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Abstract

Introduction: Diabetic nephropathy is one of the major complications of diabetes mellitus. It is the most common
cause of end-stage renal disease. Neutrophil gelatinase-associated lipocalin (NGAL) is a biomarker that increases
before serum creatinine in early acute kidney injury. We examined in this study the hypothesis that urinary NGAL
levels may be elevated as an indicator of early diabetic nephropathy in patients with type 2 diabetes mellitus.
Methods:Thisstudyincludedatotal of 78 patients (51 femalesand 27 males,meanage 57.74+8.97 years). The patient
groupconsistedof38patients(24femalesand 14males,meanage58.68+8.36years)andthe controlgroup consisted
of 40 healthy subjects (27 femalesand 13 males, meanage 56.85+ 9.53 years). The groups were compared in terms of
anthropometric,demographic, biochemicaldata,andurinaryNGALlevels.UrinaryNGALlevelsweremeasured using
enzyme-linked immunosorbent assay.
Results:NosignificantdifferencewasfoundinurinaryNGALlevelsbetweenthepatientandcontrolgroups(7.53+8.49,
9.04+9.98, p>0.05, respectively). Albumin/creatinineratios were significantly higherin the patientgroup thanin the
controlgroup(0.14+0.09,0.08+0.02,p<0.05,respectively).NosignificantcorrelationwasfoundbetweenurinaryNGAL
levelsanddiseaseduration,bodymassindex,glomerularfiltrationrate,waistcircumference,albumin/creatinineratio,
and HbA1c (p>0.05 for all).

Discussion and Conclusion: The results of our study show that urinary NGAL levels do not have sufficient predictive
value to identify early diabetic nephropathy.
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Diabetic nephropathy (DN) is one of the most common
complications of type 2 diabetes mellitus (DM). It is
associated with adverse outcomes and is one of the leading
causesofend-stagerenaldisease (ESRD)."Microalbuminuria
isanimportantindicator of glomerular damage'?). However,
in patients with diabetes, microalbuminuria has a low
predictive value. Most of these patients are elderly and may
have comorbidities such as arterial hypertension or heart
failure that may lead to microalbuminuria. The fact that
patients with diabetes remain normoalbuminuric despite
the development of nephropathy in some cases and that
some patients with diabetes with microalbuminuria later
return to normoalbuminuria shows that this parameter
is not very adequate in monitoring the evolution of the
disease. Furthermore, albumin/creatinine ratios may vary
even during the day in healthy individuals. Therefore, it has
become necessary in recent years to find parameters that
are more specific and sensitive than the albumin/creatinine
ratio for the early detection and diagnosis of DN."!

Neutrophil gelatinase-associated lipocalin (NGAL) is a 25-
kDa protein molecule thatis covalently bound to neutrophil
gelatinase. Human NGAL is mainly found in activated
neutrophils. Besides neutrophils, NGAL expression has
been found in other immune cells and in human adipose,
lymphatic, respiratory, digestive, genitourinary, endocrine,
and muscle tissues.®! NGAL levels are known to elevate
in systemic infection, inflammation, anemia, chronic
hypertension, hypoxia, and malignancies.*”! High serum
NGAL levels have been observed in cardiac hypertrophy,
coronary artery disease, and some forms of acute heart
failure.® It has also been shown to increase in psoriasis,
inflammatory bowel diseases, alcoholic or nonalcoholic
steatohepatitis, acute kidney injury, and malignancies.-'2
Previous studies show that NGAL levels are a highly specific
and sensitive marker of acute kidney injury.'3! Although
it has been found to originate mainly from the proximal
tubule in the kidney, subsequent studies showed that the
Henle and collecting ducts are the main production sites
for NGAL™ It can be readily filtered from glomeruli and
reabsorbed from the proximal tubule via endocytosis.
Urinary NGAL is caused by impaired reabsorption due to
proximal tubule damage and synthesis of new NGAL from
the tubules. It has also been shown that NGAL is a marker
of early renal injury in patients with type 2 DN.I'41!

This study compared the urinary NGAL levels in patients
with type 2 diabetes with those in healthy controls to
test the hypothesis that urinary NGAL levels may be an
indicator of DN.

Materials and Methods

A total of 78 subjects were enrolled in this study. The
type 2 diabetes group was composed of 38 patients, and
the control group comprised 40 healthy subjects. Both
the patients and the healthy subjects provided informed
consent. This study was approved following the tenets of
the Declaration of Helsinki by the Ethics Committee of the
Goztepe Training and Research Hospital by decision dated
28-08-2012 and numbered 25/M.

