESKD in patients with type 2 diabetes and diabetic kidney disease.

Univariate
Models

Variables hazard ratio

(95% confi-
dence inter-
1))

Metabolic phenotype

p_

value

Multivariable model
1? adjusted hazard
ratio
(95% confidence
interval)

value

Multivariable model
2° adjusted hazard
ratio
(95% confidence
interval)

p_
value

Multivariable model
3¢ adjusted hazard
ratio
(95% confidence
interval)

MHNO 1 (reference) 1 (reference) 1 (reference) 1 (reference)

MHO 1.60 (0.99-3.25) 0.05 1.86 (0.86-4.03) 0.12 3.17 (1.44-6.97) <0.01 2.09 (0.99-4.88) 0.06
MUNO 1.92 (1.12-3.29) 0.02 1.76 (1.00-3.08) 0.05 2.15 (1.22-3.79) 0.01 2.16 (1.2-3.88) 0.01
MUO 1.95 (1.16-3.28) 0.01 1.86 (1.08-3.2) 0.03 2.86 (1.62-5.06) <0.001 2.31 (1.27-4.2) 0.01
Obesity 1.14 (0.88-1.48) 0.33 1.19 (0.9-1.56) 0.22 1.57 (0.97-2.10) 0.06 1.22 (0.88-1.68) 0.22
Metabolically

unhealthy 1.59 (1.09-2.32) 0.02 1.45 (0.96-2.19) 0.08 1.71 (1.12-2.6) 0.01 1.69 (1.10-2.60) 0.02
status’

“Adjusted for age, sex, baseline estimated glomerular filtration rate, 24-h proteinuria, uric acid, hemoglobin Alc, and serum albumin concentration.
®Adjusted for the parameters in multivariable model a plus hemoglobin Alc, hemoglobin, and serum albumin concentration, usage of renin-angiotensin-aldosterone system inhibitors, new oral

hypoglycemic agent, and smoking.

“Adjusted for the parameters in multivariable model b plus pathological parameters (Renal Pathology Society glomerular classifications, interstitial fibrosis and tubular atrophy, interstitial
inflammation, arteriosclerosis, arteriolar hyalinosis, Kimmelstiel-Wilson nodule, and mesangial expansion).

Comparison to metabolically healthy status.
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found between obesity and metabolic status for predicting future
ESKD (Supplementary Table 6).

3.4 Subgroup analysis and
sensitivity analysis

In the subgroup analysis, the associations between metabolic
phenotypes and renal outcome were slightly stronger among those
aged >51 years, male, patients with a baseline HbAlc >7%, or with a
baseline eGFR <60 ml/min/1.73 m>. The adjusted HR was
progressively higher in MHO, MUNO, and MUO as compared to
the MHNO phenotype (Supplementary Figure 1).

In the sensitivity analyses, the relationships between metabolic
phenotypes and renal outcome persisted after excluding the first
one-year follow-up, which showed consistent positive associations
with MHO, MUNO, MUO, and ESKD when compared to the
MHNO group (Supplementary Table 7). Furthermore, we defined a
metabolically unhealthy status as the presence of metabolic
syndrome. We performed sensitivity analyses when using the
metabolic syndrome NCEP ATPIII definition and obtained
similar results (Supplementary Table 8).

4 Discussion

In this retrospective cohort of patients with T2D and biopsy-
proven DKD, approximately half of the patients were obese and had
a metabolically unhealthy status. The adjusted HR was progressively
higher in MHO, MUNO, and MUO as compared to the MHNO
phenotype. Of note, the presence of obesity was not significantly
associated with ESKD compared with non-obesity patients, while a
metabolically unhealthy status was significantly associated with
ESKD compared with a metabolically healthy status in
multivariate analysis. Regarding renal pathological characteristics,
the high prevalence of KW nodules and severe mesangial expansion
was associated with obesity, whereas severe IFTA was associated
with a metabolically unhealthy status.

