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thoroughly quantify whether and how PUFAR was related to DR as well as its role in DR detection.
Methods: This two-centre case-control study was conducted from August 2017 to June 2018 in China, partici-
pants were matched using a propensity score matching algorithm. We adopted multivariable logistic regres-
sion models and restricted cubic spline analyses to estimate the independent association of PUFAR with DR,
) adjusting for confounders identified using a directed acyclic graph. The value of PUFAR as a biomarker for DR
w-6 [w-3 PUFAs ratio . . . K . .
Diabetic retinopathy identification was further eva%uated by receiver operating characteristic analyses and Hosmgr—Lemeshow tests.
Propensity score matching Findings: An apparent negative relationship between PUFAR and DR was observed. Adjusted odds of DR
Case control study decreased by 79% (OR: 0-21, 95% CI: 0-10—0-40) with an interquartile range increase in PUFAR. Similar results
were also obtained in tertile analysis. As compared to those in the 1st tertile of PUFAR, the adjusted odds of
DR decreased by 76% (OR: 0-24, 95% CI: 0-08—0.-66) and 93% (OR: 0-07, 95% CI: 0-03—0-22) for subjects in the
2nd and 3rd tertiles, respectively. Good calibration and discrimination of the PUFAR associated predictive
model were detected and PUFAR = 35 would be an ideal cut-off value for DR identification.
Interpretation: Our results suggest that serum PUAFR is inversely associated with DR. Although PUFAR-alter-
ation is not observed amongst different stages of DR, it can serve as an ideal biomarker in distinguishing
patients with DR from those without DR.
Funding: This study was funded by Natural Science Foundation of Zhejiang Province, Zhejiang Basic Public
Welfare Research Project, the Major Project of the Eye Hospital of Wenzhou Medical University, and the
Academician’s Science and Technology Innovation Program in Zhejiang province. Part of this work was also
funded by the National Nature Science Foundation of China, and Research Project for College Students in
Wenzhou Medical University.
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Research in context

Evidence before this study

Diabetic retinopathy (DR) has emerged as a leading cause of
visual impairment and blindness in the working-age population
worldwide. Concerns have been raised about the potential
impact of w-3 and w-6 polyunsaturated fatty acids (PUFAs) on
DR. However, available evidence remains inconclusive, and
evaluation of PUFAs mainly relies on self-reported dietary
intake, which inevitably leads to unsatisfactory precision of
PUFAs measurements and reduces credibility of the conclu-
sions. Besides, w-3 and w-6 PUFAs are considered to be compet-
itors combining the same desaturase and elongase in the
process of metabolism. Only placing emphasis on a single type
of PUFAs is insufficient. Objectively measured w-6/w-3 polyun-
saturated fatty acids ratio (PUFAR) may help to clarify these
associations.

Added value of this study

To the best of our knowledge, this is the first propensity score
matching based study to thoroughly examine the relationship
between DR and serum PUFAR as well as w-6 and w-3 families
of PUFAs. The levels of PUFAs are carefully determined by an
ultra-performance liquid chromatography-electrospray ionisa-
tion-tandem mass spectrometry (UPLC-MS/MS) system which
showed great advantages of high sensitivity and selectivity as
compared to the self-reported results.

Implication of all the available evidence

The results of this study not only suggest that higher serum
PUFAR was associated with lower odds of DR and can serve as a
potential biomarker in distinguishing early DR patients from
their counterparts, but also promote a further understanding of
the possible differential links between serum PUFAR and differ-
ent disease statuses of diabetes.

1. Introduction

Despite recent advances in medicine, there has been a dramatic
increase in diabetes mellitus (DM) over the past ten years worldwide,
from 285 million in 2009 [1] to 463 million in 2019, and the number
is expected to rise to more than 690 million by 2045 [2]. If poorly
treated, DM can lead to multiple organ damages, which will inevita-
bly reduce quality of life and increase early mortality. As a frequent
complication of DM, diabetic retinopathy (DR) is a chronic DM-
induced eye disease and a leading cause of global visual impairment
and blindness burdens [3]. Pang et al. [4] have reported that nearly
all type 1 and the majority (over 60%) of type 2 diabetic (T2D)
patients eventually suffer from some degree of DR after 20 years of
diabetes. Besides, due to its silent clinical characteristics, almost all
DR patients are diagnosed at a moderate or advanced stage of disease
[5]. This not only greatly decreases its clinical efficacy, but also leads
to a huge waste of limited healthcare budgets. So, we need a simple
and effective approach to distinguish T2D patients with DR from
those without DR in time, which will be fruitful for its early diagnosis,
timely treatment, and clinical administration.