The inclusion criteria for the diabetes group were as
follows: 20 years or older, type 2 DM diagnosed for at least 5
years, and consenting to study participation. The inclusion
criteria for the control group were as follows: those who
applied for a health checkup and did not have any acute
or chronic disease. Exclusion criteria for the diabetes group
were as follows: acute and chronic infectious disease,
acute or chronic inflammatory disease, malignancy,
pregnancy, disease-causing chronic kidney disease other
than diabetic nephropathy, acute renal failure, type 1 DM,
use of nephrotoxic drugs, kidney transplantation, and not
consenting to participate in the study.

Criteria of the American Diabetes Association were used
for type 2 diabetes mellitus diagnosis. In all patients,
systolic and diastolic blood pressure was measured using
a suitable sphygmomanometer in both arms after at least
10 min of rest and in a sitting position. Body weight, waist
circumference, and height were measured by the same
person using standardized measuring instruments. Body
mass index (BMI) was calculated by dividing the weight in
kilograms by the square of the height in meters (kg/m?).

Following 12-h fasting glucose, HbA1c, fasting glucose
(FPG), creatinine, alanine aminotransferase (ALT), total
cholesterol, triglyceride, low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein cholesterol (HDL-C)
concentrations were measured from venous blood samples.
FPG levels were measured via the hexokinase method;
creatinine, total-C, HDL-C, LDL-C, and TG were measured via
the enzymatic colorimetric method with Olympus AU2700
analyzer (Olympus Inc, USA). HbA1c measure was carried out
using the Primus Ultra 2 (Trinity Biotech, Jamestown, New
York, USA) device with the boronate affinity HPLC method.
Albuminuria was defined as normoalbuminuria <30 mg/g,
microalbuminuria 30-300 mg/g, macroalbuminuria mg/g
according to albumin/creatinine ratio and was calculated
according to albumin (mg/dl)/creatinine (mg/dl) ratio in spot
urine. Glomerular filtration rate was calculated according to
the Cockcroft-Gault formula [Estimated creatinine clearance
(ml/min) = (140-age x body weight, kg)/72xSCr [mg/dl]).
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Table 1. Evaluation of demographic characteristics by groups

Groups P
Patient (n=38) Control (n=40)
MeanxSD MeanxSD
n % n %

Age (year) 58.68+8.36 56.85+9.53 0.370
Height (cm) 163.47+6.76 163.30+7.42 0.914
Weight (kg) 76.34+£11.75 71.78+£10.84 0.078
BMI (kg/m?) 28.58+4.14 26.87+3.35 0.048
Waist circumference (cm) 95.61+7.20 82.73+7.82 0.001
Systolic blood pressure (mmHg) 114.21+£10.30 112.50+10.31 0.466
Diastolic blood pressure (mmHg) 66.05+5.94 65.50+5.52 0.236
Sex

Male 24 63.2 27 67.5 0.869

Female 14 36.8 13 325
Smoking

Yes 6 15.8 7 17.5 1.000

No 32 84.2 33 825

SD: Standard deviation; n: Number; BMI: Body mass index.

For NGAL analysis the patient’s first morning urine sample
(preferably midstream)wastakenandplacedinasterileurine
container. Urine samples were centrifuged at 4,000 rpm for
4 min within 30 min and stored at —80°C until the study day.
Urine NGAL measurement was performed at Biochemistry
Clinic, using the NGAL enzyme-linked immunosorbent
assay (ELISA) kit of Aviscera Bioscience Inc, USA. Urinary
NGAL level was measured with the ELISA method
according to the manufacturer’s instructions. The urine
samples were diluted 10-fold. Urinary NGAL concentrations
were given as “ng/ml.” Nevertheless, NGAL levels measured
in spot urine were expressed as “ng/mg creatinine” units
by proportioning creatinine due to daily urine volume
changes. In urine samples, intra-measurement differences
were 4%-6% and inter-measurement differences were 8%-
10%. Analytical sensitivity was 10 pg/ml.

Statistical Analyses

Statistical analysis was carried out using NCSS (Number
Cruncher Statistical System) 2007 & PASS (Power Analysis
and Sample Size) 2008 statistical software (Utah, USA).
Student’s t-test was employed to compare normally
distributed parameters when comparing quantitative
data, as well as descriptive statistical methods (standard
deviation, median, mean, frequency, and ratio). To compare
the two groups of parameters that were not normally
distributed, the Mann-Whitney U test was utilized. The

Yates continuity correction test was employed to compare
qualitative data. Spearman correlation analysis was also
employed to assess relationships between parameters.
Significance was considered at the level of p<0.05.

