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Introduction: Currently there are no biomarkers that are predictive of when patients with
type-2 diabetes (T2D) will progress to more serious kidney disease i.e., diabetic
nephropathy (DN). Biomarkers that could identify patients at risk of progression would
allow earlier, more aggressive treatment intervention and management, reducing patient
morbidity and mortality.

Materials and Methods: Study participants (N=88; control n=26; T2D n=32; DN n=30)
were recruited from the renal unit at Antrim Area Hospital, Antrim, UK; Whiteabbey
Hospital Diabetic Clinic, Newtownabbey, UK; Ulster University (UU), Belfast, UK; and the
University of the Third Age (U3A), Belfast, UK; between 2019 and 2020. Venous blood and
urine were collected with a detailed clinical history for each study participant.

Results: In total, 13/25 (52.0%) biomarkers measured in urine and 25/34 (73.5%)
biomarkers measured in serum were identified as significantly different between control,
T2D and DN participants. DN patients, were older, smoked more, had higher systolic
blood pressure and higher serum creatinine levels and lower eGFR function. Serum
biomarkers significantly inversely correlated with eGFR.

Conclusion: This pilot-study identified several serum biomarkers that could be used to
predict progression of T2D to more serious kidney disease: namely, midkine, sTNFR1 and
2, H-FABP and Cystatin C. Our results warrant confirmation in a longitudinal study using a
larger patient cohort.
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INTRODUCTION

Almost all patients with diabetes will display some evidence of
kidney disease (1, 2). However, it can take several years for
kidney damage to progress and symptoms may only become
apparent when significant damage to the kidney has occurred.
Indeed 20 to 40% of diabetic patients will progress to more
serious kidney disease e.g. diabetic nephropathy (DN), also called
diabetic kidney disease (DKD), chronic kidney disease (CKD), or
kidney disease of diabetes (3).

DN is a serious kidney-related complication of diabetes and is
one of the leading causes of end-stage renal disease (ESRD)
requiring extensive patient management (4). The average patient
cost for dialysis is £30,800/year. Kidney transplantation costs
£17,000/patient and the immunosuppression drug regime
required for each transplant recipient is a further £5,000/year.

Almost 1 in 10 adults in the UK are affected by CKD, costing
the NHS over £1.5 billion/year (5). Kidney disease costs the NHS
more than breast, lung, colon and skin cancer combined, yet
many cases remain undiagnosed and untreated, according to a
recent report by NHS Kidney Care (6). Similarly, almost 12.5% of
the US population show evidence of CKD (7, 8). However,
patient awareness is low, and presentation is late (CKD stages
4/5). As a result, the Medicare expenditure for all patients who
were diagnosed with CKD exceeded $81.8 billion in 2018 (9), up
23% from 2015 (10). Furthermore, Medicare expenditure for
patients with CKD aged 65 and older exceeded $67 billion, which
represented almost 25% of all Medicare spending for this age
group (11).

Currently, diabetic patients are routinely monitored by
measuring urinary protein (proteinuria) and serum creatinine
(12). However, albuminuria rather than proteinuria has proven
more clinically meaningful in patients with DN (13).

Proteinuria is usually divided into three categories: transient
or intermittent, orthostatic and persistent. Transient proteinuria
is the most commonly reported form of proteinuria. Elevated
proteinuria levels reflect the extent of the damage to the
glomeruli whereas serum creatinine is used to calculate the
estimated glomerular filtration rate (eGFR) (14). Albuminuria
is an early indicator of DN that is used to predict progression of
ESRD (15). Furthermore, increased albuminuria is also a risk
factor for cardiovascular morbidity and mortality in diabetic
patients (16).

Clinical risk factors for DN progression include age, BMI,
smoking status, glycated haemoglobin (HbA1c), elevated systolic
blood pressure, diabetic retinopathy, high-density lipoprotein,
triglyceride, increased urinary albumin excretion and declining
eGFR (17–19). Patients identified at risk of DN, or progression,
are normally prescribed angiotensin converting enzyme (ACE)
inhibitors or angiotensin receptor blockers (ARBs) (20). ACE
inhibitors and ARBs dilate the arteriole exiting the glomerulus,
thus reducing blood pressure within the glomerular capillaries.
ACE inhibitors and ARBs may attenuate the severity of DN,
however, they do not stop the progression of the disease (21).

In mouse models for both Type I and T2D, a ketogenic diet
has been shown to potentially reverse DN, when assessed by
albumin:creatinine ratios and expression of stress-induced genes.
Frontiers in Endocrinology | www.frontiersin.org 2
Thus, there are mechanism(s) for kidney repair that suggest that
DN is potentially reversible. As such, this evidence highlights
why it is so important to frequently screen for kidney disease
progression. Thus, if clinicians could stratify which diabetic
patients are likely to progress to more serious kidney disease
e.g. DN (22), more aggressive patient management and less
healthcare resources would be required. One such approach is
to study biomarkers involved in the pathophysiology of
kidney disease.

Subclinical inflammation and oxidative stress have been
implicated in the pathogenesis of DN (23). Furthermore,
patients with T2D normally present with elevated
proinflammatory cytokines and chemokines (24, 25).

Fortunately, not all diabetic patients will develop kidney
disease. However, identifying patients who are at risk is
challenging and current biomarkers do not always precede
declining renal function (26). To date, no biomarker, or
combination of biomarkers have been identified that can
clinically predict the progression of DN.

Recently we identified a panel of biomarkers that predicted
renal damage in patients undergoing cardiac surgery and
orthopaedic surgery (27, 28). Using a similar approach to our
previous studies, this pilot study attempted to identify potentially
diagnostic and predictive biomarkers to stratify risk of DN
progression. A justification of serum and urine biomarkers
chosen in this study are described in Supplementary 1.
MATERIALS AND METHODS

Study Participants
Study participants (N=88; control n=26; T2D n=32; DN n=30)
were recruited between 2019 and 2020 from Whiteabbey
Hospital Diabetic Clinic, Belfast, UK; the renal unit at Antrim
Area Hospital, Antrim, UK; Ulster University (UU), Belfast, UK;
and the University of the Third Age (U3A), Belfast, UK. Study
participants were asked to complete a questionnaire to obtain
information on their medical history and lifestyle/behaviours
(smoking habits and alcohol consumption). Anthropometric
details were also recorded for each patient to include height
(cm), weight (kg) and blood pressure (mmHg). Blood pressure
measurements were taken immediately following completion of
the recruitment questionnaire. Estimated glomerular filtration
rate and HbA1c were also recorded. Exclusion criteria included
participants <18 years of age with autoimmune disease or who
had been diagnosed with a condition or illness that could impact
kidney function e.g., hepatitis B or C, polycystic kidney disease
and/or stones. The study was approved by Ulster University
School of Biomedical Sciences Filter Committee and University
Research Governance and the Northern Health and Social Care
Trust. Formal written informed consent was obtained from all
participants and samples were collected in an outpatient setting.
Participants received detailed information on the proposed study
and were also invited to ask questions. The study was conducted
according to the Standards for Reporting Diagnostic Accuracy
(STARD) guidelines to facilitate interstudy comparison (29).
June 2022 | Volume 13 | Article 887237
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Participant Sample Collection
Venous blood (10 ml) and urine (10 ml) (where possible) was
collected from all DN patients. Venous blood (20 ml) and urine
(10 ml) samples were obtained from all other study participants.
Blood samples were stored at room temperature for 30 to 60
minutes to allow clot formation. Vacutainers were centrifuged at
1300 g for 10 minutes at 4°C and the serum was carefully
decanted and aliquoted into prelabelled cryovials and stored at
-80°C until analysis. The urine was aliquoted into prelabelled
cryovials and stored at -80°C until time of analysis.

