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ABSTRACT

Objective Tight control of hyperglycemia reduces

risk of diabetic retinopathy (DR), but the residual risk
remains high. This study aimed to explore relationships
between plasma phenylalanine and tyrosine with DR in
type 2 diabetes (T2D) and interactions between the two
amino acids, and their secondary interaction with renal
dysfunction.

Research design and methods We extracted data of
1032 patients with T2D from tertiary hospital consecutively
from May 2015 to August 2016. Binary logistic regression
models with restricted cubic spline were used to check
potential non-linear associations and to obtain ORs and
95% Cls of variables under study. Addictive interaction was
estimated using relative excess risk due to interaction,
attributable proportion due to interaction and synergy
index. Area under the receiver operating characteristic
curve was used to check increased predictive values.
Results 0f 1032 patients, 162 suffered from DR.
Copresence of low phenylalanine and low tyrosine
increased DR risk (OR 6.01, 95% Cl 1.35 to 26.8), while
either of them alone did not have a significant effect

with significant additive interaction. Presence of diabetic
nephropathy further increased the OR of copresence of
low phenylalanine and low tyrosine for DR to 25.9 (95%
Cl 8.71 to 76.9) with a significant additive interaction.
Inclusion of phenylalanine and tyrosine in a traditional risk
factor model significantly increased area under the curve
from 0.81 t0 0.83 (95% Cl 0.80 to 0.86).

Conclusion Plasma low phenylalanine and low tyrosine
worked independently and synergistically to increase the
risk of DR in T2D. Presence of renal dysfunction further
amplified the effect of copresence of low phenylalanine
and low tyrosine on DR risk.
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INTRODUCTION

Diabetic retinopathy (DR) is one of the major
microvascular complications of diabetes,
with about 30% prevalence, and leads to
5%-7% vision loss in Chinese diabetics.' ®
Tight glycaemia and blood pressure control
are proven to reduce risk of DR and its
progression; laser photocoagulation is the
primary treatment for advanced DR and
macular edema; new agents targeting vascular

Significance of this study

What is already known about this subject?

» Risk of diabetic retinopathy (DR) was still substan-
tial despite tight hyperglycemia control. Dopamine
(DA)-induced neurodegeneration and diabetic ne-
phropathy (DN) were two risk factors for DR. Plasma
phenylalanine and tyrosine were precursors of DA
and were influenced by renal impairment.

» Whether plasma phenylalanine and tyrosine were
related to DR development in type 2 diabetes (T2D)
was uncertain; whether interactions between the
two amino acids and their secondary interaction
with renal dysfunction existed has not been inves-
tigated yet.

What are the new findings?

» In this hospital-based cross-sectional study, we
found plasma low phenylalanine and low tyrosine
increased the risk of DR in T2D with a significant
addictive interaction.

» The effect of copresence of low phenylalanine and
low tyrosine on DR risk was further amplified in pa-
tients with T2D with renal dysfunction.

» Inclusion of phenylalanine and tyrosine in the mod-
el increased predictive value beyond traditional risk
factors.

How might these results change the focus of

research or clinical practice?

» Our data suggested a new window for DR treat-
ment, that is, modification of tyrosine/phenylalanine
metabolism.

» In patients with diabetes with DN, control of tyrosine/
phenylalanine metabolism may confer great risk re-
duction for DR.

» More mechanism research was need to explore the
role of abnormal tyrosine/phenylalanine metabolism
in DR, especially under the context of DN.

» More perspective epidemiology studies were war-
ranted to confirm our findings in diverse races.

endothelial growth factor are under inves-
tigation.3 In spite of the continuous effort
to reduce the burden of DR in diabetes,
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substantial residual risk is still high, and advanced DR is
considered irreversible. There is a pressing need for new
screening and treatments to prevent DR and DR-associ-
ated blindness.