Results

The ages of the subjects included in the study ranged
between 40 and 84 years (mean 57.74+8.97 years). The
mean disease duration was 10.6+5.4 years. 65.4% (n=51)
were female and 34.6% (n=27) were male. Table 1 shows
the demographic and anthropometric characteristics of
the groups. Age and gender characteristics were similar
between both groups (p>0.05 for both). Mean BMI was
higher in patients than in controls (p<0.05).

Table 2 shows the biochemical characteristics of the groups.
Albumin/creatinine ratios were higher in patients than in
controls (0.14+0.09 vs.0.08+0.02, p=0.001). Moreover, Table 3
shows urinary NGAL levels were not statistically significantly
different between groups (p>0.05). The median value was
4.74 in the case group and 5.53 in the control group.

Fasting blood glucose (p=0.001), total cholesterol
(p=0.030), triglycerides (p=0.018), creatinine (p=0.031),
urea (p=0.042), and HbA1c (p=0.001) were significantly
higher in patients than in controls. GFR values were not
significantly different between the groups (101.01+22.87
vs. 113.14+31.46, p>0.05). Table 4 presents the correlation
analysis evaluating the relationship between urinary NGAL
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Table 2. Evaluation of biochemical parameters by groups

P
Patient (n=38) Control (n=40)
MeanxSD MeanxSD
Fasting blood glucose (mg/dl); (median) 168.00+78.40 (143.50) 90.65+9.18 (90.00) 0.001
Total cholesterol (mg/dl) 200.58+47.30 181.78+21.69 0.030
HDL-C (mg/dl) 50.84+13.28 52.18+13.05 0.656
LDL-C (mg/dl) 122.39+41.84 114.05+21.62 0.277
Triglyceride (mg/dl) 137.13£64.82 108.95+29.41 0.018
AST (1u/1t) 17.76%5.31 17.80+5.63 0.976
ALT (1u/lt) 20.21+£8.18 18.25+7.59 0.277
Creatinine (mg/dl) 0.79+0.14 0.72+0.14 0.031
Urea (mg/dl) 31.05+£7.11 27.68+7.28 0.042
HbA1c (%) 8.07+1.93 5.51+0.19 0.001
Spot urine albumin/creatinine (mg/g) (median) 0.14+0.09 0.08+0.02 0.001
GFR (ml/min) 101.01£22.87 113.14£31.46 0.055

HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase;

HbA1c: Hemoglobin A1c; GFR: Glomerular filtration rate.

Table 3. Evaluation of urinary NGAL/creatinine by groups

NGAL/creatinine (ng/mg)

Group n Mean SD Median Min Max p

Patient 38 753 849 4.74 0.17 45.02 0.535
Control 40 9.04 998 553 094 37.15

NGAL: Neutrophil gelatinase-associated lipocalin; Min: Minimum; Max:
Maximum.

and disease duration, BMI, waist circumference, HbA1c,
GFR, and albumin/creatinine ratios. Urinary NGAL and
clinical features were not significantly correlated.

Discussion

DN develops over time in 20%-40% of patients with DM.
To investigate early kidney damage in adult diabetics,
albumin/creatinine ratio and calculation of GFR are
employed.? Urine and serum NGAL levels have been
reported to increase in HIV-associated nephropathy,
IgA nephropathy, type 1 DM- and type 2 DM-associated
nephropathy, lupus nephritis, and renal damage due to
cisplatin and cyclosporine use. Urinary NGAL level has
been found to be more valuable than serum creatinine
in the evaluation of graft function in kidney transplant
patients.'® NGAL is a sensitive biomarker for acute kidney
injury compared to the routinely used renal markers. NGAL
increases significantly in the urine and blood within 2 h
of kidney injury.'”? Hence, high NGAL levels indicate the
occurrence of acute kidney injury.'® Elevated plasma NGAL

Table 4. Evaluation of the relationship between urinary NGAL/
creatinine and disease duration, BMI, waist circumference, HbA1c,
GFR, and spot urine albumin/creatinine values