Point of Care Assay
Aution sticks (10AE) were used for dipstick urinalysis and were
interpreted using a PocketChem analyzer from Arkray Inc.,
Japan, according to manufacturer’s instructions.

Bradford Assay (Urinary Protein)
Total urinary protein levels (mg/ml) were determined, in
duplicate, by Bradford assay (Pierce, Rockford, IL, USA) using
a stock solution of BSA (Sigma) as standard (2 mg/ml). Patient
urine samples (10 ml/patient), after centrifugation (1200 g, 10
minutes, 4°C), were mixed with Bradford reagent (1 ml) and
allowed to stand for 5 minutes. The samples were read at room
temperature on a Hitachi Spectrophotometer (Model No. U-
2800) at a wavelength of A595nm. Total urinary protein (mg/ml)
was determined from a BSA calibration chart (1 to 5 mg/ml).

Osmolality
Urine osmolality (mOsm) was determined, in duplicate, for each
study participant using a Lӧser Micro-osmometer according to
manufacturer’s instructions (Loser Messtechnik, Berlin, Germany).

Biomarker Measurements
Biochip Array Technology
Biochip Array Technology (BAT) was used by Randox Clinical
Laboratory Services (RCLS), Randox Science Park, Antrim,
Northern Ireland, UK for the simultaneous detection of
multiple biomarkers from a serum and/or urine patient sample
(30) for the following proteins (abbreviations and limit of assay
detection are shown in parenthesis): liver-type fatty acid-binding
protein-1 (L-FABP) (1.06 ng/ml), macrophage inflammatory
protein-1 alpha (MIP-1a) (0.68 pg/ml), soluble tumour
necrosis factor receptor 1 (sTNFR1) (0.05 ng/ml) and sTNFR2
(0.01 ng/ml) were analysed on a Chronic Kidney Disease 1
(CKD1) biochip array. C-reactive protein (CRP) (500 ng/ml),
C3a des Arg (C3DA) (30 ng/ml), neutrophil gelatine-associated
lipocalin (NGAL) (3.52 ng/ml) and adiponectin (ADP) (39.06
ng/ml) were analysed on a Chronic Kidney Disease 2 (CKD2)
biochip array. Interleukin (IL)-2 (2.97 pg/ml), -4 (2.12 pg/ml), -6
(0.12 pg/ml), -8 (0.36 pg/ml), -10 (0.37 pg/ml), -1a (0.19 pg/ml),
-1b (0.26 pg/ml), vascular endothelial growth factor (VEGF)
(3.24 pg/ml), interferon-g (IFNg) (0.44 pg/ml), monocyte
chemoattractant protein-1 (MCP-1) (3.53 pg/ml), epithelial
growth factor (EGF) (1.04 pg/ml) and tumour necrosis factor
a (TNFa) (0.59 pg/ml) were measured on a high-sensitivity
cytokine (hs-CTK) biochip array. Clusterin (10.82 ng/ml),
Frontiers in Endocrinology | www.frontiersin.org 3
cystatin C (0.87 ng/ml), NGAL (0.4 ng/ml) and kidney injury
molecule 1 (KIM-1) (54.6 pg/ml) were analysed in urine only
using the Acute Kidney Injury (AKI) biochip array.

Other Biomarker Assays
The following biomarkers were measured in serum; transferrin
(0.08 g/l), microalbumin (5.11 mg/l), heart-type fatty acid-binding
protein (H-FABP) (2.94 ng/ml), cystatin C (0.4 mg/l), albumin (3.2
g/l), total antioxidant status (TAS) (0.21 mmol/l), urea (0.51 mmol/
l) and creatinine (11.4 mmol/l) using the Imola analyzer (Randox
Laboratories Ltd, Crumlin, UK), according to the manufacturer’s
instructions. HDL cholesterol (HDL) (0.189 mmol/l),
LDL cholesterol (LDL) (0.189 mmol/l), total cholesterol (0.865
mmol/l), triglycerides (22.9 mg/dl) and creatinine (311 mmol/l)
were measured on a Daytona analyzer (Randox Laboratories Ltd,
Crumlin, UK). Insulin (2.78 pmol/l) was measured using a Cobas
e801 analyzer (Roche, Basel, Switzerland). Microalbumin and
creatinine were also measured in urine.

Midkine ELISA
Urine and serum midkine concentrations were measured using a
commercial ELISA from LyraMid, Sydney, Australia, according
to the manufacturer’s instructions.

Statistical Analysis
Statistical analysis was undertaken using R (31). Data below the
limit of detection (LOD) or mean detectable dose (MDD) was
inputted as 90% of the LOD or MDD (28). Biomarker data were
analysed using Kruskal-Wallis to identify which factors were
differentially expressed between control, T2D and DN groups.
Statistical significance was taken at the p<0.05 level and results
are presented as mean ± SD where appropriate. Spearman’s rho
correlations were also performed. Correlations ≥ 0.7 were
considered significant. Area under the receiver operator
characteristic (AUROC) was also calculated for each biomarker
comparing control to T2D and T2D to DN patients.
RESULTS

Participant Information
Participant demographics, anthropometric measurements,
clinical information, medications, and participant behaviours
are described in Table 1.

There were significantly more males in the T2D and DN
groups; DN subjects were significantly older, T2D and DN
subjects had significantly higher systolic blood pressure; and
there were more smokers in the T2D and DN groups. As such,
there were more T2D and DN patients prescribed medications
for hypertension and cholesterol reduction. In addition, DN
participants had the highest incidence of retinopathy,
cardiovascular disease, prostatic hyperplasia, and kidney stones.

Dip Stick Urinalysis Results
Urinary glucose, pH and protein levels were significantly
different across groups (Kruskal-Wallis) (Supplementary 2).
June 2022 | Volume 13 | Article 887237
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Biomarker Results
Identifying T2D patients at risk of progression to more serious
kidney disease (e.g., ESRD) is clinically important so that
aggressive treatments can be introduced to prevent irreversible
damage to the kidney. This pilot study investigated both serum-
and urine-based biomarkers to identify a potential biomarker or
biomarker combination(s) with practicable clinical utility.
Progression of kidney disease, in this pilot study, was based on
declining eGFR function and increasing serum creatinine levels.