Retinal neurodegeneration has been suggested to be
an early event in the pathogenesis of DR and has been
recognized as a new therapeutic perspective.! Thus, iden-
tification of mediators in the crosstalk between neurode-
generation and DR is useful to further reduce DR burden
in diabetes. Previous experiments showed that dopamine
(DA) deficiency promoted early retinal dysfunction
through neurodegeneration in diabetes rats.” ® DA is a
catecholamine and exists in the retina and brain. It is
derived from L-dihydroxyphenylalanine (L-DOPA), a
hydroxylation product of tyrosine or phenylalanine when
tyrosine was insufficient.” Tyrosine and phenylalanine
metabolism were perturbed in obesity, insulin resistance
and pre-diabetes.” It can be assumed that availability
of amino acids, DA precursors, in blood regulates DA
synthesis. In this connection, animal studies have shown
that injecting tyrosine into rat brain stimulated dihy-
droxyphenylalanine synthesis.” A previous prospective
study has reported that decreased plasma tyrosine levels
in diabetes are associated with increased risk of micro-
vascular diseases.'” However, it remains unaddressed
whether phenylalanine is also associated with risk of DR
in diabetes.

Diabetic nephropathy (DN) is another primary micro-
vascular complication of type 2 diabetes (T2D) and
represents generalized endothelial dysfunction."" DN is
associated with the presence of DR across diverse ethnic-
ities through various common mechanisms.'* What’s
more, microvascular impairment and neurodegenera-
tion could mutually promote each other and aggravate
retinal injury.4 2 Impaired conversion of phenylalanine
to tyrosine has been reported in renal impairment indi-
viduals.'” " Given the intimate relationships between tyro-
sine, phenylalanine, DN and DR, we ask whether there
are biological interactions between tyrosine, phenylala-
nine and DN with increased risk of DR progression.

In the current cross-sectional study, we aimed to (1)
test the associations between plasma levels of tyrosine,
phenylalanine and risk of DR, and (2) explore possible
interactions among tyrosine, phenylalanine and DN for
the risk of DR in diabetes.

MATERIALS AND METHODS

Research design and study patients

The study patients and methods were described previ-
ously."* Briefly, from May 2015 to August 2016, a total
of 1898 consecutive inpatients of Liaoning Medical
University First Affiliated Hospital were diagnosed with
T2D. T2D was diagnosed by the 1999 WHO’s criteria'’
or treated with antidiabetic drugs. Electronic medical
records were retrieved and metabolomics profiles were
measured. A total of 1032 patients over 18 years old with

complete information on age, height and weight were
included in the current analysis.

Data collection and definitions

Information on demographic, anthropometric, current
status of smoking and alcohol consumption, duration
of diabetes, clinical and laboratory measurements,
drugs used and disease status was recorded in electronic
medical records. The clinical parameters included systolic
blood pressure (SBP), diastolic blood pressure (DBP),
triglyceride (TG), high-density lipoprotein cholesterol
(HDL-C) and low-density lipoprotein cholesterol (LDL-
C), glycated hemoglobin (HbAlc) and serum creatinine
(SCr). Medications included insulin, metformin and
other antidiabetic agents, ACE inhibitors, angiotensin
receptor blockers, and other antihypertensive drugs,
statins and other lipid-lowering drugs. Disease status
included DR, DN, coronary heart disease (CHD) and
stroke.

Clinical definitions

Body mass index (BMI) was calculated by weight in kilo-
gram divided by squared height in meter. The WHO
criteria for Asians were used to classify BMI into four
categories': underweight at <18.5kg/m?, normal weight
at 18.5-24.0kg/m?, overweight at 24.0-28.0kg/m” and
obesity at >28.0kg/m* Hyperglycemia and abnormal
lipids were defined as not reaching their treatment goals
as recommended by the American Diabetes Association,'”
that is, HbA1c=7% for hyperglycemia, TG21.7mmol/L,
LDL-C 22.6 mmol/L or HDL-C £1 mmol/L in men and
HDL-C <1.3mmol/L in women for abnormal lipids.
The Cockceroft-Gault equation' was used to obtain esti-
mated glomerular filtration rate (eGFR) expressed in
milliliters per minute per 1.73m®* eGFR=[(140-age)x-
weightx1.23x(0.85 if female) /SCr].

DR was evaluated by the bilateral retinal photog-
raphy and was defined as the presence, if any, of the
following lesions: microaneurysms, retinal hemorrhages,
soft exudates, hard exudates, or vitreous hemorrhage.
DN was defined as persistent albuminuria, progressive
reduction in glomerular filtration rate and hyperten-
sion judged by clinicians. CHD was defined as having a
history of angina with abnormal ECG or on stress test,
myocardial infarction, angina coronary artery bypass
graft surgery or angioplasty; stroke was defined as non-
fatal subarachnoid hemorrhage, intracerebral hemor-
rhage, or other unspecified intracranial hemorrhage and
ischemic stroke.