Patient group (n=38) NGAL/creatinine

r p
Disease duration 0.289 0.070
BMI 0.270 0.101
Waist circumference -0.173 0.298
HbA1c -0.179 0.283
GFR -0.066 0.694
Spot urine albumin/creatinine 0.142 0.395

levels were predictive of kidney injury progression and
reflected renal disease severity.™ NGAL has been present
in patients without microalbuminuria or with a normal
albumin/creatinine ratio, suggesting that tubular damage
occurred before the onset of classic DN symptoms.[202"

There was no statistically significant difference (p>0.05) in
urinary NGAL levels between patients and controls in our
study. A weak correlation between urinary NGAL levels
and the microalbuminuric group was found by Nielsen
et al;®@ 58 normoalbuminuric, 45 microalbuminuric,
and 45 macroalbuminuric patients with type 1 diabetes
and 55 healthy controls were included in this study.
Urinary NGAL levels were significantly higher in the
normoalbuminuric group compared with controls
and in the macroalbuminuric group compared with
normoalbuminuric. No statistically significant difference
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was found in the microalbuminuric group when compared
with either the macroalbuminuric or normoalbuminuric
group. Similar to our study, no relationship between
urinary NGAL level and BMI could be established. There
was a significant negative correlation (p<0.01) observed
with the decrease in GFR in the macroalbuminuric group.
Nonetheless, no patients progressed to macroalbuminuria
in our study, and the mean GFR of our patient group was
higher than in this study (48.7-70 ml/min). The patients
in this study had type 1 diabetes, and the mean disease
duration ranged between 34 and 37 years; conversely, this
duration was shorter in our study. Most of the patient group
had blood pressure values that required antihypertensive
treatment. Nevertheless, our patients were selected from
nonhypertensive patients with type 2 diabetes, and none
of them received antihypertensive treatment.

Urinary NGAL levels showed a strong positive correlation
in the macroalbuminuric group compared to the
microalbuminuric, normoalbuminuric, and control groups
(p=0.001) in another study by Kim et al."®This study included
118 patients with type 2 diabetes (58 normoalbuminuric,
33 microalbuminuric, and 27 macroalbuminuric) and 24
healthy controls. There was no difference observed between
the control group and the normoalbuminuric group. In this
study, disease duration, age, and BMI were similar to our
study. However, GFR was lower (93.7-95.8 vs. 107.23 ml/min)
and HbA1c level was higher (7.3%-8.9% vs. 6.7%) compared
toourstudy. Anotherimportant differenceis thatin ourstudy,
no patients progressed to macroalbuminuria. The patient
group in our study consisted entirely of microalbuminuric
patients, and urinary NGAL levels were interestingly similar
to microalbuminuric patients in this study.

Bolignano et al™ also showed that normoalbuminuric,
microalbuminuric, and macroalbuminuric patients with type
2 diabetes had increased urinary NGAL levels compared to
controls. Urinary NGAL correlated positively with albuminuria
and negatively with GFR. Urinary NGAL levels were also
elevated in normoalbuminuric patients with diabetes. This
demonstrates the usefulness of urinary NGAL as a marker of
early DN.'3 Urinary NGAL levels were significantly elevated in
patients with type 2 diabetes compared to controls, as shown
by Fu et al.” Urinary NGAL levels were strongly positively
correlated with albuminuria (p<0.05) and negatively
correlated with GFR (p<0.05). Urinary NGAL levels increased
from the normoalbuminuric group to the macroalbuminuric
group. This was consistent with the severity of albuminuria.

Based on the results of previous studies and our study, the
results of urinary NGAL are affected by the duration of the
disease, the severity of the disease, and the presence of

comorbidities that can lead to nephropathy. Regarding all
these parameters, our study consists ofamore moderate group
of patients. Patients were selected from the group of type 2
diabetics without hypertension. They had no known history
of other diseases that could lead to nephropathy. At the same
time, the entire patient group consisted of microalbuminuric
patients and had more moderate levels of albumin/creatinine
ratio compared to other studies. Compared to the control
group, there was a significant difference in albumin/creatinine
ratio. There was no statistically significant difference between
disease duration, BMI, waist circumference, HbA1c, aloumin/
creatinine ratio, GFR, and urinary NGAL levels. No difference
was found in GFR between the two groups.

The limitation of our study is the small number of
patients and controls. Moreover, no patients progressed
to macroalbuminuria. The strength of our study is that all
patients were selected from the nonhypertensive type 2
diabetes group.