Serum Biomarkers
In total, 34 serum biomarkers were investigated; 25/34 (73.5%)
were significantly different across patient groups (Kruskal-
Wallis) (Table 2) and across gender (Supplementary 3).

Urine Biomarkers
In total, 25 urine biomarkers were investigated; 13/25 (52.0%)
were significantly different across patient groups (Kruskal-
Wallis) (Table 3) and across gender (Supplementary 3).

Biomarkers That Differentiated Control
From T2D, and T2D From DN Subjects
The AUROC for each of the biomarkers that differentiated control
from T2D, and T2D from DN subjects, are described in Table 4.
In this study, we aimed to investigate biomarkers which were
differentially expressed in patients with T2D and DN. Biomarkers
with an AUROC ≥0.84 were considered significant, in this study.
Biomarkers which met this criterion included creatinine, cystatin
C, H-FABP, midkine, NGAL, sTNFR1 and sTNFR2. Serum H-
Frontiers in Endocrinology | www.frontiersin.org 4
FABP and L-FABP increased across groups with the most
significant increase observed between T2D and DN patients
(Figures 1A, B). Unsurprisingly, eGFR levels were not
significantly different between control and T2D however, when
we compared T2D with DN, the eGFR levels were decreased
almost 70% (Figure 1C).

Urine and serum sTNFR1, sTNFR2 and midkine exhibited
the same pattern observed for H-FABP (Figure 2). Urine
midkine levels were significantly different between control and
the other groups. However, urine midkine levels in T2D were not
significantly different from DN patients. However, serum
midkine levels were significantly higher in the DN patients
when compared to T2D, suggesting that systemic levels of
midkine are increasing because of kidney dysfunction, as noted
by the decline in eGFR.

Correlations
Serum biomarker correlations with eGFR for T2D vs. DN
participants, demonstrated that only serum biomarkers, as
expected, correlated with eGFR (Figure 3) (Spearman’s rho).
DISCUSSION

Diabetic nephropathy is a serious progressive pathology that
requires immediate medical intervention. However, identifying
diabetic patients that will progress to DN remains challenging as
the underlying pathophysiology of the disease is unclear.
Furthermore, albuminuria and decreased kidney function
TABLE 1 | Clinical and demographic characteristics of the study participants.

Factor Control Type 2 Diabetic Diabetic Nephropathy p value

Mean ± SD Mean ± SD Mean ± SD

Age 59.0 ± 13.8 (n=26) 62.2 ± 9.1 (n=32) 73.1 ± 9.0 (n=30) <0.001
Alcohol (No) 3/26 (11.5%) 4/32 (12.5%) 8/30 (26.7%) 0.224
Bladder Repair (Yes) 0/26 (0%) 0/32 (0%) 1/30 (3.3%) 0.376
BMI 26.3 ± 3.9 (n=25) 34.4 ± 6.8 (n=16) 33.8 ± 6.1 (n=10) <0.001
BP Diastolic (mmHg) 78.2 ± 10.1 (n=24) 81.3 ± 8.4 (n=32) 75.3 ± 11.2 (n=30) 0.065
BP Systolic (mmHg) 125.4 ± 13.8 (n=24) 139.1 ± 19.4 (n=32) 146.9 ± 23.9 (n=30) 0.001
Cancer (No) 25/26 (96.2%) 31/32 (96.9%) 29/30 (96.7%) 0.558
Cardiovascular Family History (1 or more) 11/26 (42.3%) 14/32 (43.8%) 12/29 (41.4%) 0.982
Cardiovascular Comorbidities (Yes (includes suspected)) 4/26 (15.4%) 9/32 (28.1%) 18/30 (60%) 0.001
Diabetes DN Family History (1 or more) 0/26 (0%) 1/32 (3.1%) 4/29 (13.8%) 0.065
Diabetes Duration 10.8 ± 5.8 (n=32) 15.0 ± 6.3 (n=13) 0.063
Diabetes Family History (1 or more) 7/26 (26.9%) 19/32 (59.4%) 16/29 (55.2%) 0.032
Distal renal tubular acidosis (Yes) 0/26 (0%) 0/32 (0%) 1/30 (3.3%) 0.376
Enlarged Prostate (Yes (includes suspected)) 0/6 (0%) 5/20 (25%) 7/18 (38.9%) 0.171
Hypertensive Medication (Yes) 6/26 (23.1%) 26/32 (81.2%) 27/30 (90%) <0.001
Kidney Cysts (Yes) 1/26 (3.8%) 0/32 (0%) 2/30 (6.7%) 0.348
Kidney Infection (Yes (ever) (includes suspected)) 8/26 (30.8%) 5/32 (15.6%) 7/30 (23.3%) 0.390
Kidney stones (Yes (ever) (includes suspected)) 0/26 (0%) 4/32 (12.5%) 6/30 (20%) 0.061
Neuropathy (Yes (includes suspected)) 0/26 (0%) 5/32 (15.6%) 5/30 (16.7%) 0.093
Retinopathy (Yes (includes suspected)) 0/26 (0%) 6/32 (18.8%) 14/30 (46.7%) <0.001
Sex (Male) 6/26 (23.1%) 20/32 (62.5%) 18/30 (60%) 0.005
Smoker (Current) 0/26 (0%) 5/32 (15.6%) 5/30 (16.7%) 0.003
Smoker (No) 19/26 (73.1%) 16/32 (50%) 7/30 (23.3%) 0.003
Smoker (Past) 7/26 (26.9%) 11/32 (34.4%) 18/30 (60%) 0.003
Statin Medication (Yes) 5/26 (19.2%) 23/32 (71.9%) 23/30 (76.7%) <0.001
Weight (kg) 73.0 ± 11.5 (n=25) 99.3 ± 25.7 (n=30) 89.1 ± 21.4 (n=22) <0.001
June 2022 | Volume 13 | Article
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(eGFR), standard end points that are employed clinically to
diagnose DN, only identify the disease once established.
Currently, there are no biomarkers that can predict
progression in T2D to DN. Biomarkers that could help identify
which patients are at risk of progression would allow clinicians to
implement early and aggressive treatment management.
Furthermore, biomarkers that are predictive would also allow
monitoring of therapeutic intervention and effectiveness of
treatment regimens.

In this pilot study, we compared the expression of 34
biomarkers in serum and 25 in urine, known to be involved in
renal disease (Supplementary 1). Twenty-five serum and 13
urine biomarkers were differentially expressed across patient
groups. To determine the extent of kidney dysfunction, eGFR
was measured and compared in control, T2D and DN
participants. eGFR for control and T2D participants were not
significantly different. However, there was almost a 70% decrease
in eGFR in the DN subjects with respect to control and T2D
participants (Figure 1C). The following serum biomarkers were
inversely correlated with eGFR; midkine, sTNFR1, sTNFR2, H-
Frontiers in Endocrinology | www.frontiersin.org 5
FABP and cystatin C (Figure 3). None of the urine biomarkers
investigated correlated with eGFR (data not shown).