Previous studies have recognised the critical role of dyslipidemia
in neovascular eye diseases, including DR [6]. And available evidence
suggests that lipids metabolism may play a central role in the initia-
tion and progression of DR [7]. However, routine lipid profiles such
as low-density lipoprotein cholesterol (LDL-C), high-density lipopro-
tein cholesterol (HDL-C), total cholesterol (TC), and triglyceride (TG)

are inadequate to serve as sensitive and specific biomarkers for the
timely detection of DR because of the complex relationships between
lipids and DR [8]. Available lines of evidence suggest that polyunsatu-
rated fatty acids (PUFAs) are closely linked to the risk of DR. Never-
theless, overall results from both intervention and observational
studies remains inconclusive. Although it is generally conceptualised
that w-3 PUFAs are beneficial [9], no association between the supple-
ment of w-3 PUFAs and DR has been detected in several studies [10].
While w-6 PUFAs are reported to be positively associated with the
risk of DR due to their inductions of adhesion molecule expression
and leucocyte adhesion in human retinal endothelial cells [11]. How-
ever, two clinical studies conducted in Europe reveal that w-6 PUFAs
were inversely associated with DR occurrence [12,13]. In a recently
published paper, w-6 and w-3 PUFAs are considered to be competi-
tors combining the same desaturase and elongase in the process of
metabolism [14], and different w-6/w-3 PUFAs ratio (PUFAR) may
result in different severity of inflammation and angiogenesis [15]. All
these findings strongly indicate that PUFAR may be linked to the
pathogenesis of DR. To test this hypothesis and avoid potential
underfitting or overfitting as well as collinearity, the association of
PUFAR instead of individual PUFAs with DR should be carefully inves-
tigated. However, to the best of our knowledge, studies on the rela-
tionship between PUFAR and DR are rare. Limited evidence only
comes from observational studies and levels of PUFAs are mainly
evaluated by self-reported dietary intake, which inevitably leads to
unsatisfactory precision of PUFAs measurements and significantly
reduces the credibility of relevant conclusions.

To overcome these limitations, this study aims to comprehen-
sively quantify the association of serum PUFAR with DR, as well as to
evaluate its role when using PUFAR as a sensitive and specific bio-
marker in the detection of DR. An ideal cut-off value of PUFAR is also
proposed.

2. Methods
2.1. Study design and participants

This was a two-centre case-control study in China. Detailed infor-
mation on the study design and participants enrolment could be
found in our previous work [16]. In brief, we ascertained 195 type 2
diabetic (T2D) patients (83 with DR and 112 without DR) from two
affiliated hospitals of Wenzhou Medical University and Anhui Medi-
cal University, respectively, from August 2017 to June 2018. The DR
group included 60 patients with non-proliferative diabetic retinopa-
thy (NPDR: 9 mild, 31 moderate, and 20 severe) and 9 patients with
proliferative diabetic retinopathy (PDR). DR status was indepen-
dently assessed by two experienced ophthalmologists strictly follow-
ing the guidelines for clinical diagnosis and image screening [17].
Details of grading DR were presented in Supplementary Methods. To
adjust for the potential impacts due to possible confounders and
improve comparability of the results to some extent, 69 pairs of T2D
patients with DR and those without DR were matched by age, gender,
body mass index (BMI) and glycosylated haemoglobin Alc (HbA1c) at
a ratio of 1:1 using propensity score matching (PSM) approach. To
fully describe the changes of w-3 and w-6 PUFAs in participants with
different health states, we additionally matched another 69 healthy
volunteers from the routine physical examination cohort from the
Second Affiliated Hospital of Wenzhou Medical University with T2D
patients by age, gender and BMI via PSM algorithm at a ratio of 1:1
(Supplementary Fig. 1).

2.2. Demographic and clinical covariates
Demographic variables containing age, gender, diabetes duration,

smoking, drinking, history of diabetes treatment, hyperlipidaemia and
others were obtained via a standardised questionnaire. To improve
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and guarantee the quality of information acquired, a 10% sub-sample
of participants were re-interviewed within 3 weeks of the first inter-
view by a full-time investigator strictly following the protocol of qual-
ity control and standardised operation procedure (SOP). Clinical
features including fasting plasma glucose (FPG), HbAc, routine lipid
profiles such as HDL-C, LDL-C, TC, TG and others were detected by the
automatic biochemical analyser (Roche, Cobas ¢311).

2.3. Anthropometric measurements

All participants accepted physical examinations by trained inves-
tigators according to the SOP. Sitting systolic blood pressure (SBP)
and diastolic blood pressure (DBP) were measured three times by
standard mercury sphygmomanometers after at least 5 min of rest
during the enrolment, and average SBP and DBP values were used for
further analyses. In addition, weight and height were also measured
to calculate BMI using the following formula: BMI (kg/m?) = weight
(kg) / squared height (m?).

2.4. Polyunsaturated fatty acids data

Detailed information on the sample processing and PUFAs determi-
nation could be found in our previous work [18]. In brief, serum sam-
ples were tested in a random order using an ultra-performance liquid
chromatography-electrospray ionisation-tandem mass spectrometry
system (UPLC-MS/MS) at the central laboratory of Metware, Inc, a pro-
fessional and experienced metabolomics institution in China. Techni-
cians were also blind to the characteristics of subjects during the
measurement of PUFAs. Individual PUFAs levels were expressed as
percentages of the total fatty acids identified (%) and each PUFAs was
classified into w-6 or w-3 family according to the position of the first
double bond from the methyl end of the acyl chain. Total -3 and w-6
PUFAs were determined by the sum of all associated PUFAs in each cat-
egory, respectively. Finally, the w-6/w-3 PUFAs ratio (PUFAR) was cal-
culated using total w-6 PUFAs divided by total w-3 PUFAs for clinical
interests in balancing the two major PUFAs subclasses.

