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Abstract

Background and purpose: With the progressive increase in the prevalence of type 2 diabetes
mellitus (T2DM), diabetic nephropathy (DN] - one of the most common chronic microvascular
complications - has evolved into a significant cause of death worldwide among end-stage
renal disease patients. Academic researchers have for decades focused on the development
of DN and recently found that free fatty acids (FFAs] constituted an independent risk factor
for vascular complications in T2DM patients. It is therefore critical to determine whether the
metabolic profile of FFAs is related to DN.

Methods: This study comprised 611 research subjects in Dalian, a city in northeast China: 52
DN patients, 115 T2DM patients, and 444 healthy controls. We determined 15 forms of serum
FFAs, including arachidonic acid (AA, C20:4), docosahexaenoic acid (DHA, C22:6), erucic acid
(C22:1), nervonic acid (NA, C24:1), estimated total omega-3s, total omega-és, the omega-3/
omega-6 ratio, and total FFA content by liquid chromatography-mass spectrometry (LC-MS]).
Results: The levels of NA (mean=45.27, range =0.84-76.57) and DHA (mean=324.58,

range =205.38-450.03) in DN patients were slightly lower than those in T2DM patients or
healthy controls. The serum omega-3 polyunsaturated fatty acid (PUFA) DHA (C22:6) was
significantly negatively correlated with microalbuminuria (MAU], the albumin/creatinine ratio
(ACR), body mass index (BMI), fasting plasma glucose (FPG), and glycosylated hemoglobin
(HbA1c). The serum monounsaturated fatty acid (MUFA) NA (C24:1) was significantly
negatively correlated with BMI, FPG, and HbA1c. After adjustment of variables, multiple
logistic regression analysis revealed significant odds ratios (ORs) [with confidence intervals
(Cls)] for DHA (0.991, 0.985-0.997; p=0.002) and NA (0.978, 0.958-0.999; p=0.037).
Conclusion: In this study, we ascertained that the contents of NA and DHA in patients with DN
were relatively low, and that DHA was negatively correlated with MAU and the ACR. However,
large-scale, population-based studies focusing on the role of NA and DHA in the pathogenesis
of DN are still required in the future.

Keywords: diabetic nephropathy, docosahexaenoic acid, nervonic acid, polyunsaturated fatty
acid, type 2 diabetes mellitus

Received: 10 March 2021; revised manuscript accepted: 21 July 2022.

Introduction

The global prevalence of diabetes was estimated
at 9.3% (463 million people) in 2019 and is
expected to increase to 10.2% (578 million) by
2030 and 10.9% (700 million) by 2045.! Type 2

diabetes mellitus (T2DM) is usually present for
many years before it appears clinically, and com-
plications such as diabetic nephropathy (DN)
may have already developed by the time of
diagnosis.?
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The onset and development of DN are related to
many factors that include age, obesity, atheroscle-
rosis, hypertension, and chronic inflammation,3
and this gradually leads to clinically progressive
proteinuria, kidney damage, and renal dysfunc-
tion. DN is the principal cause of renal fibrosis
and end-stage renal disease (ESRD),* and with
the decline in kidney function caused by diabetes
and the manifestation of renal atherosclerosis, the
number of ESRD patients worldwide continues
to rise.> In addition, ESRD caused by the pro-
gressive loss of renal function has resulted in sub-
stantial health and economic pressures in both
less and more developed countries.® Therefore, it
is paramount that in-depth investigation and a
greater understanding of ESRD diseases be
pursued.*

Free fatty acids (FFAs) have been proven to be
closely related to pathologic changes in the body
such as chronic inflammation, obesity, and insu-
lin resistance.” Mozaffarian and Wu? demon-
strated that the risk of cardiovascular disease
(CVD) (the key cause of mortality among DN
patients) might be lower in patients who con-
sumed omega-3 polyunsaturated fatty acids
(PUFAs).? The previous studies have also shown
that PUFAs were related to reduced albuminuria
in diabetic patients, but there was little evidence
to support their obvious influence on inhibiting
kidney globulin malfunction.®1! A longitudinal
study of older individuals found that high concen-
trations of PUFAs in plasma were negatively
related with the decline in renal function associ-
ated with aging.’? Consumption of omega-3
PUFAs has also been depicted to be negatively
correlated with kidney fibrosis, inflammation,
and oxidative stress in animal models.!®> Other
fatty acids such as linoleic acid (LA) and mono-
unsaturated fatty acids (MUFAs) have gradually
attracted the attention of scholars, and the authors
of one study that encompassed 20 countries have
discerned a negative correlation between LA and
T2DM.!* Compared with Europeans and
Americans, Asians display different lifestyles and
metabolic characteristics,!> and thus, results may
not be completely consistent among studies.