Laboratory assays

Details of the amino acids measured were published
previously." Briefly, liquid chromatography-mass spec-
trometry metabolomic analysis was conducted by using
an AB Sciex 4000 QTrap system (AB Sciex, Framingham,
Massachusetts, USA). Eight-hour fasting blood was taken
and stored as dried blood spot. Each dried sample was
dissolved in 100pL fresh mobile phase solution. The
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mobile phase was 80% acetonitrile aqueous solution.
Amino acid quality control standards were provided by
Chromsystems (Grafelfing, Germany). The standards
were mixed and dissolved in 2mL pure methanol and
stored at 4°C. Working solution was prepared through
100-fold dilution for metabolite extraction. Analyst
V.1.6.0 software (AB Sciex) was used for system control
and data collection. ChemoView V.2.0.2 (AB Sciex) was
used for data preprocessing.

Statistical analysis

Normally distributed continuous variables are reported
as means (SD), and skewed variables are presented as
medians (IQRs). Normality was checked by observing the
Q-Q plot. Categorical variables are presented as frequen-
cies (%). The participants were divided into two groups
by DR status. Differences between the two groups were
compared by non-paired Student t-test for variables in
normal distribution or Mann-Whitney U test for variables
with a skewed distribution. The y” test (or Fisher test, if
appropriate) was used to compare differences in cate-
gorical variables between the two groups. Binary logistic
regression models were used to obtain ORs and 95% Cls
of the variables of interest for DR. Restricted cubic spline
(RCS) nested in the logistic regression was used to check
potential non-linear associations between amino acid
levels with the risk of DR. In the analysis, three knots were
chosen in RCS as suggested by Harrell.*’ As before,” cut-
off points of phenylalanine and tyrosine for DR were
selected at the points where the risk of DR started to rise
rapidly. Apart from clinical characteristics, tyrosine and
phenylalanine, we also depicted a more global amino
acid profile briefly.

A structured adjustment scheme was used to control
for confounding effects by other variables. First, we
obtained the unadjusted OR. Second, multivariable anal-
ysis was performed to adjust for traditional risk factors,
including age, sex, BMI and duration of diabetes (model
1); the variables in model 1 plus SBP, HDL-C, LDL-C,
HbAlc and TG (model 2); the variables in model 2 plus
antidiabetic drugs, lipid-lowering drugs and antihyper-
tensive drugs (model 3); the variables in model 3 plus
DN (model 4); and the variables in model 4 plus tyrosine
and phenylalanine in a single model (model 5).

Additive interaction was used to check interactions
between any pairs of tyrosine, phenylalanine and DN
for DR."* Relative excess risk due to interaction (RERI),
attributable proportion (AP) due to interaction and
synergy index (S) were used to estimate the interactions.
RERI>0, AP>0or S>1 indicates a significant additive
interaction or synergistic effect. Two levels of additive
interactions were examined. First, we examined additive
interactions between tyrosine and phenylalanine for DR.
Then, we examined additive interactions between DN
and copresence of low tyrosine and low phenylalanine
as a second-order interaction. Variables listed in model 4
were adjusted in the first-order interaction analysis, and

the variables listed model 3 were adjusted in the second-
order interaction analysis.

Areas under the receiver operating characteristic
curves were compared with estimate the potential predic-
tive value of tyrosine or/and phenylalanine beyond tradi-
tional risk factors for DR.

Plasma free amino acids levels could be affected by
metabolic state, especially insulin resistance and glycemic
control. So, to attenuate confounding effects due to
likelihood of DR, we also obtained a subgroup with
relevant balanced characteristics from the total cohort
with propensity score matching. Propensity score was
calculated using a logistic regression procedure with DR
as dependent variable and age, sex, BMI, duration of
diabetes, SBP, HDL-C, LDL-C, HbA1C, TG, DN, antidi-
abetic drugs, lipid-lowering drugs and antihypertensive
drugs as independent variables. Differences of character-
istics between patients with and without DR and OR of
amino acids for DR risk were estimated.

P values of <0.05 were considered statistically signif-
icant in all these analyses. All analyses were conducted
using SAS V.9.4.