2.5. Sample size estimation

To ensure the sample size was sufficient to meet statistical
requirements and guarantee the reliability of our findings, the sample
size and power estimations were carefully estimated using G*Power
version 3.1.9.2 (http://stats.idre.ucla.edu/other/gpower/), a statistical
power analyses software proposed by scientists from the University
of California, Los Angeles. With type I error as 0.05, effect size equals
to 0.5, a total sample size of 128 will be needed to achieve a power of
0.8 at the allocation ratio of 1. Please find the details of this part in
the supplementary materials.

2.6. Statistical analysis

As missing data would lead to bias and affect the credibility of the
conclusion to some extent, data cleaning was carried out to obtain
suitable data before final analysis. First, missing values of covariates
(the proportion of missing values was less than 20% and considered
missing completely at random), were imputed by multiple imputa-
tion based on Markov Chain Monte Carlo (MCMC) method with 20
repetitions [19]. Then, population characteristics of participants were
compared as follows: (1) Normally distributed variables were
described as mean =+ standard deviation, and analysis of variance
(ANOVA) or student t-test was applied to assess the differences
amongst or between groups. While obviously skewed data would be
expressed as median (1st quartile, 3rd quartile) and Kruskal-Wallis H
test or Mann—Whitney U tests would be performed for the compari-
sons. (2) All categorical variables were presented as frequency

(percentage) and chi-square or Fisher’s exact tests were conducted to
compare the differences of proportions amongst or between groups.

To investigate the independent association of PUFAR with the odds
of DR, multivariable logistic regression models adjusting for confound-
ers screened by a directed acyclic graph (DAG) (Supplementary Fig. 2)
were used in the following two ways: with PUFAR as continuous varia-
bles [scaled to interquartile range (IQR)] and as categorical variables
(tertiles), in which the linear trend tests were also carried out. Further-
more, a potential nonlinear association between PUFAR and the pres-
ence of DR was additionally evaluated using the restricted cubic spline
(RCS) regression model, with 3 knots at the 5th, 50th, and 95th percen-
tiles. To test the robustness and consistency of the results in different
subgroups, we repeated all analyses stratified by age (< 55, > 55 years),
gender (male, female), BMI (< 23.9, > 23.9 kg/m?), FPG (< 7, > 7 mmol/
L), hypertension (no, yes), and lipid lowering therapy (no, yes), respec-
tively. In addition, possible modifications induced by above stratified
factors on the association between PUFAR and DR were also carefully
evaluated by including their interaction terms with PUFAR in the logistic
regression models. Depending on the potential causal relationships of
PUFAR and DR as well as hypertension (Supplementary Fig. 2), we
assumed that hypertension might affect the links between PUFAR and
DR to some extent. To test our hypothesis, mediation analysis was fur-
ther performed. Odds ratio (OR) and 95% confidence interval (CI) of the
total effect (TE), natural direct effect (NDE), and natural indirect effect
(NIE) were estimated by the ‘mediation’ package in R software.

To develop a simple and effective predictive model for evaluating
the value of PUFAR in DR detection, 69 pairs of cases and controls
was randomly split into independent training and testing sets at a
ratio of 7:3 by scikit-learn package of Python version 3.8.8 (Copyright
© 2001-2021 Python Software Foundation). Goodness-of-fit of mod-
els were assessed by calibration curves and Hosmer-Lemeshow tests.
While discrimination ability of the predictive model was evaluated
by the area under the receiver operating curve (AUC). Then, depend-
ing on the cut-off value determined by RCS, the sensitivity, specificity,
positive predictive value (PPV) and negative predictive value (NPV)
were also calculated in both the training and testing sets.

Furthermore, sensitivity analyses were also conducted to examine
the robustness and consistency of our results. First, we repeated the
analysis using data without any missing values in covariates to assess
the influence of missing data on our findings. Second, single imputation
approach, median for continuous variables and mode for categorical
ones, was also performed to assess the influence of different imputation
methods. Third, covariates associated with metabolic syndrome such as
dyslipidemia and hypertension were further controlled to avoid their
possible confounding influences on our results. Forth, dietary informa-
tion such as different types of cooking oils, consumption of oils and salt
were also adjusted to evaluate whether the association of PUFAR with
DR remained robust when controlling for dietary variations.

Data management and statistical analyses were carried out using
Stata/MP 15.1 for windows (© 1985-2017 Stata Corp LLC, College
Station, Texas 77,845, USA), Python Version 3.8.8 (© 2001-2021
Python Software Foundation), and R Version 4.0.4 (R Foundation for
Statistical Computing, Vienna, Austria). All tests were two-sided and
the significance level was set as p < 0-05.