To our knowledge, this is the first study to investigate the
association between metabolic phenotype and renal outcome in
biopsy-proven DKD patients. Patients with biopsy-confirmed DKD
were recruited to uniformly assess renal pathological changes, while
the underlying effect of non-diabetic renal diseases on renal
outcome was excluded. The link between progressive kidney
disease in obese patients and metabolic abnormalities is of
enormous public health importance. The role of obesity in renal
insufficiency in diabetes is controversial according to the literature.
Chung et al. (7) conducted a longitudinal study on 1,187 diabetic
patients in Taiwan, showing that diabetic patients who are obese
were more likely to have CKD. However, a prospective 5-year study
conducted in the eastern region of Morocco showed that the decline
of eGFR in DKD of T2D is not directly influenced by BMI (6).
Another large epidemiological study conducted in Manchester, UK,
demonstrated that there was no statistically significant difference in
the rate of progression of CKD between obese and non-obese T2D
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patients (30). The results of our study showed that obesity itself was
not an independent risk factor for ESKD in T2D. This indicated that
obesity increased intraglomerular pressure and played an important
role in the incidence of DKD, while it was not an independent risk
factor for the progression of DKD in T2D. The major risk factors
contributing to eGFR decline remain traditional factors such as a
low baseline eGFR. Moreover, our data showed that metabolic
abnormalities were significantly associated with the risk of ESKD
in T2D after adjusting for traditional factors. Similarly, a cross-
sectional study enrolled 14,983 general population participants in
Taiwan and reported that a metabolically unhealthy status, but not
obesity, was associated with a higher risk of CKD (10). Data from a
cohort of 3.5 million individuals recorded by The Health
Improvement Network in the United Kingdom showed that
although cardiometabolic risk increased from normal weight to
overweight and obesity, it was more pronounced with an increasing
number of metabolic abnormalities (31). It was suggested that
metabolic abnormalities could be the intermediate factors linking
obesity to future ESKD. Our results showed that obesity itself was
insignificantly associated with ESKD; however, their association was
enhanced and became significant when adding metabolic status,
supporting this suggestion. Furthermore, a significant relationship
was found between metabolically unhealthy status and the risk of
ESKD, demonstrating their simultaneous contributions to
the disease.

MHO, due to its low prevalence (only 5.7% in our cohort), was
often ignored by physicians. MHO is characterized as obesity with a
low burden of metabolic abnormality, which has been considered a
“benign condition” in the past few years. In different European
countries, the prevalence of MHO varied from 2% to 28% (13).
Meta-analyses of prospective studies demonstrated that MHO is
associated with a significantly lower incidence of T2D (32) and
cardiovascular disease (32, 33). However, our results revealed that
MHO did not associate with renal outcome, which was consistent
with a previous study (34). Despite these, we reveal that in
subgroups of ages greater than 51 years old, male, HbAlc >7%,
and eGFR <60 ml/min/1.73 m? MHO significantly increased the
risk for progression to ESKD compared with MHNO. This result
indicates that MOH still needs rapid intervention in this
patient group.

MHO, MUNO, and MUO are reported to be transient
phenotypes (13). Previous studies reported that the cardiovascular
disease risk increased in women who converted from MHO to
MUO compared to those with stable MHO, which was primarily
driven by the incidence of T2D and hypertension (33). In this study,
we found that systolic/diastolic blood pressure was significantly
higher in patients with MUO than in those with MHO, which
highlights the importance of intensive blood pressure and blood
glucose therapy in a pragmatic approach. Compared with MHO,
MUO was considered an alteration in the distribution of ectopic fat.
The ectopic fat accumulation triggered an inflammatory cascade,
and lipotoxicity was considered an inducer of metabolic
dysfunction (35). The transitions between MHO and MUO are
not unidirectional and may change over time. Patients who
underwent obesity surgery or strict weight-loss interventions may
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lead the MUO phenotype transition to MHO or even the MHNO
phenotype (36). A nationwide population-based study reported that
patients who converted to MHNO had a 2% decrease in risk,
whereas patients who evolved to MUNO or MUO had a 60%-
68% increased risk of CKD incidence compared to the stable
MHNO group (28). Thus, we performed a sensitivity analysis by
excluding the first one-year follow-up to test the robustness of the
results, which showed consistent positive associations with MHO,
MUNO, MUO, and ESKD. Based on the above results, combination
therapy for both diabetes and obesity appear to be a promising tool
for the future pharmacotherapy of DKD. Indeed, the first glucagon-
like peptide 1 (GLP-1)/glucagon coagonist (cotadutide) improved
glycemic control, weight loss, and even improved metabolic profiles
in patients who were overweight or obese and had T2D in a Phase
2b clinical trial (37). Another novel dual glucose-dependent
insulinotropic polypeptide (GIP) and GLP-1 receptor agonist,
tirzepatide, not only reduces body weight but also improves the
metabolite profile in patients with T2D (38, 39). The post-hoc
analysis of the SURPASS-4 study showed that tirzepatide showed
a delayed effect on eGFR decline in patients with T2D (40).