RESULTS

Characteristics of the study patients

The 1032 patients had a mean age of 57.2 (SD 13.8) years
and A median duration of T2D of 5 (IQR 0-10) years.
Of these patients, 53.2% were male. The mean BMI of
the cohort was 25.3 (SD 3.9) kg/mg, while 63.1% of the
patients were overweight or obese. Of these patients, 162
were with prior DR, while 870 were not. There were 188
(18.2%), 210 (20.3%) and 199 (19.3%) individuals with
prior DN, CHD, and stroke, respectively. Subjects with
DR composed more women and had longer duration
of diabetes, higher SBP, more lack of HbAlc, HDL-C,
LDL-C and TG, more insulin use, more DN, and less CHD
and stroke compared with those without DR. Age, BMI,
current smoking, current drinking, DBP, eGFR, creati-
nine, and drug use (except for insulin) were similar in
the two groups. Tyrosine and phenylalanine were lower
in DR then in non-DR (table 1).

Associations of tyrosine and phenylalanine with DR risk

Both tyrosine and phenylalanine were inversely associ-
ated with risk of DR in a non-linear manner (figure 1).
Decreasing levels of tyrosine at <64 pmol/L and phenyl-
alanine at <64 pmol/L were associated with a rapid rise
in the risk of DR both in univariable (OR for tyrosine
5.11, 95%CI 2.22 to 11.8; OR for phenylalanine 6.32,
95% CI2.30 to 17.4) and multivariable analyses adjusted
for traditional risk factors, that is, age, sex, BMI, duration
of diabetes, SBP, HDL-C, LDL-C, HbA1C, TG, antidia-
betic drugs, lipid-lowering drugs, antihypertensive drugs
and DN (OR for tyrosine 4.06, 95% CI 1.66 to 9.94; OR
for phenylalanine: 7.57, 95% CI 2.53 to 22.6) (table 2).
When further adjusted for the other amino acid, the ORs
were attenuated.
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Table 1 Characteristics of patients with type 2 diabetes according to DR status

Total DR Non-DR P value

N 1032 162 870

Age (years) 57.2 (13.8) 57.8 (10.0) 57.1 (14.4) 0.491

Sex, male 549 (53.2%) 73 (45.1%) 476 (54.7%) 0.024

Duration of DM (years) 5(0-10) 13(6-20) 4 (0-10) <0.000

Body mass index (kg/m?) 25.3 (3.9) 25.1 (3.3) 25.3 (3.9) 0.371
~18.5 27 (2.6%) 1 (0.6%) 26 (3.0%) 0.176
18.5~24.0 354 (34.3%) 4 (39.5%) 290 (33.3%)
24.0~28.0 430 (41.7%) 6 (40.7%) 364 (41.8%)
28.0~ 221 (21.4%) 31 (19.1%) 190 (21.8%)

Current smoking 2 (25.9%) 289 (33.2%) 0.068

Current drinking 42 (25.9%) 248 (28.5%) 0.502

SBP (mm Hg) 145.6 (25.3) 139.4 (23.6) 0.003

DBP (mm Hg) 83.0 (13.4) 82.3 (13.5) 0.551

HbA1c (%) 9.42 (2.35) 9.63 (2.38) 0.409
~7 5(9.3%) 62 (7.1%) 0.582
7~8 6 (9.9%) 90 (10.3%)
8~ 64 (39.5%) 384 (44.1%)

Lack 67 (41.4%) 334 (38.4%)

HDL-C (mmol/L) 1.04 (0.87-1.32) 1.01 (0.85-1.25) 0.254
<1.00 in men or <1.30 in women 36 (22.2%) 211 (24.3%) <0.000
>1.00 in men or >1.30 in women 58 (35.8%) 436 (50.1%)

Lack 68 (42.0%) 223 (25.6%)

LDL-C (mmol/L) 2.83 (2.27-3.38) 2.78 (2.20-3.39) 0.583
<2.60 38 (23.5%) 269 (30.9%) 0.000
>2.60 56 (34.6%) 378 (43.5%)

Lack 68 (42.0%) 223 (25.6%)

Triglyceride (mmol/L) 1.72 (1.13-2.48) 1.66 (1.11-2.37) 0.544
<1.70 46 (28.4%) 337 (38.7%) <0.000
>1.70 48 (29.6%) 313 (36.0%)

Lack 68 (42.0%) 220 (25.3%)

eGFR (mL/min/1.73m?) 109.7 (48.4) 112.9 (51.6) 0.495

~60 14 (9.7%) 101 (13.7%) 0.125

60~90
90~

40 (27.6%)
91 (62.8%)

153 (20.7%)
486 (65.7%)