Conclusion

Theresults of our study showed that the albumin/creatinine
ratio in the patient group was significantly higher than in
the control group. No significant difference was found in
GFR between the patient and control groups. There was
no significant correlation between urinary NGAL levels
and the duration of the disease, BMI, waist circumference,
albumin/creatinine ratio, GFR, or HbA1c. Urinary NGAL
levels were not significantly different between the patient
and control groups. Long-term, prospective, multicenter
studies that involve heterogeneous groups are needed in
order to determine whether urinary NGAL levels have a
role in the early diagnosis of DN.

Acknowledgements: We would like to thank the researchers and
study participants for their contributions.

Ethics Committee Approval: The Goztepe Training and Research
Hospital Ethics Committee granted approval for this study (date:
28.08.2012, number: 25/M).

Authorship Contributions: Concept: SYK, TK; Design: SYK, TK,
MU; Supervision: MU, AO; Data Collection or Processing: SYK, TK;
Analysis or Interpretation: BIB, MU; Literature Search: SYK, TK;
Writing: SYK; Critical Review: AO.

Conflict of Interest: The authors declare that they have no
conflict of interest.

Use of Al for Writing Assistance: No artificial intelligence was
used in the writing of this study.

Financial Disclosure: The authors declared that this study
received no financial support.

Peer-review: Externally peer-reviewed.



Yigit Kaya et al., Neutrophil Gelatinase Associated Lipocalin in Diabetic Nephropathy / doi: 10.14744/Ihhs.2023.5001

19

References

1.

10.

11.

12.

Sueud T, Hadi NR, Abdulameer R, Jamil DA, Al-Aubaidy HA.
Assessing urinary levels of IL-18, NGAL and albumin creatinine
ratio in patients with diabetic nephropathy. Diabetes Metab
Syndr 2019;13(1):564-8. [CrossRef]

Nauta FL, Boertien WE, Bakker SJ, van Goor H, van Oeveren
W, de Jong PE, et al. Glomerular and tubular damage
markers are elevated in patients with diabetes. Diabetes Care
2011;34(4):975-81. [CrossRef]

Nielsen SE, Reinhard H, Zdunek D, Hess G, Gutiérrez OM, Wolf
M, et al. Tubular markers are associated with decline in kidney
function in proteinuric type 2 diabetic patients. Diabetes Res
Clin Pract 2012;97(1):71-6. [CrossRef]

Devarajan P.The use of targeted biomarkers for chronic kidney
disease. Adv Chronic Kidney Dis 2010;17(6):469-79. [CrossRef]
Lisowska-Myjak B. Serum and urinary biomarkers of acute
kidney injury. Blood Purif 2010;29(4):357-65. [CrossRef]

Jaberi SA, Cohen A, D'Souza C, Abdulrazzaq YM, Ojha S, Bastaki
S, etal. Lipocalin-2: Structure, function, distribution and role in
metabolic disorders. Biomed Pharmacother 2021;142:112002.
Devarajan P. Neutrophil gelatinase-associated lipocalin: a
promising biomarker for human acute kidney injury. Biomark
Med 201 0;4(2):265-80. [CrossRef]

Sivalingam Z, Larsen SB, Grove EL, Hvas AM, Kristensen SD,
Magnusson NE. Neutrophil gelatinase-associated lipocalin as
a risk marker in cardiovascular disease. Clin Chem Lab Med
2017;56(1):5-18. [CrossRef]

Chen JJ, Lee TH, Lee CC, Chang CH. Using lipocalin as a
prognostic biomarker in acute kidney injury. Expert Rev Mol
Diagn 2021;21(5):455-64. [CrossRef]

Moschen AR, AdolphTE, Gerner RR, WieserV, Tilg H. Lipocalin-2:
A Master Mediator of Intestinal and Metabolic Inflammation.
Trends Endocrinol Metab 2017;28(5):388-97. [CrossRef]
Verdelli A, CaproniM, Coi A, Corra A, Degl'Innocenti D, Vasarri M,
et al. Neutrophil Gelatinase-Associated Lipocalin as Potential
Predictive Biomarker of Melanoma and Non-Melanoma
Skin Cancers in Psoriatic Patients: A Pilot Study. Int J Mol Sci
2022;23(20):12291. [CrossRef]

ThorsvikS, Bakkel,van Beelen Granlund A, Rgyset ES, Damas JK,
@stvik AE, et al. Expression of neutrophil gelatinase-associated
lipocalin (NGAL) in the gut in Crohn's disease. Cell Tissue Res
2018;374(2):339-48. [CrossRef]