Kidney disease continues to constitute a crucial
determining factor in the deaths of individuals
with type 1 or type 2 diabetes. Studies are cur-
rently underway to distinguish biomarkers (in
addition to the determination of proteinuria and
renal globulin filtration rates) that can assist in

monitoring kidney disease in diabetic patients.
With a gradually heightened understanding of the
potential pathophysiology underlying DN, we
posit that novel regimens will be introduced into
clinical practice over the next several years.!® The
aim of this study, then, was to uncover appropri-
ate FFA biomarkers in DN patients, to ascertain
their impact on DN, and to unravel novel interac-
tions between FFAs and DN.

Materials and methods

Study population

This study was performed at Zhongshan Hospital,
and we received ethics approval from the Ethics
Committee of Zhongshan Hospital Affiliated with
Dalian University (ethics approval ID: 2019271);
all participants signed an informed consent form.
Our information collectors conducted face-to-
face interviews with the participants and collected
blood biochemical indicators after admission. To
minimize discrepancies in data collection, all col-
lectors were trained to standardize the method of
conducting interviews and to track missing infor-
mation from patients. The study sample com-
prised 52 DN patients, 115 T2DM patients, and
444 healthy controls who were enrolled in the
Department of Metabolic Nutrition.

The individuals enrolled in this study were all older
than 18years and acted autonomously in self~-admin-
istering lipid-lowering drugs (such as atorvastatin
calcium) over the past 3months, and they experi-
enced no recent history of acute infection, surgery,
or trauma. DN is generally described as clinically
decreased renal function, an increased urinary albu-
min/creatinine ratio (UACR=30mg/g), an ele-
vated plasma creatinine concentration, and
diminished immunoglobulin and glomerular fil-
tration rate (GFR; estimated glomerular filtration
rate [eGFR] <80ml/min).!” Renal dysfunction
owing to other diseases was ruled out, and recently
adopted drugs that could exert an impact on liver
and kidney function were excluded. Diabetes was
diagnosed based on plasma glucose criteria,
employing an FPG value or two-h plasma glucose
(2-h PQG) value during a 75-g oral glucose toler-
ance test (OGTT) or using HbAlc criteria.18

The inclusion criteria were as follows: (1) For
DN, (i) a 2-h PG =200mg/dl (11.1 mmol/) dur-
ing an OGTT OR an FPG =126mg/dl
(7.0mmol/1) OR HbAlc =6.5% (48 mmol/mol),
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(ii)) a UACR =30mg/g, and (iii) an eGFR <80 ml/
min; (2) for T2DM, (i) a 2-h PG =200mg/dl
(11.1mmol/l) during an OGTT OR an FPG
=126mg/dl (7.0mmol/l) OR HbAlc =6.5%
(48 mmol/mol), (ii) a UACR <30mg/g, and (iii)
an eGFR =80 ml/min; and (3) for the control, (i)
a 2-h PG <200mg/dl (11.1mmol/l) during
OGTT AND an FPG <126mg/dl (7.0 mmol/l)
AND a HbAlc <6.5% (48 mmol/mol), (ii) a
UACR <30mg/g, and (iii) an eGFR =80 ml/min.
The exclusion criteria were as follows: (1) type 1
diabetes and other specific types of diabetes; (2)
acute metabolic disorders such as severe infec-
tion, diabetic ketoacidosis, and hyperosmolar
coma; (3) heart and liver dysfunction unrelated to
diabetes, including patients recently adopting
medications that may affect liver and kidney func-
tion, and who have malignant tumors; (4) clinical
proteinuria caused by other reasons or renal
biopsy suggestive of kidney disease not caused by
diabetes; (5) repeated urinary or reproductive
tract infections; and (6) pregnancy or lactation or
a history of serious mental disorders.