Serum creatinine (umol/L) 56.65 (48.77-72.49)

137 (84.6%)

60.22 (49.39-74.53) 0.314

Antidiabetic agents 730 (83.9%) 0.907

Insulin 132 (81.5%) 640 (73.6%) 0.038
Metformin 51 (31.5%) 307 (35.3%) 0.370
Hypotensive agents 71 (43.8%) 342 (39.3%) 0.281
ACEI 23 (14.2%) 112 (12.9%) 0.614
ARB 26 (16.1%) 108 (12.4%) 0.205
B-blockers 8 (4.9%) 85 (9.8%) 0.052
Lipid-lowering agents 63 (38.9%) 325 (37.4%) 0.712
Statins 60 (37.0%) 310 (35.6%) 0.732
Other lipid-lowering agents 4 (2.5%) 9 (2.2%) 0.773
Continued

4 BMJ Open Diab Res Care 2020;8:¢000877. doi:10.1136/bmjdrc-2019-000877



a Metabolism

Table 1 Continued
Total DR Non-DR P value
Diabetic nephropathy 188 (18.2%) 64 (39.5%) 124 (14.3%) <0.000
Coronary heart disease 210 (20.3%) 23 (14.2%) 187 (21.5%) 0.034
Stroke 199 (19.3%) 17 (10.5%) 182 (20.9%) 0.002
Tyrosine (umol/L) 45.78 (36.70-56.27) 41.51 (12.42) 49.54 (17.38) <0.000
<64 883 (85.6%) 156 (96.3%) 727 (83.6%) <0.000
>64 149 (14.4%) 6 (3.7%) 143 (16.4%)
Phenylalanine (umol/L) 45.34 (37.13-54.46)  40.97 (10.21) 48.34 (14.27) <0.000
<64 908 (88.0%) 158 (97.5%) 750 (86.2%) <0.000
>64 124 (12.0%) 4 (2.5%) 120 (13.8%)

Data are mean (SD), median (IQR), or n (%).

P value was acquired by comparing DR and non-DR; p values were derived from independent-samples Student t-test for normally
distributed variables, Mann-Whitney U test for skewed distributions, and x2 test (or Fisher test, if appropriate) for categorical variables.
There were 401 (38.9%), 291 (28.2%), 291 (28.2%), and 288 (27.9%) missing values in HbA1c, HDL-C, LDL-C and triglyceride, respectively.
ACEI, ACE inhibitor; ARB, angiotensin receptor blocker; DBP, diastolic blood pressure; DM, diabetes mellitus; DR, diabetic retinopathy;
eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol; SBP, systolic blood pressure.

Values are ORs (95% CIs) from logistic regression
analyses. Model 1 was adjusted for age, sex, BMI (<18.5,
18.5-24.0, 24.0-28.0 and >28.Okg/m2) and duration of
diabetes. Model 2 was adjusted for variables in model one
plus SBP, HDL-C (<1.0 mmol/Lin men or <1.3mmol/Lin
women, >21.0 mmol/L in men or 21.3mmol/L in women,
lack), LDL-C (<2.6 and 2>2.6mmol/L, lack), HbAlc

Tyr
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Figure 1

(<7%, 7%~8%, 28%, lack), TG (<1.7and >1.7mmol/L,
lack). Model 3 was adjusted for variables in model 2
plus antidiabetic drugs, lipid-lowering drugs and anti-
hypertensive drugs. Model 4 was adjusted for variables
in model 3 plus DN. Model 5 was adjusted for variables
in model 4 and Tyr or Phe, respectively. The concentra-
tion of Phe was coded to 45.34 pmol/L (mean) if Phe

Phe
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OR curves of Tyr (A) and Phe (B) for DR in Chinese patients with T2D. The black curve was derived from univariable

analysis, and the blue curve was derived from multivariate analysis that adjusted for age, sex, body mass index (<18.5,
18.5-24.0, 24.0-28.0 and >28.0 kg/mz), duration of diabetes, systolic blood pressure, high-density lipoprotein cholesterol
(<1.0mmol/L in men or <1.3mmol/L in women, >1 mmol/L in men or >1.3mmol/L in women, lack), low-density lipoprotein
cholesterol (<2.6and >2.6 mmol/L, lack), HbA1c (<7%, 7%~8%, and >8%, lack), triglyceride (<1.7and >1.7 mmol/L, lack),
diabetic nephropathy, antidiabetic drugs, lipid-lowering drugs and antihypertensive drugs. The red curve stands for the
reference level (ie, the OR for DR was 1). The concentration of Phe was coded to 45.34 ymol/L (mean) if Phe>100.00 umol/L.
Missing values of HbA1c and lipids were presented as one category. DR, diabetic retinopathy; HbA1c, glycated hemoglobin;

Phe, phenylalanine; T2D, type 2 diabetes; Tyr, tyrosine.