Midkine is a heparin-binding growth factor of low molecular
weight that forms a family with pleiotrophin (NEGF1, 46%
homologous with midkine). Midkine is a non-glycosylated
protein, composed of two domains held by disulphide bridges.
Midkine is a developmentally important retinoic acid-responsive
gene product strongly induced during mid-gestation, hence the
name midkine. Midkine is restricted mainly to certain tissues in
the normal adult. However, it is strongly induced during
oncogenesis, inflammation, and tissue repair (32, 33).

The pathophysiological roles involving midkine are diverse,
ranging from AKI to progression of CKD, often accompanied by
hypertension, renal ischemia and DN (27, 28, 34). After ischemic
reperfusion in vivo, midkine is immediately induced in the
proximal tubules, leading to the up-regulation of macrophage
inflammatory protein-2 (MIP-2) for neutrophils and monocyte
chemotactic protein (MCP-1) for macrophages (35). Eventually,
infiltrated inflammatory cells cause severe tubulointerstitial
injury (35). Previous studies have shown that silencing renal
TABLE 2 | Serum biomarkers (mean ± SD).

Factor Control Type 2 Diabetic Diabetic Nephropathy p value

Mean ± SD Mean ± SD Mean ± SD

ACR 0.7 ± 0.1 (n=26) 0.7 ± 0.2 (n=31) 0.3 ± 0.2 (n=28) <0.001
Adiponectin (ng/ml) 8310.6 ± 4035.8 (n=18) 3650.7 ± 2114.8 (n=21) 6377.3 ± 4764.5 (n=20) <0.001
Albumin (g/L) 43.5 ± 1.9 (n=26) 44.6 ± 2.0 (n=32) 41.2 ± 6.2 (n=28) <0.001
Creatinine (mmol/L) 63.3 ± 11.3 (n=26) 64.6 ± 15.3 (n=31) 185.8 ± 87.1 (n=28) <0.001
CRP (ng/ml) 2454.8 ± 5046.7 (n=18) 4779.7 ± 4583.5 (n=21) 9563.9 ± 7412.9 (n=20) <0.001
Cystatin C (mg/L) 0.8 ± 0.2 (n=26) 0.9 ± 0.2 (n=32) 1.9 ± 0.6 (n=28) <0.001
EGF (pg/ml) 71.2 ± 47.1 (n=26) 36.5 ± 36.0 (n=31) 21.1 ± 32.9 (n=28) <0.001
eGFR 93.3 ± 18.6 (n=26) 105.1 ± 30.0 (n=31) 36.5 ± 22.4 (n=28) <0.001
H-FABP (ng/ml) 4.5 ± 1.9 (n=26) 5.6 ± 2.1 (n=30) 17.9 ± 7.7 (n=28) <0.001
L-FABP (ng/ml) 1.1 ± 1.8 (n=26) 2.9 ± 4.1 (n=32) 7.6 ± 5.8 (n=28) <0.001
Glucose (mmol/L) 11.2 ± 3.6 (n=30) 12.4 ± 3.9 (n=12) 0.242
HbA1c (mmol/mol) 70.9 ± 12.1 (n=29) 72.8 ± 18.9 (n=20) 0.984
HDL Cholesterol (mmol/L) 1.7 ± 0.4 (n=26) 1.2 ± 0.3 (n=32) 1.2 ± 0.4 (n=28) <0.001
IFN-g (pg/ml) 3.1 ± 14.3 (n=26) 0.4 ± 0.5 (n=31) 0.5 ± 0.7 (n=28) 0.822
IL-10 (pg/ml) 0.6 ± 0.4 (n=26) 0.6 ± 0.3 (n=31) 0.9 ± 0.6 (n=28) 0.001
IL-1a (pg/ml) 0.2 ± 0.2 (n=26) 0.1 ± 0.1 (n=31) 0.2 ± 0.3 (n=28) 0.753
IL-1b (pg/ml) 1.2 ± 1.0 (n=26) 1.0 ± 0.5 (n=31) 1.3 ± 1.6 (n=28) 0.668
IL-2 (pg/ml) 1.2 ± 1.6 (n=26) 0.6 ± 0.7 (n=31) 0.7 ± 0.8 (n=28) 0.557
IL-4 (pg/ml) 1.8 ± 1.4 (n=26) 1.3 ± 0.4 (n=31) 1.8 ± 3.1 (n=28) <0.001
IL-6 (pg/ml) 1.1 ± 0.8 (n=26) 3.4 ± 6.8 (n=31) 7.5 ± 11.9 (n=28) <0.001
IL-8 (pg/ml) 6.4 ± 3.3 (n=26) 11.3 ± 8.8 (n=31) 21.9 ± 53.7 (n=28) 0.005
Insulin (pmol/L) 143.9 ± 208.7 (n=26) 147.9 ± 103.5 (n=32) 184.2 ± 156.8 (n=28) 0.055
LDL Cholesterol (mmol/L) 2.7 ± 0.8 (n=26) 2.6 ± 0.7 (n=32) 2.0 ± 1.0 (n=28) 0.008
MCP-1 (pg/ml) 172.3 ± 73.8 (n=26) 216.7 ± 86.5 (n=31) 211.1 ± 91.0 (n=28) 0.178
Midkine (pg/ml) 90.0 ± 132.5 (n=26) 176.8 ± 422.5 (n=32) 2426.9 ± 3479.4 (n=28) <0.001
MIP-1a (pg/ml) 5.2 ± 1.9 (n=26) 8.6 ± 6.0 (n=32) 10.8 ± 3.9 (n=28) <0.001
NGAL (ng/ml) 56.9 ± 18.0 (n=18) 49.0 ± 15.7 (n=21) 138.8 ± 85.5 (n=20) <0.001
sTNFR1 (ng/ml) 0.5 ± 0.2 (n=26) 0.7 ± 0.2 (n=32) 2.7 ± 1.7 (n=28) <0.001
sTNFR2 (ng/ml) 1.1 ± 0.4 (n=26) 1.7 ± 0.7 (n=32) 6.5 ± 3.5 (n=28) <0.001
TAS (mmol/L) 1.7 ± 0.1 (n=26) 1.8 ± 0.1 (n=32) 1.8 ± 0.3 (n=28) 0.004
TNFa (pg/ml) 3.5 ± 5.6 (n=26) 2.9 ± 1.0 (n=31) 4.8 ± 2.5 (n=28) <0.001
Total Cholesterol (mmol/L) 5.1 ± 0.8 (n=26) 4.5 ± 1.0 (n=32) 3.9 ± 1.1 (n=28) <0.001
Transferrin (g/L) 2.4 ± 0.3 (n=26) 2.8 ± 0.3 (n=32) 2.2 ± 0.7 (n=28) <0.001
Triglyceride (mmol/L) 1.2 ± 0.5 (n=26) 2.5 ± 2.1 (n=32) 1.8 ± 0.8 (n=28) <0.001
Urea (mmol/L) 5.5 ± 1.4 (n=26) 5.6 ± 1.3 (n=32) 8.0 ± 4.6 (n=28) 0.025
VEGF (pg/ml) 89.2 ± 71.1 (n=26) 77.2 ± 53.0 (n=31) 103.4 ± 113.7 (n=28) 0.903
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midkine expression with anti-sense oligos prevents kidney
damage following ischemia/reperfusion injury (36).