Measurements

We evaluated medical history — including smok-
ing history, alcohol consumption history, cardio-
vascular disease, heart failure, cerebral vascular
disease, age, sex, height, body fat, systolic blood
pressure (SBP), diastolic blood pressure (DBP),
retinal lesions, neuropathy, and large vascular
lesions; we measured height and weight; and we
calculated patient body mass index (BMI) (kg/
m?). Blood was collected from the antecubital
vein after participants had fasted for longer than
8h, and serum separation was performed using
Roche’s fully automatic biochemical analyzer
(Roche Holding AG, Basel, Switzerland) to meas-
ure FPG, glycosylated hemoglobin (HbAlc),
total cholesterol (TC), triglycerides (T'Gs), high-
density lipoprotein-cholesterol (HDL-c), low-
density lipoprotein-cholesterol (LDIL-c), wuric
acid (UA), serum creatinine (SCR), blood urea
nitrogen (BUN), apolipoprotein A (Apo A),
apolipoprotein B (Apo B), vitamin D (VD), vita-
min D2 (VD2), and vitamin D3 (VD3).

Over 10ml of urine was collected from each par-
ticipant and analyzed using a Roche automatic
biochemical analyzer to measure urine creatinine
(UCR), microalbuminuria (MAU), and the
UACR. We calculated GFR based upon the fol-
lowing equation that entailed Cr level, age, and

sex: eGFR (ml/min/1.73 m?) =194 X creatinine
(=1.094) X age in years (0.287) (for females,
X0.739). The use of statins, calcium channel
blockers, beta-blockers, angiotensin-converting
enzyme inhibitors, angiotensin II blockers, and
hypoglycemic agents was also assessed.

Serum fatty acids

Liquid chromatography—mass spectrometry (LC-
MS) is an exceptional technique for detecting and
quantifying small molecular metabolites (includ-
ing fatty acids) with high sensitivity and resolu-
tion owing to the extreme complexity of basal
cells and the rich traces of metabolites. Moreover,
LC-MS is a common technique for differentiat-
ing and defining fatty acids; it does not require
chemical derivatization but makes full use of sep-
aration and sensitivity techniques.!®

The detection process was as follows. First, 50 ul of
internal standard working solution, 1 ml of hydroly-
sis solution, and 5ul of covalent working solution
were combined, vortexed for 10s, and shaken at
90°C for 20 min. Then, 80 ul of neutralization solu-
tion was added, and the sample was allowed to
incubate for 10s. Next, 1 ml of extract solution was
added, followed by a 5-min incubation. Then,
700 ul of supernatant was dried in a nitrogen atmos-
phere at 50°C, 400ul of complex solution was
added, and the mixture was vortexed for 5min.
Finally, 200 ul of sample was collected for analysis.

For this analysis, we ultimately employed an AB
SCIEX Triple Quad 4500MD (Framingham,
MA, USA) for LC-MS with an ACQUITY ultra-
performance liquid chromatography (UPLC)
BEH C18 1.7-um column at the Institute of
Metal Research Chinese Academy of Sciences
(located at Dalian city). The parameters were as
follows: mobile phase (A) comprised an aqueous
solution of 2mM ammonium formate, and for
mobile phase (B), we used a 2-mM ammonium
formate methanol solution; column temperature
was 40°C, sample chamber temperature was 8°C,
and our sample volume was 2 ul.2® We measured
15 types of serum FFAs by LC-MS, including the
saturated fatty acids (SFAs) stearic acid (C18:0),
arachidic acid (C20:0), behenic acid (C22:0), and
lignoceric acid (C24:0); the MUFAs eicosenoic
acid (C20:1), erucic acid (C22:1), and nervonic
acid (NA, C24:1); the omega-3 PUFAs linolenic
acid (LA, C18:3), docosahexaenoic acid (DHA,
C22:6), and docosapentaenoic acid (DPA,

journals.sagepub.com/home/tae


https://journals.sagepub.com/home/tae

THERAPEUTIC ADVANCES in
Endocrinology and Metabolism

Volume 13

C22:5); the omega-6 PUFAs linoleic acid (C18:2),
eicosadienoic acid (C20:2), arachidonic acid (AA,
C20:4); and the omega-3/omega-6 ratio.

Statistical data analyses

Ultra-performance liquid chromatography—tan-
dem quadrupole mass spectrometry (UPLC-MS/
MS) was used to analyze serum from the three
groups. We applied MetaboAnalyst (an online
metabolic data analysis software) to conduct
integrity detection, missing-value processing,
data filtering, normalization, and other preproc-
essing of the original data for the 150 metabolites.
All metabolites in the three groups were analyzed
by partial least-squares discriminant analysis
(PLS-DA), and a variable importance in projec-
tion (VIP) value chart was constructed. Different
markers were preliminarily screened according to
a VIP cutoff greater than 1.