BMJ Open Diab Res Care 2020;8:000877. doi:10.1136/bmjdrc-2019-000877



Metabolism 8

Table 2 OR of Tyr and Phe for DR risk in T2D

OR 95%CI P value

Univariable model

Tyr <64 vs >64 (umol/L) 511 222to11.8 <0.001

Phe <64vs >64 (umol/L) 6.32 2.30to 17.4 <0.001
Multivariable model 1

Tyr <64 vs >64 (umol/L) 421 1.79t09.93 0.001

Phe <64vs >64 (umol/L) 7.34 2.571021.0 <0.001
Multivariable model 2

Tyr <64 vs >64 (umol/L) 425 1.79to0 10.1 0.001

Phe <64vs >64 (umol/L) 6.99 2.45to0 19.99 <0.001
Multivariable model 3

Tyr <64 vs 264 (umol/L) 418 1.75t09.99 0.001

Phe <64vs >64 (umol/L)  7.18 2.491t0 20.7 <0.001
Multivariable model 4

Tyr <64 vs >64 (umol/L) 4.06 1.66t09.94 0.002

Phe <64vs >64 (umol/L) 7.57 2.531022.6 <0.001
Multivariable model 5

Tyr <64 vs >64 (umol/L) 2.75 1.11t06.83 0.029

Phe <64vs >64 (umol/L) 5.83 1.921t017.7 0.002

Values are OR (95% Cls) from logistic regression analyses.
Model 1 was adjusted for age, sex, body mass index (<18.5
kg.m?, 18.5 kg.m? 24.0 kg.m?, 24.0 kg.m?-28.0 kg.m? and >28.0
kg.m?) and duration of diabetes. Model 2 was adjusted for
variables in model 1 plus systolic blood pressure, high-density
lipoprotein cholesterol (<1.0mmol/L in male or <1.3mmol/L in
female, >1.0mmol/L in male or >1.3mmol/L in female, lack), low-
density lipoprotein cholesterol (<2.6mmol/L, >2.6 mmol/L, lack),
glycated hemoglobin (<7%, 7%~8%, >8%, lack), triglyceride
(<1.7mmol/L, >1.7mmol/L, lack). Model 3 was adjusted for
variables in model 2 plus antidiabetic drugs, lipid lowering
drugs and antihypertensive drugs. Model 4 was adjusted for
variables in model 3 plus diabetic nephropathy. Model 5 was
adjusted for variables in model 4 and Tyr or Phe respectively.
The concentration of Phe was coded to 45.34 ymol/L (mean) if
Phe > 100.00 pmol/L. Missing values of glycated hemoglobin
and lipids were presented as one category.

DR, diabetic retinopathy; Phe, phenylalanine; T2D, type 2
diabetes; Tyr, tyrosine.

is 2100.00 pmol/L. Missing values of HbAlc and lipids
were presented as one category.

Potential increase in predictive values of tyrosine and
phenylalanine for DR

Inclusion of tyrosine or/and phenylalanine in the traditional
risk factor model significantly increased the area under the
curve (AUC) from 0.81 to 0.83 (p<0.05) (figure 2).

Additive interactions between pairs of tyrosine and
phenylalanine and DN status for DR

Using copresence of tyrosine=64 pmol/L and phenylal-
anine=64 pmol/L as the reference, tyrosine<64 pmol/L
alone or phenylalanine<64 pmol/L alone was not asso-
ciated with increased risk of DR, while copresence of
tyrosine<64 pmol/L and phenylalanine<64 pmol/L was
associated with a markedly increased risk of DR (OR 6.01,

ROC Curves for Comparisons

1.00
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0.50

Sensitivity

0.25

0.00

T T T T T
0.00 0.25 0.50 0.75 1.00
1 - Specificity

ROC Curve (Area)
traditional risk factors (0.8149)
tyrosine+traditional risk factors (0.8254)
phenylalanine+traditional risk factors (0.8285)
phenylalanine+tyrosine+traditional risk factors (0.8329)