2.7. Ethic statement and approval

The protocol of the present study had been approved by the Eye
hospital of Wenzhou Medical University ethics committee (Number:
KYK [2017] 46). All participants were informed about the study, par-
ticipation was voluntary, and all signed written informed consent.

2.8. Role of the funding source

The funders of this study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report. The
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corresponding authors had full access to all data in the current study
and had final responsibility for the decision to submit for publication.

3. Result
3.1. Characteristics of study population

To briefly illustrate the characteristics of study population, the
demographic, clinical, and anthropometric features of enroled sub-
jects were summarised in Table 1. When comparing these features in
participants with different health statuses, T2D patients with DR
were quite comparable to those without DR in almost all features
since a PSM approach was conducted during the study design period.
However, DR patients were more likely to have higher SBP and longer
diabetes duration as compared with other T2D patients.

3.2. Comparison of PUFAs composition amongst groups

In this study, ten PUFAs including five w-6 PUFAs (linoleic acid
(LA), gamma-linolenic acid (GLA), eicosadienoic acid (EDA), dihomo-
gamma-linolenic acid (DGLA), and arachidonic acid (AA)) and five
w-3 PUFAs (alphalinolenic acid (ALA), stearidonic acid (SDA), eicosa-
tetraenoic acid (ETA), eicosapentaenoic acid (EPA), and docosahexae-
noic acid (DHA)) were identified by UPLC-MS/MS system.
Comparisons of individual serum PUFAs and PUFAR amongst the
three groups were shown in Fig. 1 and Supplementary Table 2.
Amongst all detected PUFAs, LA was the chief component and
counted for about 40% of all fatty acids. For other w-6 PUFAs, T2D
patients (both DM and DR) tended to have lower levels of EDA, GLA,
DGLA, and AA when comparing with healthy controls. The levels of

Table 1

w-3 PUFAs were much lower than those in w-6 family and only
counted for about 1%. However, differences in each w-3 PUFAs
amongst the three groups were statistically significant. From healthy
controls to DM to DR, apparent monotonous upward trends in SDA
and ETA as well as monotonous downward trends in ALA, EPA, and
DHA could be observed respectively. In addition, T2D patients with-
out DR were more likely to have higher PUFAR than their counter-
parts and patients with increasing levels of DR did not have
decreasingly lower PUFAR-levels (Fig. 2).

3.3. Association of w-6, w-3 PUFAs and PUFAR with DR

Table 2 revealed that both total w-6 PUFAs and total w-3 PUFAs
were significantly associated with the presence of DR after adjusting
for some confounders. With per standard deviation (SD) elevation of
total w-6 PUFAs, adjusted odds ratio (OR) of DR averagely decreased
by 50% (OR: 0.50, 95% CI: 0.33-0.75), which strongly indicated that
w-6 PUFAs, especially LA, would be independent protective factors
for DR since higher w-6 PUFAs were significantly associated with
decreased likelihood of DR. Meanwhile, a statistically positive associ-
ation between total w-3 PUFAs and the presence of DR was also
detected. With per interquartile range (IQR) increase of total w-3
PUFAs, the risk of developing DR averagely increased by 434% (OR:
5.34, 95% CI: 2.48—11.52), which clearly suggested that w-3 PUFAs,
especially SDA and ETA, would be independent risk factors for DR.

In addition, the association of DR with PUFAR was also carefully
investigated (Table 3, Fig. 3). With per IQR increase of PUFAR,
adjusted likelihood of DR decreased by 79% (OR: 0.21, 95% CI:
0.10-0.40). Similar results were also found when modelling the
PUFAR as tertiles. Comparing with subjects in the lowest tertile, the

General characteristics and clinical features of the study population.

Variables Control (n=69) DM (n = 69) DR (n=69) p value
Demographic characteristics

Male, n (%) 53(76-81) 38(55-07) 36(52:17) 0.01°
Age, years 56-0(54-0,62.0) 53.0(48-0,61-0) 56-0(51-0,65-0) 0.01°
Research centre, n (%) <0.0001*
Wenzhou 100(100-00) 36(52:17) 48(69-57)

Hefei 0(0-00) 33(47-83) 21(30-43)

Hypertension history, n (%) 0137
No 50(72-46) 36(52:17) 29(42.03)

Yes 19(27-54) 33(47-83) 40(57-97)

Diabetes duration, years NA 8-0(4.0,13-0) 12.0(8-0,17-0) 0.01°¢
Lipid-lowering medication, n (%) 0-56 °
No NA 58(84-06) 53(76-81)

Yes NA 8(11-59) 12(17-39)

Missing NA 3(4-35) 4(5-80)

Ever insulin therapy, n (%) 017°
No NA 46(66-67) 55(79-71)

Yes NA 19(27-54) 10(14-49)

Missing NA 4(5-80) 4(5-80)

Anthropometric Examination

Body Mass Index, kg/m? 24.47(23-36,26-73)  23.91(22-22,26-40)  24-10(22-41,26-64) 052"
Systolic blood pressure, mmHg NA 124(118,139) 135(122,148) 0.01°¢
Diastolic blood pressure, mmHg NA 79(74,86) 76(70,85) 0-20°¢
Biological measurements