Urinary midkine levels were elevated however, they were not
significantly different in T2D and DN patients with respect to
control participants. Moreover, eGFR function was normal in both
control and T2Ds. When we compared T2D with DN patients,
eGFR function was compromised in the DN patients and the serum
MK levels were significantly elevated with respect to both control
and T2D participants. Thus, in T2Ds, the kidney function is still
preserved and the eGFR is normal. However, progression to DN
compromises the kidney, eGFR function decreases and systemic
levels of serumMK increase. Therefore, the data would suggest that
serum midkine could be a potential acute phase biomarker for T2D
patients progressing to DN. Changes in systemic midkine levels i.e.,
increased circulating midkine, could be a prognostic indicator of
potentially worsening kidney disease.

Serum and urine sTNFR1 and 2 levels increase in relation to
deterioration in renal function (37). In individuals with T2D,
increased sTNFR1 and 2 serum levels have been correlated with
renal structural changes e.g. mesangial volume, interstitial
volume, and glomerular sclerosis (38, 39). TNF-a is involved
in cellular signalling, including apoptosis, by interacting with
membrane receptors; sTNFR1 and 2. Activation of TNF
pathways are associated with kidney disease progression in
subjects with renal insufficiency (40). Therefore, it was
unsurprising that both sTNFR1 and 2 levels were significantly
higher in both T2D and DN subjects with respect to the control
group. Furthermore, a doubling effect was noted for sTNFR1 and
2 between the T2Ds and DN subjects, indicating that more
structural damage to the kidney was evident in the DN group.
Frontiers in Endocrinology | www.frontiersin.org 6
Fatty acid-binding proteins are small cytoplasmic proteins
(15kDa) that have been shown to be promising new biomarkers
for detection of renal injury (41). H-FABP is found in distal tubular
cells and L-FABP in proximal tubular cells (42). Evidence has
shown that altered lipid metabolism, such as hyperlipidaemia and
increased free fatty acids (FFAs) are an important characteristic of
obesity that contributes to renal lesions (43). H-FABP is located
mostly along the capillary wall in human glomeruli (44). Several
studies have focused on the role of H-FABP in cardiac disease
however, a recent study attempted to clarify H-FABP’s role in
kidney disease (45). Overexpression of H-FABP in a podocyte cell
line was associated with derangement of lipid metabolism,
inflammation, and oxidative stress in podocytes (45). Inhibiting
expression of H-FABP attenuated the damage suggesting that H-
FABP could be a potential drug target to reduce glomerular injury in
DN patients (45). However, elevated serum H-FABP in the DN
subjects may also be related to cardiovascular disease, as almost 60%
of these patients had a history of cardiovascular comorbidities.

Elevated serum L-FABP has been shown to positively
correlate with obesity and insulin resistance (46). Therefore, it
was unsurprising that T2D and DN patients had significantly
higher triglycerides and an increased BMI.

Cystatin C is a 13.3 kDa protein encoded by the CST3 gene.
Cystatin C is a biomarker of kidney function and for predicting
new-onset or deteriorating cardiovascular disease (47). Cystatin C
inversely correlates with eGFR. Therefore, elevated levels of
circulating cystatin C are an early indicator of kidney dysfunction.
In this study, no difference in circulating levels of cystatin C were
observed between the control and T2D subjects. However, levels of
cystatin C were two-fold higher in the DN subjects (48).
TABLE 3 | Urine biomarkers (mean ± SD).

Factor Control Type 2 Diabetic Diabetic Nephropathy p value

Mean ± SD Mean ± SD Mean ± SD

ACR 4.3 ± 7.5 (n=26) 2.7 ± 4.2 (n=29) 19.7 ± 16.8 (n=10) 0.001
Clusterin (ng/ml) 164.2 ± 206.5 (n=26) 93.5 ± 162.5 (n=29) 165.4 ± 240.5 (n=10) 0.190
Creatinine (mmol/L) 6835.3 ± 5860.7 (n=26) 6463.2 ± 2721.1 (n=29) 6539.5 ± 3258.3 (n=10) 0.746
Cystatin C (ng/ml) 15.3 ± 20.9 (n=26) 16.6 ± 11.9 (n=29) 32.0 ± 26.5 (n=10) 0.027
EGF (pg/ml) 595.4 ± 404.8 (n=26) 516.0 ± 0.0 (n=29) 653.6 ± 435.3 (n=10) 0.290
L-FABP (ng/ml) 35.7 ± 14.7 (n=26) 11.3 ± 16.0 (n=29) 29.3 ± 24.7 (n=10) <0.001
IFN-g (pg/ml) 0.0 ± 0.1 (n=26) 0.0 ± 0.1 (n=29) 0.1 ± 0.2 (n=10) 0.985
IL-10 (pg/ml) 0.4 ± 0.2 (n=26) 0.5 ± 0.1 (n=29) 0.5 ± 0.1 (n=10) 0.020
IL-1a (pg/ml) 6.7 ± 12.6 (n=26) 1.1 ± 1.6 (n=29) 2.2 ± 4.1 (n=10) 0.002
IL-1b (pg/ml) 13.3 ± 47.5 (n=26) 1.7 ± 1.8 (n=29) 11.7 ± 24.7 (n=10) 0.042
IL-2 (pg/ml) 0.5 ± 0.4 (n=26) 0.5 ± 0.5 (n=29) 0.9 ± 0.5 (n=10) 0.072
IL-4 (pg/ml) 1.9 ± 0.3 (n=26) 1.8 ± 0.2 (n=29) 1.7 ± 0.2 (n=10) 0.088
IL-6 (pg/ml) 9.2 ± 24.6 (n=26) 3.1 ± 5.9 (n=29) 3.0 ± 3.0 (n=10) 0.264
IL-8 (pg/ml) 273.0 ± 769.2 (n=26) 42.7 ± 76.7 (n=29) 279.4 ± 683.5 (n=10) 0.024
KIM-1 (pg/ml) 1425.9 ± 3090.5 (n=26) 1464.7 ± 1598.4 (n=29) 2961.4 ± 3694.3 (n=10) 0.087
MCP-1 (pg/ml) 112.6 ± 161.6 (n=26) 97.9 ± 82.9 (n=29) 77.3 ± 30.7 (n=10) 0.472
Microalbumin (mg/L) 18.9 ± 38.8 (n=26) 14.7 ± 19.0 (n=29) 119.9 ± 98.0 (n=10) 0.006
Midkine (pg/ml) 111.9 ± 238.0 (n=26) 1525.7 ± 2568.7 (n=29) 1443.3 ± 1105.9 (n=10) <0.001
MIP-1a (pg/ml) 19.5 ± 7.1 (n=26) 5.7 ± 7.7 (n=29) 11.0 ± 9.5 (n=10) <0.001
NGAL (ng/ml) 83.0 ± 185.9 (n=26) 36.8 ± 46.2 (n=29) 71.1 ± 70.8 (n=10) 0.123
Osmolality (mOsm) 460.8 ± 239.6 (n=26) 811.9 ± 207.1 (n=29) 557.6 ± 187.7 (n=10) <0.001
Protein (mg/ml) 0.1 ± 0.1 (n=26) 0.1 ± 0.0 (n=29) 0.3 ± 0.2 (n=10) 0.005
sTNFR1 (ng/ml) 0.9 ± 0.6 (n=26) 1.5 ± 0.7 (n=29) 2.7 ± 2.0 (n=10) <0.001
sTNFR2 (ng/ml) 2.2 ± 2.3 (n=26) 4.9 ± 2.6 (n=29) 7.4 ± 3.9 (n=10) <0.001
TNFa (pg/ml) 3.5 ± 0.9 (n=26) 3.3 ± 0.7 (n=29) 3.1 ± 0.5 (n=10) 0.543
VEGF (pg/ml) 69.4 ± 75.3 (n=26) 51.7 ± 59.7 (n=29) 89.2 ± 53.7 (n=10) 0.051
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TABLE 4 | AUROC for control vs. T2D and T2D vs. DN.