SPSS (version 20.0; SPSS Inc., Chicago, IL,
USA) was used in our comparative analysis.
Attribute data were analyzed with the chi-square
test, and normality of the variable data distribu-
tion was tested using the Kolmogorov—Smirnov
(K-S) test. The mean value * standard deviation
(SD) was provided for those data following a nor-
mal distribution, and the median (lower quartile
to upper quartile) was provided for non-normally
distributed data. If the results of the three groups
of data were all normally distributed after the K-S
test, we executed one-way analysis of variance
(ANOVA) for comparisons among the three
groups and performed pairwise comparisons. For
data that were not normally distributed, the
Kruskal-Wallis (K-W) non-parametric test was
used to analyze differences among the three
groups. The fatty acid data all exhibited a non-
normal distribution, and we therefore used the
K-W test to analyze the differences between
groups, making pairwise comparisons. A p-value
of <0.05 indicated the statistical significance. We
used GraphPad Prism 8 (GraphPad Software
Inc., San Diego, CA, USA) to construct the box
diagrams and also calculated the odds ratios
(ORs) and 95% confidence intervals (CIs). The
recognized confounding variables such as age,
hypertension, dyslipidemia, BMI, and eGFR
were adjusted and included in our multiple logis-
tic regression analysis; based upon a previously
published method, we exploited the adjusted
multiple logistic regression to assess the impact of
fatty acids on patients with DN.21-23

Results

Characteristics of the study population and
assessment of fatty acids

As shown in Table 1, compared with the healthy
control group, the DN group reflected a signifi-
cantly higher age, BMI, SBP, FPG, HbAlc, and
UACR; augmented levels of SCR, BUN, MAU,
and TG; and elevated rates of heart failure, cere-
bral vascular disease, retinal lesions, neuropathy,
and large vascular lesions. Relative to the healthy
control group, however, the T2DM group exhib-
ited a significantly lower eGFR and reduced con-
centrations of TC, HDL, LDL, Apo A, C24:1,
and C22:6 (Table 2). The T2DM group also
exhibited significantly higher age, BMI, SBP,
DBP, eGFR, and UACR, and increased levels of
FPG and HbA1c compared with the healthy con-
trol group, and the number of patients with neu-
ropathy was significantly higher. We noted that
SCR, UCR, and Apo A levels were significantly
lower in the T2DM group (Table 1).

Fatty acid metabonomics

After these data were normalized using the
MetaboAnalyst and shown to present a normal
distribution, we conducted PLS-DA and one-way
ANOVA (Supplementary Figure 1 and
Supplementary Table 1). Via PLS-DA, the three
groups of data were distinguishable as the DN
group (A), T2DM group (B), and healthy control
group (C).

The following variables with VIP scores >1 were
selected (Figure 1): C24:1, C22:0, C24:0, C22:0,
C20:0, C20:5, and C22:6. Compared with the
same indices in the healthy control group, the val-
ues for C20:0, C20:5, and C22:6 in the DN
group (group A) were significantly lower, and the
values for C24:1, C22:0, C24:0, and C22:1 in the
T2DM group (group B) were also significantly
lower than controls. Therefore, the results of this
analysis combined with the results from one-way
ANOVA of the three groups indicated signifi-
cantly lower DHA and NA in the DN group, and
thereby revealing close correlations between
DHA/NA and DN.

Correlations between serum fatty acids and
metabolic parameters

Figure 2 shows that C22:6 and C24:1 serum FFA
levels were low and significantly different in the
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Table 1. Baseline characteristics of the study population (n=611).