Glycated haemoglobin,% 5.70(5-40,6-05) 9.90(8-30,11-80) 9.80(8-90,10-90) <0.0001"
Fasting plasma glucose, mmol/L 5.39(5-11,6-06) 8-35(6-92,12-00) 8.50(6-31,10-17) <0.0001"
Triglyceride, mmol/L 1.95(1-48,2-99) 1-61(1-04,2-17) 1-39(1-03,1-86) <0-0001°
Total cholesterol, mmol/L 5.00 +£0-93 4.72 +1-14 4.51 +1-40 0-05 ¢
Low density lipoprotein, mmol/L 2.82+0.78 265+ 1.00 2.55 +1.07 0-25¢
High density lipoprotein, mmol/L ~ 1.09(0-98,1-26) 1-02(0-80,1-34) 1.09(0-86,1-32) 0-20°

Control: healthy control; DM: type 2 diabetic patients without diabetic retinopathy; DR: type 2 diabetic patients with dia-

betic retinopathy; NA: not applicable.

Data were presented as mean + standard deviation for normal or similar normal distributed variables, number (percent-
age) for categorical variables, or median (25th,75th percentiles) for variables having skewed distribution.

2 pvalues were derived from Chi-Square tests.
b pvalues for Kruskal-Wallis H tests.

¢ pvalues for Mann—Whitney U tests.

4" pvalues for F tests (ANOVA).
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Fig. 1. Biosynthesis pathways and relative concentration of PUFAs as well as PUFAR amongst the three groups.

CON: healthy control; DM: type 2 diabetic patients without diabetic retinopathy; DR: type 2 diabetic patients with diabetic retinopathy; PUFAs: serum polyunsaturated fatty
acids; LA: linoleic acid; GLA: y-Linolenic acid; EDA: eicosadienoic acid; DGLA: dihomo-y-linolenic acid; AA: arachidonic acid; ALA: «-Linolenic acid; SDA: stearidonic acid; ETA:
eicosatetraenoic acid; EPA: eicosapentaenoic acid; DPA: docosapentaenoic acid; TPA: 12—0-tetradecanoylphorbol-13-acetate; THA: tetracosahexaenoic acid; DHA: docosahexaenoic
acid; Total w-6 PUFAs: the sum of LA, GLA, EDA, DGLA, and AA; Total w-3 PUFAs: the sum of ALA, SDA, ETA, EPA, and DHA; PUFAR: serum w-6/w-3 polyunsaturated fatty acids ratio.
The colour in green, orange, and blue refer to the family of w-6, w-3 PUFAs, and PUFAR, respectively. The shade of colour represents the disease status. * p < 0-05; ** p < 0-01; ***
p < 0-001 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

adjusted ORs of DR decreased by 76% (OR: 0.24, 95% CI: 0.08—0.66)
and 93% (OR: 0.07, 95% CI: 0.03—-0.22) for those in the 2nd and 3rd
tertile of PUFAR, respectively. Meanwhile, an apparent linear trend of
DR with PUFAR was additionally detected (piena < 0.0001) and
results of all sensitivity analyses (Supplementary Table 4) as well as
findings from the RCS model (Fig. 3) were highly consistent. To fur-
ther examine the association of PUFAR with DR, we split 69 pairs of
participants into two groups in accordance with the reference point
(PUFAR = 35) selected by the RCS model and repeated the association
assessment. Compared with participants whose PUFAR was < 35, the
likelihood of DR tended to decrease by 87% (OR: 0.13, 95% ClI:
0.06—0.31) in those whose PUFAR was > 35. Similar results were also
observed in a series of subgroup analyses (Supplementary Fig. 3).
Although no significant modifications on the above association were
induced by all stratified factors (Pinteraction > 0.05), adjusted odds of
DR were consistently associated with PUFAR.

80— — x |
— 1
60+
¢ .
g
% 40+
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Fig 2. Comparison of PUFAR amongst DM and different DR statuses.

PUFAR: serum w-6/w-3 polyunsaturated fatty acids ratio; DM: type 2 diabetic reti-
nopathy patients without diabetic retinopathy; DR: type 2 diabetic patients with dia-
betic retinopathy; NPDR: nonproliferative DR; PDR: proliferative DR. * p < 0-001.

3.4. Mediation analysis of hypertension on the association of PUFAR
with DR

Based on the criteria of mediation analyses [20], only systolic
blood pressure (SBP) was considered as a mediator of the association
between serum PUFAR and DR in this study. However, we observed
that only a small proportion of the negative association of PUFAR
with DR was mediated by SBP after adjusting for diabetes duration
and ever insulin therapy (Supplementary Table 3).