Serum Biomarker AUROC (95% CI)

Control vs. Type 2 Diabetic Type 2 Diabetic vs. Diabetic Nephropathy

ACR 0.517 (0.362-0.673) 0.947 (0.879-1.000)
Adiponectin 0.881 (0.772-0.990) 0.695 (0.528-0.862)
Albumin 0.677 (0.535-0.820) 0.788 (0.658-0.918)
Creatinine 0.531 (0.376-0.686) 0.954 (0.894-1.000)
CRP 0.749 (0.586-0.911) 0.702 (0.540-0.865)
Cystatin C 0.708 (0.571-0.845) 0.966 (0.914-1.000)
EGF 0.730 (0.598-0.863) 0.711 (0.574-0.849)
H-FABP 0.694 (0.551-0.837) 0.974 (0.941-1.000)
L-FABP 0.581 (0.439-0.722) 0.775 (0.656-0.893)
HDL Cholesterol 0.872 (0.782-0.962) 0.563 (0.409-0.716)
IFN-g 0.500 (0.343-0.657) 0.544 (0.394-0.694)
IL-10 0.594 (0.442-0.745) 0.695 (0.560-0.831)
IL-1a 0.530 (0.375-0.685) 0.534 (0.383-0.685)
IL-1b 0.535 (0.375-0.695) 0.547 (0.395-0.698)
IL-2 0.580 (0.430-0.730) 0.532 (0.385-0.679)
IL-4 0.760 (0.627-0.893) 0.554 (0.403-0.705)
IL-6 0.775 (0.652-0.898) 0.776 (0.655-0.898)
IL-8 0.745 (0.618-0.873) 0.503 (0.350-0.657)
Insulin 0.654 (0.504-0.804) 0.463 (0.311-0.615)
LDL Cholesterol 0.578 (0.425-0.730) 0.679 (0.539-0.820)
MCP-1 0.638 (0.492-0.784) 0.549 (0.397-0.701)
Midkine 0.750 (0.611-0.889) 0.905 (0.819-0.990)
MIP-1a 0.791 (0.670-0.911) 0.705 (0.572-0.838)
NGAL 0.646 (0.467-0.824) 0.890 (0.766-1.000)
sTNFR1 0.757 (0.630-0.883) 0.948 (0.877-1.000)
sTNFR2 0.770 (0.650-0.889) 0.943 (0.884-1.000)
TAS 0.792 (0.668-0.916) 0.545 (0.386-0.703)
TNFa 0.633 (0.484-0.782) 0.825 (0.717-0.933)
Total Cholesterol 0.719 (0.582-0.855) 0.653 (0.510-0.797)
Transferrin 0.773 (0.651-0.894) 0.797 (0.670-0.925)
Triglyceride 0.805 (0.694-0.917) 0.592 (0.446-0.738)
Urea 0.531 (0.377-0.685) 0.672 (0.523-0.821)
VEGF 0.465 (0.306-0.623) 0.487 (0.328-0.645)
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FIGURE 1 | (A) Serum H-FABP was significantly higher in the T2D and DN patients with respect to control participants. (B) Serum L-FABP was also significantly higher
in the DN patients with respect to control participants. However, although the L-FABP was significantly different between the T2D and DN patients, there was no
difference in L-FABP between the control and T2D participants. (C) eGFR for control and T2D participants were not significantly different. However, there was almost a
70% decrease in eGFR in the DN patients with respect to control and T2D participants. Stars of significance *p<0.05, ***p<0.001, and ****p<0.0001.
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Unsurprisingly, pro-inflammatory cytokines IL-6, IL-8, IL-10,
and CRP were elevated in the serum of both T2D and DN patients.
However, they did not correlate with decreasing eGFR. Furthermore,
noneof these individual cytokineAUROCfordifferentiatingbetween
control and T2D and T2D and DN were ≥0.78.
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CONCLUSION

In conclusion, 5 biomarkers were identified: midkine, sTNFR1,
sTNFR2, H-FABP and cystatin C to have clinical utility for
differentiating patients with T2D from DN. A combination of
B

C D

E F

A

FIGURE 2 | Urine and serum levels for sTNFR1 and 2 and midkine increased across all groups (A) urine sTNFR1, (B) serum sTNFR1, (C) urine sTNFR2, (D) serum
sTNFR2, (E) urine midkine, (F) serum midkine. Stars of significance *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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these 5 biomarkers could have potential for use in the diabetic
outpatient clinic to identify individuals at risk of kidney disease
progression, allowing earlier, and more effective management
intervention. Our results would need to be confirmed in
longitudinal studies involving T2D’s and their potential
progression to DN.
CLINICAL UTILITY OF THE BIOMARKERS

Commonly employed methods to test if a biomarker will add to
risk prediction models are normally based on (a) model
discrimination, (b) model cal ibration and, (c) risk
reclassification (49). Therefore, addition of the biomarkers
sTNFR1 (or 2), H-FABP and midkine, to known risks for DN,
would allow clinicians to both identify patients at risk of
progression and monitor therapeutic intervention.
LIMITATIONS OF THE PILOT STUDY