Figure 2 ROC curves of traditional risk factors and
traditional risk factors plus amino acids for diabetic
retinopathy in type 2 diabetes. The blue curve stands for

the traditional risk factor model (multivariable model 1 in
table 2 for the list of variables); the red curve stands for

the traditional risk factors plus the tyrosine model; the

green curve stands for the traditional risk factors plus

the phenylalanine model; the black curve stands for the
traditional risk factors plus the phenylalanine and tyrosine
models. The area under the operating characteristic curve
was 0.81 (95% CI 0.78 to 0.85) for the traditional risk factor
model, 0.83 (95% CI 0.79 to 0.86) for the traditional risk
factor plus tyrosine model, 0.83 (95% CI 0.80 to 0.86) for the
traditional risk factor plus phenylalanine model, 0.83 (95% CI
0.80 to 0.86) for the traditional risk factor plus phenylalanine
and tyrosine model (p<0.05 for comparison of the traditional
risk factor model with the rest of the three models). ROC,
receiver operating characteristic.

95% CI 1.35 to 26.8), with a significant additive interac-
tion (AP 0.81, 95% CI 0.42 to 1.20; RERI 4.86, 95% CI
-1.27 t0 10.98; S 32.5, 95% CI 6.94 to 15.2¢') (table 3).

There was a significant additive interaction between
DN and copresence of tyrosine<64 pmol/L and phenyl-
alanine<64 pmol/L for DR risk. Patients with DN but
without copresence of tyrosine<64 pmol/L and phenylal-
anine<64 pmol/L had a 5.7-fold risk of DR compared with
patients without exposures to any of the two risk factors
(OR 5.65, 95% CI 1.20 to 26.50). Similarly, copresence
of tyrosine<64 pmol/L and phenylalanine<64 pmol/L
alone was associated with a 6.7-fold risk of DR (OR 6.68,
95% CI 2.36 to 18.9). Exposures to both risk factors mark-
edly increased the ORs of exposure to any one of them
alone to 25.9 (95% CI 8.71 to 76.9). The additive inter-
action measures were highly significant (AP 0.56, 95% CI
0.25 to 0.88; RERI 14.6, 95% CI -3.84 to 33.0; and S 2.41,
95% CI 1.10 to 5.27) (table 3).

6

BMJ Open Diab Res Care 2020;8:000877. doi:10.1136/bmjdrc-2019-000877



a Metabolism

Table 3 Additive interaction of Tyr, Phe and DN for DR in
type 2 diabetes

OR 95% ClI P value
Tyr and Phe (umol/L)
Tyr>64 and Reference
Phe>64
Tyr <64 and 0.64 0.08t05.05 0.671
Phe>64
Tyr>64 and 1.52 0.25t09.26  0.652
Phe<64
Tyr<64 and 6.01 1.35t026.8 0.019
Phe<64
Measure
RERI 4.85 -1.27 to 11.0
AP 0.81 0.42t0 1.20
S 32.5 6.94 to 15.2¢™°
Tyr, Phe and DN (umol/L)
Tyr>64or Reference
Phe>64 and non-
DN
Tyr>64or 5.65 1.20t026.5 0.028
Phe>64and DN
Tyr<64 and 6.68 2.36t0 18.9 <0.001
Phe<64 and non-
DN
Tyr<64 and 25.9 8.71t076.9 <0.000
Phe<64 and DN
Measure
RERI 14.6 -3.84 10 33.0
AP 0.56 0.25 10 0.88
S 2.41 1.10to 5.27

Adjusted for age, sex, body mass index, duration of diabetes,
systolic blood pressure, glycated hemoglobin, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, triglyceride, DN,
antidiabetic drugs, lipid-lowering drugs and antihypertensive drugs.
Significant RERI>0, AP due to interaction>0or S>1 indicate a
significant additive interaction.

AP, attributable proportion; DN, diabetic nephropathy; DR, diabetic
retinopathy; Phe, phenylalanine; RERI, relative excess risk due to
interaction; S, synergy index; Tyr, tyrosine.

Global amino acid profile according to DR status

Asparagine, glutamate, glycine, histidine, leucine, methi-
onine, serine, tryptophan and valine in the DR group
were significantly lower than those in the non-DR group.
Alanine, arginine, aspartic acid, citrulline, cystine, gluta-
mine, homocysteine, lysine, ornithine, proline and
threonine were similar between the two groups (online
supplementary table S1).