3.5. Identification of DR using PUFAR

Our overall results suggested that the relationship between
PUFAR and DR was strong enough and whether PUFAR could be used
as an effective biomarker for DR identification should be further
investigated. As was shown in Supplementary Fig. 4, good calibration
could be achieved even though only PUFAR was included in the
model, and it was consistent in both the training ( x>=8.03, P = 0.43)
and testing sets (x2=7.90, P = 0.44) for H-L tests. According to the dis-
crimination tests in Fig. 4, the area under the curve (AUC) of ROC
analysis was 0.83 (95% CI: 0.75, 0.91) in the training set (Fig. 4(A))
and 0.79 (95% CI: 0.65—0.93) in the independent testing set (Fig. 4
(B)), respectively. In addition, depending on the cut-off value
(PUFAR = 35) determined by RCS, the associated sensitivity, specific-
ity, positive predictive value (PPV), and negative predictive value
(NPV) were 75.00%, 77.08%, 76.60%, 75.51% in the training set and
71.43%, 80.95%, 78.95%, 73.91% in the testing set, respectively. These
results demonstrated again that PUFAR could serve as a simple and
effective biomarker and would play an important role in the identifi-
cation of DR.

4. Discussion
To the best of our knowledge, this was the first study to compre-

hensively quantify the association of PUFAs and PUFAR with DR
depending on a multi-centre, PSM designed study, and the levels of
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Table 2
ORs (95%Cl) for the presence of DR with individual PUFAs.
PUFAs Crude * Adjusted " Adjusted ¢
w-6 family
Linoleic acid, LA 0-43(0-29,0-64 0-42(0-27,0-64 0-45(0-30,0-70)

y-Linolenic acid, GLA*
Eicosadienoic acid, EDAY
Dihomo-y-linolenic acid, DGLA?
Arachidonic acid, AA*

Total w-6 PUFAs®

w-3 family

a-Linolenic acid, ALA?
Stearidonic acid, SDA®
Eicosatetraenoic acid, ETAY
Eicosapentaenoic acid, EPA’
Docosahexaenoic acid, DHAY
Total w-3 PUFAs”

0.78(0-56,1-10
1.08(0-79,1.50
0.76(0-51,1-13
1.26(0-90,1.78
0.47(0-32,0.70

0.78(0-52,1.17)
6.26(3-19,1226)
7.48(3-58,15.65)
1.29(0-88,1-89)
0.89(0-59,1-36)
6.57(3-19,13.56)

0-80(0-56,1-15
1.06(0-76,1.49
0-68(0-44,1.05
1.20(0-84,1.71
0-46(0-31,0.69

(
0-84(0.58,1.22)
1.03(0.72,1.47)
0-68(0-43,1.05)
1.15(0-80,1.65)
0-50(0-33,0-75)

0.81(0-53,1-25)
6-41(3-14,13.06)
7.34(3-41,15.84)
1.16(0-80,1.69)
0.73(0-45,1.18)
5.80(2-73,12-32)

0-87(0-56,1-35)
5.97(2.91,12.25)
6-82(3-16,14.70)
1.12(0-76,1.64)
0-69(0-43,1-12)
5.34(2.48,11.52)

OR: odds ratio; CI: confidence interval; DR: type 2 diabetic patients with diabetic retinopathy;

PUFAs: serum polyunsaturated fatty acids.

Total w-6 PUFAs: the sum of LA, GLA, EDA, DGLA, and AA; Total w-3 PUFAs: the sum of ALA, SDA,

ETA, EPA, and DHA.

per SD increase of PUFAs.

per IQR increase of PUFAs.
Unadjusted for potential confounders.

f T oo oA =

PUFAs were determined by UPLC-MS/MS system instead of partici-
pants’ self-report. Based on the principle of data mining approach,
the potential role of PUFAR in DR detection was also carefully exam-
ined. Our findings strongly suggest that exposure to higher PUFAR is
an important protective factor of DR, and PUFAR with an appropriate
cut-off value (PUFAR < 35) can serve as an ideal biomarker for DR
identification though its alteration was not observed amongst differ-
ent stages of DR. In addition, our findings advance an understanding
of the possible differential links between serum PUFAR and different
disease statuses of diabetes.

Previous studies have noted the possible relationships between
PUFAs and DM [21,22]. However, no relevant study has further
explored the possible changes of PUFAs in patients from DM to DR.
This study found that the levels of four w-6 PUFAs (EDA, GLA, DGLA,
and AA) and three w-3 PUFAs (ALA, EPA, and DHA) would be appar-
ently down-regulated from healthy controls to DM and DR while two
plant-derived w-3 PUFAs (SDA and ETA) showed contrary trends.
And the relationships of PUFAs with DR was complex, simply linear
trends could not account for the variations differ from healthy con-
trols to DM to DR. Although comparison across studies of PUFAs and
disease is complicated by differences in study design and exact expo-
sure and outcomes examined, consistent with our findings, results

Adjusted for diabetes duration, ever insulin therapy.
Adjusted for diabetes duration, ever insulin therapy, and systolic blood pressure.

based on previous epidemiological studies have suggested that ALA,
an essential precursor of long chain w-3 PUFAs, has protective effects
on improving glucose homoeostasis [23]. EPA and DHA, known as
metabolites of ALA, are potent biological regulators with therapeutic
and preventive effects on human health. And SDA, an intermediate
metabolite of ALA, helps to enhance the tissue levels of EPA and is a
potential sustainable source to generate EPA and DHA. However, it is
evident that EPA and DHA are more potent than SDA in reducing the
risk of chronic diseases [24]. So, negative effects of SDA on DR
detected in our study should be interpreted with caution, as it might
be due to the inhibition of conversion from SDA to EPA and DHA in
DR patients, rather than SDA itself being deleterious. As the potential
effect of ETA on DR was rarely explored before, insufficient evidence
could be obtained to compare with our findings. Depending on the
comparable changes with SDA amongst the three groups in this
study, it is possible to hypothesize that ETA has a similar biological
effect as SDA on the initiation and development of DR.