The main limitations of the study include (1) the small sample
number of participants in each group, which in turn limited
evaluating the biomarkers by gender, (2) the number of DN
urine samples that were available for analysis, (3) and no staging
information for DN patients. However, despite the limitations of
this pilot study, the results warrant further investigation. Novel
Frontiers in Endocrinology | www.frontiersin.org 9
biomarkers that could be used for stratifying risk of progression
of T2D to DN offer significant clinical utility and decreased
morbidity and mortality for the patient. Furthermore, identifying
patients at risk of progression allow better use of
hospital resources.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ulster University School of Biomedical Sciences
Filter Committee and University Research Governance and the
Northern Health and Social Care Trust. The patients/
participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

Concept and study design – DC, SB, FJ, SBr, MJK, JVL, PF, TM,
and MWR; Statistical analysis – CH, JW, and MWR; Manuscript
FIGURE 3 | Correlation matrix chart for significant serum biomarkers (T2D vs. DN) and eGFR. Scatterplots of each pair of numeric variable are drawn on the left part
of the figure. Spearman’s rho correlations are displayed on the right. Variable distributions are shown on the diagonal. The results are coloured by cohort, i.e., T2D
(red), DN (green) and both groups combined (grey). Correlations ≥ 0.7 were considered significant. Stars of significance *p<0.05, ***p<0.001.
June 2022 | Volume 13 | Article 887237

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Harkin et al. Stratifying Risk of DN Progression
preparation – JW, MJK, JVL, PF, and MWR; Sample collection
and processing – CH, SB, FJ, AS, and MWR; Manuscript review
– CH, DC, SBr, SB, FJ, AS, JW, MJK, JVL, PF, TM, and MWR.
All authors contributed to the article and approved the
submitted version.
FUNDING

This study was funded by the Randox Laboratories Ltd – Ulster
University Industrial Ph.D. Academy.
Frontiers in Endocrinology | www.frontiersin.org 10
ACKNOWLEDGMENTS

The authors acknowledge the help and support of the patients,
nurses and clinicals who contributed their valuable time and
effort to the study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.887237/
full#supplementary-material
REFERENCES
1. Bakris GL, Molitch M. Are All Patients With Type 1 Diabetes Destined for

Dialysis If They Live Long Enough? Probably Not. Diabetes Care (2018)
41:389–90. doi: 10.2337/DCI17-0047

2. Chen Y, Lee K, Ni Z, He JC. Diabetic Kidney Disease: Challenges, Advances,
and Opportunities. Kidney Dis (2020) 6:215–25. doi: 10.1159/000506634

3. Gheith O, Farouk N, Nampoory N, Halim MA, Al-Otaibi T. Diabetic Kidney
Disease: World Wide Difference of Prevalence and Risk Factors.
J Nephropharmacol (2016) 5:49. doi: 10.4103/1110-9165.197379

4. Gilg J, Methven S, Casula A, Castledine C. (2017). UK Renal Registry 19th
Annual Report: Chapter 1 UK RRT Adult Incidence in 2015: National and
Centre-Specific Analyses N.D. Nephron (2017) 137(Suppl 1):11–44.
doi: 10.1159/000481363

5. Tackling the £1.5bn a Year Cost of Chronic Kidney Disease | HSJ Knowledge.
Health Service Journal n.d. Available at: https://www.hsj.co.uk/the-hsj-
awards/tackling-the-15bn-a-year-cost-of-chronic-kidney-disease/7027154.
article (Accessed February 11, 2022).

6. England’s £1.4 Billion Price Tag for Kidney Disease . NHS Networks n.d.
Available at: https://www.networks.nhs.uk/news/england2019s-ps1.4-billion-
price-tag-for-kidney-disease (Accessed February 11, 2022).

7. ystoscopy & Ureteroscopy . NIDDK n.d. Available at: https://www.niddk.nih.
gov/health-information/diagnostic-tests/cystoscopy-ureteroscopy (Accessed
August 3, 2021).

8. 37 Million American Adults Now Estimated to Have Chronic Kidney Disease .
National Kidney Foundation n.d. Available at: https://www.kidney.org/news/
37-million-american-adults-now-estimated-to-have-chronic-kidney-disease
(Accessed December 17, 2021).

9. Chronic Kidney Disease Basics, in: Chronic Kidney Disease Initiative . CDC
n.d. Available at: https://www.cdc.gov/kidneydisease/basics.html (Accessed
February 11, 2022).

10. Honeycutt AA, Segel JE, Zhuo X, Hoerger TJ, Imai K, Williams D. Medical
Costs of CKD in the Medicare Population. J Am Soc Nephrol (2013) 24:1478–
83. doi: 10.1681/ASN.2012040392/-/DCSUPPLEMENTAL

11. Annual Data Report . USRDS n.d. Available at: https://adr.usrds.org/2020/
chronic-kidney-disease/6-healthcare-expenditures-for-persons-with-ckd
(Accessed December 17, 2021).

12. Campbell RC, Ruggenenti P, Remuzzi G. Proteinuria in Diabetic
Nephropathy: Treatment and Evolution. Curr Diabetes Rep (2003) 36
2003:3:497–504. doi: 10.1007/S11892-003-0014-0

13. Viswanathan G, Upadhyay A. Assessment of Proteinuria. Adv Chronic Kidney
Dis (2011) 18:243–8. doi: 10.1053/J.ACKD.2011.03.002

14. Bakris GL, Townsend RR. SlowingNephropathy Progression: Focus on Proteinuria
Reduction. Clin J Am Soc Nephrol (2008) 3:3–10. doi: 10.2215/CJN.03250807

15. de Zeeuw D, Raz I. Albuminuria: A Great Risk Marker, But an Underestimated
Target in Diabetes. Diabetes Care (2008) 31:S190–3. doi: 10.2337/DC08-S248

16. de Zeeuw D, Parving HH, Henning RH. Microalbuminuria as an Early Marker
for Cardiovascular Disease. J Am Soc Nephrol (2006) 17:2100–5. doi: 10.1681/
ASN.2006050517

17. Tziomalos K, Athyros VG. Diabetic Nephropathy: New Risk Factors and
Improvements in Diagnosis. Rev Diabetes Stud (2015) 12:110–8. doi: 10.1900/
RDS.2015.12.110
18. Jiang S, Fang J, Yu T, Liu L, Zou G, Gao H, et al. Novel Model Predicts
Diabetic Nephropathy in Type 2 Diabetes. Am J Nephrol (2020) 51:130–8.
doi: 10.1159/000505145

19. Martin-Timon I, Sevillano-Collantes C, Segura-Galindo A, del Cañizo-Gomez FJ.
Type 2 Diabetes and Cardiovascular Disease: Have All Risk Factors the Same
Strength? Http://WwwWjgnetCom/ (2014) 5:444–70. doi: 10.4239/WJD.V5.I4.444