DN (n=52) T2DM (n=115) Healthy controls (n=444) p
Demographic characteristics
Age [years) 66.65+ 12.068* 60.54 + 12.3** 55.98 + 12.07 <0.001
Body mass index (kg/m?) 26.17 +2.95* 25.51 + 3.54** 24.37+3.46 <0.001
Sex (n) 33 (63.5%) 55 (47.8%) 203 (45.7%) 0.053
Smoking (n) 13 (25%) 28 (24.3%) 79 (17.8%) 0.172
Alcohol consumption (n) 14 (26.9%) 27 (23.5%) 86 (19.4%) 0.327
Systolic blood pressure (mmHg) 140 (126.25~160)* 130 (120~150)** 120 (120~140) <0.001
Diastolic blood pressure (mmHg]) 80 (80~90) 80 (80~90)** 80 (70~88) 0.003
Biological features
Fasting blood glucose (mmol/l) 8.71(6.7~10.47)* 7.63 (6.23~10.1)**  4.89 (4.54~5.24) <0.001
HbA1c (%) 8.19 +1.57* 8.03+1.81** 5.58 + 0.44 <0.001
Serum creatinine (umol/l) 82.97 + 64.79* 53.86 + 14.27** 60.09 = 13.25 <0.001
eGFR (ml/min per 1.73m?) 96.74 + 42.44* 129.16 + 43.16** 115.34+33.6 <0.001
Urine creatinine (umol/l) 9324.04 + 6334.4 8175.97 + 4534.39** 9592 86 + 4895.85 0.018
Blood urea nitrogen (mmol/l) 5.74 (4.93~6.87)* 5.015 (4.02~6.16) 4.95 (4.18~5.82) 0.001
Microalbuminuria (mg/l) 111.03 (49.54~310.8)* 6.11(3.82~13.41) 6.26 (3.88~11.99) <0.001
Urinary albumin/creatinine ratio 118.64 (51.63~335.75)* 9.8 (6.72~15.81)** 6.88 (4.81~11.89) <0.001
(mg/umol)
Uric acid (pmol/) 347.78 +119.68 328.06 + 94.07 340.3 +96.92 0.435
Total cholesterol [mmol/l) 4.93+1.15* 5.04+1.11 5.31+1.52 0.015
Triglycerides (mmol/l) 1.85 (1.29~2.46)* 1.61(1.08~2.38) 1.44 (1.02~2.15) 0.013
HDL cholesterol (mmol/l) 1.2+0.38* 1.37+0.31 1.48+0.48 <0.001
LDL cholesterol (mmol/l) 2.59 (2.07~3.21)* 2.81(2.25~3.31) 2.95 (2.47~3.48) 0.018
Apolipoprotein A (g/U) 1.01(0.89~1.17)* 1.09 (0.99~1.24)**  1.12(0.98~1.31) 0.002
Apolipoprotein B (g/l) 1.12+0.29 1.08 +0.32 1.11+0.31 0.447
VD (ng/ml) 16.45 (10.98~22.54) 17.11(12.7~22.96)  16.8 (12.28~22.26) 0.855
VD2 (ng/ml) 0.7 (0.46~1.8) 0.66 (0.3975~1.725)  0.62 (0.41~1.06) 0.167
VD3 (ng/ml) 15.4(10.1~21.9) 15.8(10.68~21.03)  15.85(11.5~21.03) 0.963
Past medical history
Coronary heart disease (n) 11 (21.2%)* 11 (9.6%) 14 (3.2%) <0.001
(Continued]
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Table 1. (Continued)
DN (n=52) T2DM (n=115) Healthy controls (n=444) p
Heart failure (n) 2 (3.8%)* 1(0.9%) 2 (0.5%) 0.039
Cerebral vascular disease (n) 12 (23.1%)* 10 (8.7%) 13 (2.9%) <0.001
Retinal lesions (n) 8 (15.7%) 5 (4.4%) 0 (0%) <0.001
Neuropathy (n) 35 (68.6%])* 58 (50.9%)** 1(0.3%) <0.001
Large vascular lesions (n) 40 (76.9%)* 70 (60.9%) 167 (38.6%) <0.001

DN, diabetic nephropathy; HDL, high-density lipoprotein; LDL, low-density lipoprotein; T2DM, type 2 diabetes mellitus; VD, vitamin D.
Data are presented as the mean value = SD for normally distributed data or as median (interquartile range) for data with a skewed distribution.

*p<0.05, for the DN group versus the control group.
“p<0.05, for the T2DM group versus the control group.

Table 2. Serum phospholipid fatty acid composition in the study patients.