13

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

.Kim SS, Song SH, Kim 1J, Yang JY, Lee JG, Kwak IS, et al. Clinical

implication of urinary tubular markers in the early stage of
nephropathy with type 2 diabetic patients. Diabetes Res Clin
Pract 2012;97(2):251-7. [CrossRef]

Zytka A, Dumnicka P, Kusnierz-Cabala B, Gala-Btadzinska A,
Ceranowicz P, Kucharz J, et al. Markers of Glomerular and Tubular
Damage in the Early Stage of Kidney Disease in Type 2 Diabetic
Patients. Mediators Inflamm 2018;2018:7659243. [CrossRef]

Tang XY, Zhou JB, Luo FQ, Han YP, Zhao W, Diao ZL, et al.
Urine NGAL as an early biomarker for diabetic kidney disease:
accumulated evidence from observational studies. Ren Fail
2019;41(1):446-54. [CrossRef]

Soni SS, Cruz D, Bobek I, Chionh CY, Nalesso F, Lentini P, et al.
NGAL: a biomarker of acute kidney injury and other systemic
conditions. Int Urol Nephrol 2010;42(1):141-50. [CrossRef]
Bennett M, Dent CL, Ma Q, Dastrala S, Grenier F, Workman R,
et al. Urine NGAL predicts severity of acute kidney injury after
cardiac surgery: a prospective study. Clin J Am Soc Nephrol
2008;3(3):665-73. [CrossRef]

Khawaja S, Jafri L, Siddiqui I, Hashmi M, Ghani F. The utility
of neutrophil gelatinase-associated Lipocalin (NGAL) as a
marker of acute kidney injury (AKI) in critically ill patients.
Biomark Res 2019;7:4. [CrossRef]

Bolignano D, Lacquaniti A, Coppolino G, Donato V, Campo
S, Fazio MR, et al. Neutrophil gelatinase-associated lipocalin
(NGAL) and progression of chronic kidney disease. Clin J Am
Soc Nephrol 2009;4(2):337-44. [CrossRef]

Ugarte F, Santapau D, Gallardo V, Garfias C, Yizmeyidn A,
Villanueva S, et al. Urinary Extracellular Vesicles as a Source of
NGAL for Diabetic Kidney Disease Evaluation in Children and
Adolescents With Type 1 Diabetes Mellitus. Front Endocrinol
(Lausanne) 2022;12:654269. [CrossRef]

Liu H, Feng J, Tang L. Early renal structural changes and
potential biomarkers in diabetic nephropathy. Front Physiol
2022;13:1020443. [CrossRef]

Nielsen SE, Schjoedt KJ, Astrup AS, Tarnow L, Lajer M, Hansen
PR, et al. Neutrophil Gelatinase-Associated Lipocalin (NGAL)
and Kidney Injury Molecule 1 (KIM1) in patients with diabetic
nephropathy: a cross-sectional study and the effects of
lisinopril. Diabet Med 2010;27(10):1144-50. [CrossRef]

FuWJ, Xiong SL, Fang YG,Wen S, Chen ML, Deng RT, et al. Urinary
tubular biomarkers in short-term type 2 diabetes mellitus
patients: a cross-sectional study. Endocrine 2012;41(1):82-8.


https://doi.org/10.1016/j.dsx.2018.11.022
https://doi.org/10.2337/dc10-1545
https://doi.org/10.1016/j.diabres.2012.02.007
https://doi.org/10.1053/j.ackd.2010.09.002
https://doi.org/10.1159/000309421
https://doi.org/10.1016/j.biopha.2021.112002
https://doi.org/10.2217/bmm.10.12
https://doi.org/10.1515/cclm-2017-0120
https://doi.org/10.1080/14737159.2021.1917384
https://doi.org/10.1016/j.tem.2017.01.003
https://doi.org/10.3390/ijms232012291
https://doi.org/10.1007/s00441-018-2860-8
https://doi.org/10.1016/j.diabres.2012.02.019
https://doi.org/10.1155/2018/7659243
https://doi.org/10.1080/0886022X.2019.1617736
https://doi.org/10.1007/s11255-009-9608-z
https://doi.org/10.2215/CJN.04010907
https://doi.org/10.1186/s40364-019-0155-1
https://doi.org/10.2215/CJN.03530708
https://doi.org/10.3389/fendo.2021.654269
https://doi.org/10.3389/fphys.2022.1020443
https://doi.org/10.1111/j.1464-5491.2010.03083.x
https://doi.org/10.1007/s12020-011-9509-7