20. Amann B, Tinzmann R, Angelkort B. ACE Inhibitors Improve Diabetic
Nephropathy Through Suppression of Renal MCP-1. Diabetes Care (2003)
26:2421–5. doi: 10.2337/DIACARE.26.8.2421

21. Fioretto P, Barzon I, Mauer M. Is Diabetic Nephropathy Reversible? Diabetes
Res Clin Pract (2014) 104:323–8. doi: 10.1016/J.DIABRES.2014.01.017

22. Looker HC, Mauer M, Nelson RG. Role of Kidney Biopsies for Biomarker
Discovery in Diabetic Kidney Disease. Adv Chronic Kidney Dis (2018) 25:192.
doi: 10.1053/J.ACKD.2017.11.004

23. Mima A. Inflammation and Oxidative Stress in Diabetic Nephropathy: New
Insights on its Inhibition as New Therapeutic Targets. J Diabetes Res (2013)
2013:8. doi: 10.1155/2013/248563

24. Stehouwer CDA, Gall M-A, Twisk JWR, Knudsen E, Emeis JJ, Parving H-H.
Increased Urinary Albumin Excretion, Endothelial Dysfunction, and Chronic
Low-Grade Inflammation in Type 2 Diabetes. Diabetes (2002) 51:1157–65.
doi: 10.2337/DIABETES.51.4.1157

25. TesiM, BuglianiM, Ferri G, SuleimanM, De Luca C, Bosi E, et al. Pro-Inflammatory
Cytokines Induce Insulin and Glucagon Double Positive Human Islet Cells That Are
Resistant to Apoptosis. Biomol (2021) 11:320. doi: 10.3390/BIOM11020320

26. Retnakaran R, Cull CA, Thorne KI, Adler AI, Holman RR. Risk Factors for
Renal Dysfunction in Type 2 Diabetes. Diabetes (2006) 55:1832–9.
doi: 10.2337/DB05-1620

27. McBride WT, Kurth MJ, McLean G, Domanska A, Lamont JV, Maguire D,
et al. Stratifying Risk of Acute Kidney Injury in Pre and Post Cardiac Surgery
Patients Using a Novel Biomarker-Based Algorithm and Clinical Risk Score.
Sci Rep (2019) 9:1–12. doi: 10.1038/s41598-019-53349-1

28. Kurth MJ, McBride WT, McLean G, Watt J, Domanska A, Lamont JV, et al.
Acute Kidney Injury Risk in Orthopaedic Trauma Patients Pre and Post
Surgery Using a Biomarker Algorithm and Clinical Risk Score. Sci Rep (2020)
10:20005–5. doi: 10.1038/s41598-020-76929-y

29. Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP, Irwig L, et al.
STARD 2015: An Updated List of Essential Items for Reporting Diagnostic
Accuracy Studies. BMJ (2015) 351:h5527. doi: 10.1136/bmj.h5527

30. FitzGerald SP, Lamont JV, McConnell RI, Benchikh EO. Development of a
High-Throughput Automated Analyzer Using Biochip Array Technology.
Clin Chem (2005) 51:1165–76. doi: 10.1373/clinchem.2005.049429

31. R Core Team. R: A Language and Environment for Statistical Computing.
(2018). Vienna, Austria: R Foundation for Statistical Computing. Available at:
https://www.R-project.org/.
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47. van der Laan SW, Fall T, Soumaré A, Teumer A, Sedaghat S, Baumert J, et al.
Cystatin C and Cardiovascular Disease: A Mendelian Randomization Study. J
Am Coll Cardiol (2016) 68:934–45. doi: 10.1016/J.JACC.2016.05.092

48. Knight EL, Verhave JC, Spiegelman D, Hillege HL, De Zeeuw D, Curhan GC,
et al. Factors Influencing Serum Cystatin C Levels Other Than Renal Function
and the Impact on Renal Function Measurement. Kidney Int (2004) 65:1416–
21. doi: 10.1111/J.1523-1755.2004.00517.X

49. Parikh NI, Vasan RS. Assessing the Clinical Utility of Biomarkers in Medicine.
biomark Med (2007) 1:419–36. doi: 10.2217/17520363.1.3.419pt?>

Conflict of Interest: The authors declare that this study received funding from
Randox Laboratories Ltd as part of the Randox Laboratories Ltd – Ulster
University PhD Academy Studentship. Randox had the following involvement
in the study: analysis of patient samples, statistical analysis, supervision of the
project, preparation of the manuscript, and the decision to publish.

SBr, JW, MJK, JVL, and MWR are employees of Randox Laboratories Ltd. but
hold no shares in the company. PF is the managing director and owner of Randox
Laboratories Ltd. A patent has been filed to protect the biomarker combination
disclosed in the manuscript.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Harkin, Cobice, Brockbank, Bolton, Johnston, Strzelecka, Watt,
Kurth, Lamont, Fitzgerald, Moore and Ruddock. 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.
June 2022 | Volume 13 | Article 887237

https://doi.org/10.4049/jimmunol.167.6.3463
https://doi.org/10.4049/jimmunol.167.6.3463
https://doi.org/10.1111/BPH.12442
https://doi.org/10.1007/S00467-018-4124-Y
https://doi.org/10.1007/S00592-011-0349-Y
https://doi.org/10.1038/KI.2015.278
https://doi.org/10.1111/J.1523-1755.2005.00398.X
https://doi.org/10.1080/00365510802150133
https://doi.org/10.1371/journal.pone.0045691
https://doi.org/10.1046/j.1523-1755.1999.07141.x
https://doi.org/10.3892/etm.2017.5643
https://doi.org/10.1371/JOURNAL.PONE.0048777
https://doi.org/10.1016/J.JACC.2016.05.092
https://doi.org/10.1111/J.1523-1755.2004.00517.X
https://doi.org/10.2217/17520363.1.3.419
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Biomarkers for Detecting Kidney Dysfunction in Type-2 Diabetics and Diabetic Nephropathy Subjects: A Case-Control Study to Identify Potential Biomarkers of DN to Stratify Risk of Progression in T2D Patients
	Introduction
	Materials and Methods
	Study Participants
	Participant Sample Collection
	Point of Care Assay
	Bradford Assay (Urinary Protein)
	Osmolality
	Biomarker Measurements
	Biochip Array Technology

	Other Biomarker Assays
	Midkine ELISA
	Statistical Analysis

	Results
	Participant Information
	Dip Stick Urinalysis Results
	Biomarker Results
	Serum Biomarkers
	Urine Biomarkers
	Biomarkers That Differentiated Control From T2D, and T2D From DN Subjects
	Correlations

	Discussion
	Conclusion
	Clinical Utility of the Biomarkers
	Limitations of the Pilot Study
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