DN (n=52) T2DM (n=115) Healthy controls (n=444) p

SFAs

C18:0 (umol/l) 1146.96 (871.73~1647.95) 1173.29 (957.03~1597.62) 1314.18 (976.52~1731.34) 0.042

€20:0 (umol/l) 18.64 (3.76~33.03) 14.13 (5.526~29.97) 21.71 (5.6~38.2) 0.144

€22:0 (umol/l) 33.69 (0.96~59.25) 15.1(0.91~55.61) 39.05 (1.24~66.35) 0.15

C24:0 (umol/l) 15.74 (1.1~48.05) 4.59 (1.04~46.34) 31.49 (1.11~55.7) 0.174
MUFAs

C20:1 (umol/l) 15.53 (12.33~23.55) 15.49 (12.36~19.74) 16.25(12.02~21.79) 0.576

C22:1 (umol/l) 2.98 (0.38~4.26) 2.95(0.28~4.41) 3.16 (0.27~4.98) 0.615

C24:1 (umol/l) 45.27 (0.84~76.57)* 15.63 (1.0~93.71) 67.9 (1.09~112.04) 0.004
Omega-3 PUFAs

C18:3; ALA (umol/U) 128.31 (85.72~194.93) 132.25 (89.77~180.10) 134.24(95.1~202.35) 0.488

C20:5; EPA (umol/l) 84.72 (52.56~159.36) 100.7 (55.43~156.92) 105.47 (62.22~177.69) 0.208

C22:6; DHA (umol/U) 324.58 (205.38~450.03)* 367.05 (247.88~513.05) 390.81 (255.85~565.19) 0.037

C22:5; DPA (umol/l) 100.17 (69.06~130.8) 96.17 (74.19~129.04) 98.02 (73.33~131.38) 0.857
Omega-6 PUFAs

C18:2; LA (umol/l) 5069.53 (4042.82~5922.71)  5124.62 (4109.46~6008.55) 5115.18 (4082.04~6250.01)  0.567

C20:2; (umol/l) 30.21(23.20~38.13) 29.44(23.11~35.40) 29.32 (23.05~37.67) 0.739

C20:4; AA (umol/U) 975.81 (739.43~1378.19) 987.69 (739.05~1430.91) 1154.58 (817.37~1570.46) 0.097

AA, arachidonic acid; ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; DN, diabetic nephropathy; DPA, docosapentaenoic acid; EPA,

eicosapentaenoic acid; LA, linoleic acid; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; SFAs, saturated fatty acids;
T2DM, type 2 diabetes mellitus.
Data are given as a number (percentage) for categorical variables and (mean value + standard deviation) or median (IQR) for continuous variables.
Italic values indicate a significant p-value (p <0.05).
*p<0.05, for the DN group versus the control group.
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DN group compared with the healthy control
group. DHA concentrations in the T2DM group
did not differ from those in the other two groups,
and the NA concentrations in the DN group were
slightly lower than those in the T2DM group. In
addition, FPG and HbAlc levels were signifi-
cantly augmented in the DN and T2DM groups
relative to the healthy control group.

As shown in the hierarchical clustering heatmap
(Figure 3), group A (i.e. the DN group) exhibited
a significantly higher MAU and ACR, and signifi-
cantly attenuated C22:6 and C24:1 concentra-
tions; group B (i.e. the T2DM group) showed
lower FPG and HbAlc levels; and group C (i.e.
the healthy control group) showed elevated C22:6
and C24:1 levels. A heatmap of Spearman’s cor-
relation (Figure 4) for the 611 participants
revealed that serum C22:6 was significantly nega-
tively correlated with MAU, UACR, BMI, FPG,
and HbAlc. With the elevation in MAU, the
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Figure 2. Distribution of serum fatty acids C24:1, C22:6, FPG, and HbAc in three groups.
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UACR, BMI, and FPG were reduced; HbAlc,
DHA, and NA levels declined significantly
(Supplementary Tables 2 and 3); serum C24:1

showed a significant negative correlation with
BMI, FPG, and HbAlc (i.e. with increasing
BMI, FPG, HbAlc, and DHA levels); and NA
levels decreased significantly.

Multiple logistic regression of adjusted factors

and receiver operating characteristic curve
analysis of DN

Some risk factors such as elevated blood sugar
levels, a long diabetes duration, elevated blood
pressure, obesity, and hyperlipidemia can lead to
the onset and development of DN. These risk fac-
tors can, however, be modified by antidiabetic,
antihypertensive, or lipid-lowering regimens and
lifestyle changes.?* Single-factor logistic regres-
sion analysis (Table 3) showed that AGE, BMI,
SBP, FPG, HbAlc, SCR, UACR, TG, HDL,
coronary heart disease, heart failure, cerebral vas-
cular disease, neuropathy, and large vascular
lesions were associated with C22:6 and C24:1.
We then conducted multiple logistic regression
analysis after adjusting for confounding factors
that included AGE, BMI, SBP, FPG, TG, and
HDL (Table 4); our results indicated that DHA
and NA played a role in DN (C22:6 OR=0.991;
95% CI=0.985-0.997; »p=0.002 and C24:1
OR=0.978; 95% CI=0.958-0.999; p=0.037).