Although associations of DR with w-6 PUFAs are still inconclusive,
the relationships observed in this study are in line with pieces of pub-
lished literature. DGLA and GLA have been reported to possess certain
anti-proliferative and anti-inflammatory activities [25,26]. Available
evidence from a large European cohort demonstrated the inverse

Table 3

Association between PUFAR and the presence of DR.
PUFAR n Cases (%) Model 1?2 Model 2 ° Model 3 ©

OR (95%CI) p value OR (95%ClI) p value OR (95%CI) p value

Per IQR=15-89 138 69(50-00)  0-18(0-09,0.34)  <0-0001  0-19(0-10,0.38)  <0-0001  0-21(0-10,0-40)  <0-0001
Tertiles
T1(13-029) 46 38(82:60)  1.00(1-00,1.00)  Ref. 1.00(1-00,1:00)  Ref. 1-00(1-00,1-00)  Ref.
T2(28.-794) 46 21(45-70)  0-18(0-07,0.46)  <0-0001  0-20(0-07,0-54) 0.01  0-24(0-08,0-66) 0-01
T3(40-39,58-04) 46 10(21-70)  0.06(0-02,0.17)  <0-0001  0-07(0-02,0.-19)  <0-0001  0-07(0-03,0.22)  <0-0001
Perend ¢ <0-0001 <0-0001 <0-0001

PUFAR: serum w-6/w-3 polyunsaturated fatty acids ratio; DR: type 2 diabetic patients with diabetic retinopathy; n: numbers of subjects in
each stratum; Case (%): numbers with DR and percentage; OR: odds ratio; Cl: confidence interval; T1, T2, and T3: the 1st, 2nd, and 3rd tertile

of PUFAR, respectively.
¢ Unadjusted for potential confounders.
b Adjusted for diabetes duration, ever insulin therapy.
C
d

p values for testing the linear trend between DR and PUFAR.

Adjusted for diabetes duration, ever insulin therapy, and systolic blood pressure.
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Pfor nonlinearity =0.107
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PUFAR

Fig. 3. The restricted cubic spline for the association between PUFAR and odds ratio
(natural log-transformed) of DR.

PUFAR: serum w-6/w-3 polyunsaturated fatty acids ratio; DR: type 2 diabetic
patients with diabetic retinopathy; LnOR: natural log-transformed odds ratios; CI: con-
fidence interval. Knots were located at the 5th, 50th, and 95th percentiles of PUFAR.
The solid line indicates LnORs and dashed lines indicate 95%Cl. Reference point at
PUFAR is 35. Adjusted confounders were diabetes duration, ever insulin therapy, and
systolic blood pressure.

association between EDA and diabetes [27]. Besides, Shen et al. [28]
reported that a decrease in AA was closely correlated with a decrease
in anti-oxidants and an increase in pro-inflammatory molecules in
diabetic patients. Additionally, a parabola trend had also been
observed between LA and the progression of the disease. Two clinical
trials confirmed that LA-rich diet could inhibit the development of
microangiopathy or the deterioration of DR [12,13]. While a cross-
sectional study observed that higher LA was positively associated
with the risk of DM [29]. This variability between findings can vari-
ously be attributed to the complex interplay of metabolic factors and
their different disease statuses. It is believed that PUFAs of w-6 and
w-3 families compete for the same set of enzymes (A6 and A5 desa-
turases and elongases) and metabolic pathway [28]. Besides, the con-
version of LA (a chief member of w-6 PUFAs), and ALA (an essential
member of w-3 PUFAs) into their long-chain PUFAs depend on the
ratio of ingested w-6/w-3 PUFAs [30]. Therefore, it is not strange that
PUFAR will be more important in comparison of single PUFAs.

In the current study, we observed that PUFAR was positively
related to the presence of DM (Supplementary Table 5). This finding
was consistent with previous reports [29] while quite contrary to the
negative relationship between PUFAR and DR illustrated in our study.
It has been generally accepted that high PUFAR promotes the