The obesity-related glomerulopathy shares several
pathophysiologic factors relevant to renal damage in DKD. The
present study showed that the presence of KW nodules and a
mesangial expansion degree were severe in obese patients compared
to non-obese patients. The mechanism may be related to the renal
hemodynamic changes due to obesity. Animal models of obesity-
related glomerulopathy showed that the glomerular tuft volume
increased exponentially in relation to body weight gain (41). The
numerical density of podocytes decreases as the glomerular
diameter increases under persistent renal hyperfusion, thereby
causing the decreased extension of podocytic processes to cover
the expanded area. This induced a loss in protein selectivity and
triggered matrix deposition (42). However, the pathological
findings were much different when stratified by metabolic status.
Patients with a metabolically unhealthy status have more severe
interstitial and microvascular changes (arteriosclerosis and
arteriolar hyalinosis) than those with a metabolically healthy
status, which is consistent with previous studies (29, 43). The
underlying mechanism of metabolic abnormalities induced renal
tubular injury may be associated with oxidative stress and
cytochrome-C-induced apoptosis (44). The microvascular changes
may be linked to greater blood pressure observed in patients with a
metabolically unhealth status (43).
abnormalities and renal vascular changes synergistically aggravate

Coexisting metabolic

tubular mitochondrial damage and dysfunction, ultimately leading
to renal structural injury and renal insufficiency (45).

Albuminuria is one of the early warning signs of CKD. A
previous study showed a relationship between metabolic
syndrome and albuminuria, especially in non-East Asian
populations (46). But in patients with renal transplant,
albuminuria was more associated with elevated systolic blood
pressure and hyperglycemic status than with metabolic syndrome
(47). Thus, the absence of an association between proteinuria and
unhealthy metabolic status may partly be related to the different
ethnicities and advanced DKD in this study.
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Univariate and multivariate analysis showed that diabetes
duration and baseline HbAlc were not associated with
progression to ESKD in patients with T2D (data not shown),
which was consistent with previous studies (21, 25, 48). In a
prospective analysis of patients with T2D, the coefficient of
HbAlc variation, not the mean of serially measured fasting
plasma glucose, was predictive of the development of renal
complications and diabetes-related outcomes (49). A wide
variance of HbAlc reflects a more complicated clinical course,
suboptimal use of medications, and/or self-management (49). The
absence of an association between diabetes duration and renal
outcome may be explained by the inability to establish the time of
onset of T2DM with certainty. Many individuals have undiagnosed
diabetes and impaired glucose tolerance for extended periods,
leading to inaccurate assessments of diabetes duration (50).

There are several limitations to this study. First, due to the
retrospective observational design, causal relationships between
metabolic phenotype and DKD progression cannot be inferred
from the results. A prospective study conducted among patients
with T2D will be useful to validate our conclusions. Second, our
study consisted of a single-center cohort, thus lacking external
validity. However, biochemical measurements using the same
standard method improved the reliability of our data. Third, no
phenotypic changes were recorded during the follow-up time. A
limited patient sample size of individuals with MHO was another
limitation of this study. The negative association between MHO
and renal outcome in patients with T2D cannot be excluded, with
the limited number of patients and low incidence of renal events
resulting in insufficient power. However, the absence of an
interaction between obesity and a metabolically unhealthy
status led to the potentially impactful conclusion that obesity
itself was not significantly associated with renal outcome in T2D.
A large cohort sample size would be useful to validate
our conclusion.

In conclusion, this retrospective cohort study demonstrated that
the combination of obesity and metabolic health status was
associated with an increased risk of ESKD in T2D and biopsy-
proven DKD. The highest risk was observed in participants with
both obesity and a metabolically unhealthy status. Specifically,
MUNO and MUO were both associated with increased risk of
ESKD, suggesting that metabolic profiles need to be regularly
monitored to reduce future ESKD risk.
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