As shown in Figure 5, the area under the ROC
curve (AUC) for serum DHA was 0.599
(»p<0.05), and the AUC for NA was 0.6172
(p<0.05), indicating that DHA and NA manifest
potential in exploring the diagnostic value of
DN.

Discussion

We have perused the literature and maintain that
ours is one of the few studies on the correlation
between DN and fatty acids. Through the combi-
nation of PLS-DA and one-way ANOVA, we
determined that fatty acids such as DHA and NA
were related; the serum omega-3 PUFA C22:6
(DHA) showed a significant negative correlation
with MAU, ACR, BMI, FPG, and HbAlc; and
the serum MUFA C24:1 (NA) showed a signifi-
cant negative correlation with BMI, FPG, and
HbAlc. Our ROC curve analysis also suggested
that DHA and NA may act as potential predictive
indicators in the diagnosis of DN.

The aim of this study was to investigate potential
FFAs that could discriminate among patients
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with DN, T2DM, and healthy controls, and to
explore the correlation between FFAs and DN to
enable the future investigation of whether these
indicators possess diagnostic value. This study
may also reflect some relevance of microvascular
and macrovascular complications of diabetes with
respect to the emergence of meaningful indicators
of DN.

Correlation between fatty acids and DN

Abnormal serum lipids and renal heterolipid
build-up are connected to the development of kid-
ney diseases, especially DN.# Specific metabolic,
vascular, and inflammatory diseases associated
with diabetes frequently contribute to aggressive
albuminuria, kidney damage, and impairment
(DN). While fatty acids constitute the body’s pri-
mary energy supply, too many (particularly FFAs)
can cause lipid toxicity.!? Lipid components in the
blood and liver precipitate lipid toxicity by activat-
ing inflammatory cytokines and cellular prolifera-
tion, and not only generate an increase in FFAs
but also cause kidney damage by inducing glomer-
ular and tubular damage.*

SFAs have been shown in most studies to be a
detrimental factor in metabolic diseases such as
diabetes.?>-27 SFAs are involved in the pathophys-
iologic development of DN in patients via mecha-
nisms such as lipotoxicity and renal cell damage.*
As the classifications of FFAs are complex and
numerous, however, further improvement in
studies such as ours is necessitated. For example,
it is necessary to evaluate a larger number of dif-
ferent ethnic and racial groups to analyze bio-
markers of FFAs in DN. A few DN biomarkers
can be used to guide accurate interventions into
the disease, however. In this study, a novel meta-
bolic mass spectrometric technique at the Dalian
Institute of Chemical Technology was employed
to assess serum FFA levels using LC-MS. The
execution of least-squares multiple discriminant
analysis then allowed different groups to be dis-
tinguished. We expect that the results will facili-
tate the differentiation of DN28 and present
distinctions among the various types of FFAs in
DN patients.

Omega-3 PUFA [DHA] correlation with DN

Researchers previously observed that patients
with T2DM who had elevated levels of PUFAs
and omega-3s, or higher ratios of omega-3/

Table 3. Univariate logistic regression analysis of DN in the study patients.

Variable Univariate p-value
Age 1.084 (1.054~1.114) <0.001
Body mass index 1.151 (1.065~1.244) 0.001
Systolic blood pressure 1.036 (1.021~1.051) <0.001
Fasting blood glucose 4.412 (3.335~5.835) <0.001
HbATC (%) 4.886 (3.566~6.695) <0.001
Serum creatinine 1.033 (1.017~1.049) 0.001
Urinary albumin/creatinine ratio  1.055 (1.040~1.070) <0.001
Triglycerides 1.114(0.991~1.252) 0.07
HDL cholesterol 0.103 (0.04~0.268) <0.001
Coronary heart disease 8.24 (3.514~19.322) <0.001
Heart failure 8.72 (1.202~63.264) 0.032
Cerebral vascular disease 9.877 (4.226~23.083) <0.001
Neuropathy 859.687 (110.71~6675.656)  <0.001
Large vascular lesions 5.309 (2.707~10.412) <0.001
C22:6 0.999 (0.997~1) 0.089
C24:1 0.992 (0.987~0.998) 0.005

HDL, high-density lipoprotein.
Italic values indicate a significant p-value (p <0.05).

omega-6 PUFAs, were associated with improved
renal function.?® Omega-3 PUFAs also contain
the properties of lowering blood lipids, lowering
blood pressure, anti-inflammation, and improv-
ing coronary artery diseases (the leading cause of
death among patients with DN). However, there
is a paucity of information on DN patients. In
summary, the measurement of fatty acids is criti-
cal to the management of DN, and further
research is therefore needed to elucidate its asso-
ciation with fatty acids.3?