A 1.00
075
2
=
% 0.50
c
3 AUC=0.83
0.25
0.00
0.00 025 0.50 0.75 1.00
1 - Specificity

pathogenesis of many chronic diseases [31]. However, type 2 diabetes
mellitus is a disturbance of metabolic homoeostasis with highly vari-
able aetiology and progression [32]. The changes in PUFAR caused by
metabolic disorders may not be a simple process that continues to
increase with disease progression. In addition, the levels of individual
PUFAs and PUFAR are maintained in a dynamic equilibrium. The ratio
is influenced by individual PUFAs, and the conversion of essential
PUFAs, in turn, depends on the ratio [33]. These may account for the
results that a parabolic trend of PUFAR was observed with the pro-
gression of diabetes, and although the level of PUFAR between the
healthy controls and the DR was similar, the composition of individ-
ual PUFAs was completely different. On the other hand, the level of
PUFAR showed in our study was relatively higher than the others.
The main reason was that LA (w-6 PUFAs) was found to be signifi-
cantly higher while DHA (w-3 PUFAs) was significantly lower in com-
parison of the results showed in other studies. As w-6 and w-3 PUFAs
are essential fatty acids that must be consumed in the diet and the
conversion of LA and ALA to their higher metabolites is limited by the
rate-limiting enzyme (A6-desaturase), we speculate that the dietary
intake of w-3 PUFASs, especially DHA, is relatively low in the Chinese
population, whereas the dietary intake of w-6 PUFAs, especially LA, is
generally high. Therefore, an optimal threshold of 35 for PUFAR may
be more applicable to populations with similar dietary habits as Chi-
nese.

Furthermore, though hypertension has been naturally considered
as one of the major risk factors for DR [34], SBP was consistently
shown to be associated in the majority of population-based studies,
while the association of diastolic blood pressure (DBP) was less con-
sistent [35]. PUFAs were previously found to be significantly associ-
ated with SBP [36]. But the possible intermediate effects for SBP
between PUFAs and DR have not been recognised yet. Therefore, we
conducted mediation analyses of SBP in the relationship between
PUFAs and DR in this study and found that LA alone, total w-6 PUFAs,
and PUFAR met the criteria for further mediation analyses. The weak
mediation effects observed might be attributed to the actual situation
that hypertensive patients included in our study had only a slight
increase in blood pressure, or there may be other significant and
larger effects to mediate the association between PUFAR and DR.
Therefore, further studies are expected to verify the results.

The main strengths of this study may be summarised as follows.
Firstly, the patients diagnosed with DR in our study were from endo-
crinology department and had no evident ocular symptoms, which
guaranteed the target of early DR identification. Secondly, the cases
and controls were matched by a PSM approach, which might largely
increase the comparability of participants in many potential

B 1.00
0.75

2

=

% 0.50

o

3 AUC=0.79
0.25
0.00

0.00 025 050 0.75 1.00
1 - Specificity

Fig. 4. ROC curves and AUC showing the discrimination ability of PUFAR to detect DR in both training set (A) and testing set (B).
ROC: receiver operating characteristic; AUC: areas under the ROC curves; PUFAR: serum w-6/w-3 polyunsaturated fatty acids ratio; DR: type 2 diabetic patients with diabetic

retinopathy.
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confounding factors. Thirdly, the level of serum PUFAs were deter-
mined by UPLC-MS/MS system instead of participants’ self-reports,
which greatly facilitated accurate examination of serum PUFAs expo-
sure. Fourthly, study population was enroled from two study centres
covered over 150 million people in Zhejiang and Anhui provinces,
China, which might decrease potential selection bias to some extent.
Fifthly, adjusted confounding variables in the study were screened
via a directed acyclic graph (DAG), which strongly indicated that the
management for confounders was rigorous and considerate because
of the combination of DAG and PSM. Finally, potential mediating
effects of hypertension on the association between DR and PUFAR are
also firstly investigated. All measures mentioned above will obviously
improve the robustness and credibility of our findings.

Our study also inevitably has several limitations. The case-control
design prevents us from clarifying the causal relationship and mecha-
nisms between DR occurrence and PUFAR. Although our findings
remain to be confirmed by large scale longitudinal studies, the results
clearly revealed that serum PUFAs might be linked to the risk of DR
since different PUFAs levels were observed in participants from
healthy controls to DM and DR. Besides, our sample size was rela-
tively small, which may affect the results to some extent. However, a
small sample size does not necessarily mean that the sample size is
insufficient. Our results clearly revealed that the current sample size
was sufficient enough to meet the requirements of statistics (power
>0.8) and to guarantee the reliability of our findings. In addition, the
cut-off value of PUFAR at 35 to identify patients at high risk of DR
was determined based on a case-control study and needs to be con-
firmed in additional prospective cohort studies. Moreover, confound-
ing variables attained from the self-reported questionnaire may be at
risk of some misclassification which may not be balanced across the
groups. And no specific nutrition information was obtained via ques-
tionnaire in this study. This may partly prevent us from completely
removing the potential influences due to dietary intake on the final
conclusion.

In conclusion, this was the first propensity score matching based
study to thoroughly qualify the relationship between DR and serum
PUFAR as well as w-6 and w-3 families of PUFAs. We detected a nega-
tive monotonic relationship between PUFAR exposure and the pres-
ence of DR. Furthermore, PUFAR could be used as a specific and
sensitive biomarker to distinguish type 2 diabetic patients with early
DR from those without DR though its alteration was not observed
amongst different stages of DR, and PUFAR = 35 may be an optimal
cut-off value. These findings may provide new insights into the effec-
tive administration of DR prevention and control.
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