The potential benefits of supplementation with
omega-3 PUFAs are well established for numer-
ous diseases.?1-2> There is limited evidence for an
association between omega-3 fatty acid supple-
mentation and DN, however. Han ez al.3¢ demon-
strated that serum TC and TG levels and the
UACR were significantly reduced after supple-
mentation with omega-3 PUFAs. The level of
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Table 4. Multiple adjusted logistic regression of diabetic nephropathy in the study patients.
Model 1 Model 2 Model 3 Model 4
OR (95% CI) p OR (95% CI) p OR (95% ClI) P OR (95% ClI) P
C24:1  0.980(0.965~0.995)  0.01 0.978(0.961~0.996]  0.018 0.980(0.961~0.999)  0.040 0.978 (0.958~0.999)  0.037
C22:6  0.994(0.991~0.998) 0.002  0.993(0.989 ~0.998) 0.002 0.993(0.989 ~0.997) 0.005 0.997(0.985~0.997)  0.002

Cl, confidence interval; OR, odds ratio.
Model 1: unadjusted odds ratio (OR]; Model 2: adjusted for age, FPG, TG, and HDL; Model 3: adjusted for age, BMI, FPG, TG, and HDL; Model 4:
adjusted for age, BMI, SBP, FPG, TG, and HDL.

Italic values indicate a significant p-value (p <0.05).
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Figure 5. ROC curve of serum fatty acids (C22:6 and C24:1) predicted DN.

omega-3 PUFAs in the diet was also negatively
linked to type 1 diabetes but not to the incidence
of proteinuria. These findings need to be further
evaluated in future prospective studies.3’

Correlation between MUFAs (NA) and DN

MUFAs are also associated with diabetes or DN,
and constitute an emerging marker associated
with acute coronary artery syndrome in DN
patients, low renal cystic filtration, and vascular
calcification that can be modified by supplemen-
tation with omega-3 PUFAs.3% Current examina-
tions of NA chiefly involve the mortality risk of
patients with chronic kidney disease (CKD) and
coronary heart disease,?® and thus, scrutiny of the
relationship between NA and kidney disease as
caused by diabetes needs to be fostered. Szczuko
et al.,>® however, observed that a higher NA
(C24:1) level in DN patients was associated with
a higher level of demyelination and axonal loss,

and this might be related to the body’s stress-pro-
tection mechanism.

In addition, researchers have ascertained that NA
attenuates risk factors for coronary heart disease,
and they hypothesize that it could exert a protective
impact on metabolic diseases associated with obe-
sity.40 Follow-up data from patients with Stage-5
CKD confirmed that NA was a component of
membrane lipids and that phosphatidylethanola-
mine was a significant predictor of all-cause mortal-
ity.4! Prospective studies on DN are still lacking at
present, and additional analyses are needed in the
future to clarify its relation to other pathologies.

There were multiple limitations to our analysis.
First, as dietary fat intake was not accurately
assessed, we could not explicitly rule out the
effects of diet on our observations. Second, our
sample size for the DN patients was limited rela-
tive to that of the healthy controls. Third, it was
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obvious that analyses of related trends in dietary
fat intake and the development of insulin resist-
ance and DN are sorely needed. Finally, as this
study was cross-sectional in design, we were not
able to propose a causal relationship between
FFAs and DN. Additional well-designed pro-
spective studies are therefore needed to further
confirm this relationship, for example, investiga-
tions on whether supplemental dietary fatty acid
analysis might improve disease. It will also be
critical in the future to assess the influence of
PUFAs on glucose metabolism, diabetes-related
lipid defects, and coronary heart disease.

In conclusion, LC-MS detection of the spectrum
of serum fatty acids revealed that omega-3 PUFAs
(C22:6, DHA) were significantly negatively cor-
related with MAU and the ACR, and that MUFAs
(C24:1, NA) and DHA were significantly nega-
tively correlated with BMI, FPG, and HbAlc.
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