Characteristics and associations of tyrosine and
phenylalanine with DR risk in the subgroup from propensity
score matching
A total of 162 pairs individuals were matched. Duration of
diabetes, use of insulin, HbAlc and other factors except
for TG were at similar levels in the two groups (online
supplementary table S2).

Tyrosine and phenylalanine were significantly lower
in the retinopathy group (online supplementary table

$2). The ORs of tyrosine and phenylalanine for DR were
significant in both univariable and multivariable analyses.
The effect size was larger in the subgroup than in the
total cohort (multivariable analysis: OR for tyrosine: 4.26,
95% CI 1.59 to 11.4; OR for phenylalanine: 8.06, 95% CI
2.58 to 25.1) (online supplementary table S3).

DISCUSSION

Using this cross-sectional study, we detected an interac-
tion between plasma tyrosine and phenylalanine for DR
risk in T2D. The increased DR risk was observed only in
patients with both abnormalities, that is, low tyrosine and
low phenylalanine, suggesting that the effect of low tyro-
sine (phenylalanine) on DR was conditional on the pres-
ence of each other. Furthermore, we found a significant
interaction between DN and coexistence of low tyrosine
and low phenylalanine. DR risk was increased in patients
with exposure to either of the risk factors and espe-
cially in patients with both DN and low tyrosine plus low
phenylalanine levels, suggesting that control of tyrosine/
phenylalanine metabolism might confer great risk reduc-
tion for DR in patients with T2D with and without DN.

Compared with glucose and lipid metabolism, amino
acid metabolism drew less but emerging concern for
metabolic disorders. In this regard, it was possible to
discover a new target from this point of view. We found in
our study that tyrosine and phenylalanine were inversely
associated with DR risk. Consistently, a case—cohort
study reported that higher tyrosine was associated with
decreased risk of microvascular disease composed of DN
and DR. However, no association was found between
phenylalanine and microvascular disease in that inves-
tigation."” The difference might be due to different
outcomes (DR and DN in this cohort, whereas DR in our
study) or ethnicity or study design.

In our analysis, effects of tyrosine and phenylalanine
on DR were contingent on the presence of the other
risk factor. Only patients with both exposures, that is,
low tyrosine and low phenylalanine, were at higher risk
of DR. As stated previously, tyrosine and phenylalanine
were the preferred and secondary precursors of DA.”
DA dysregulation contributed to retinal neurodegen-
eration and treatment with L-DOPA preserved partial
visual function.” ® Probably, in patients with low tyrosine
and low phenylalanine, substrate of DA synthesis was
insufficient; in patients with either high phenylalanine
or tyrosine, DA synthesis was not blocked.” Apart from
production, catecholamine release was also influenced
by tyrosine concentration; that is, higher blood tyrosine
accelerated catecholamine release.” It was interesting to
note that although subjects without T2D were with lower
blood tyrosine or phenylalanine according to previous
research,'* risk of renal injury was lower than in patients
with T2D. Possibly, the effect of tyrosine and phenyl-
alanine on renal damage was based on other diabetes-
related conditions; that is, DA deficiency was a kind of
relative insufficiency. Nishimura and Kuriyama® found
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that rats with and without hyperglycemia had no differ-
ence in DA production, but a significantly accelerated
depletion of DA was found in diabetic rats, suggesting
more substrate requirement in diabetes, which supported
our finding. Protein content of diet was proved to modify
tyrosine concentration, and the elevated retinal tyrosine
concentration stimulated L-DOPA synthesis in the light
but not in the dark.” Taken together, our study probably
suggested that appropriate protein diet and light could
assist DR treatment.

We found that pure lack of tyrosine and phenylalanine
increased DR risk probably by DA deficiency, whereas
copresence with DN greatly accelerated DR development
by an unidentified mechanism. DN itself was a composite
manifestation of a series of risk factors® and represented
severe endothelium impairment.'’ Our analysis might
suggestan interaction of risk factors or endothelium impair-
ment and neurodegeneration on DR. Indeed, previous
studies had reported a vicious cycle between microvas-
cular impairment and neurodegeneration.* ¥ In short,
neurodegeneration participated in blood-retinal barrier
breakdown, vasoconstriction, and impaired neurovascular
coupling, which aggravated the microvascular impairment.
Microvascular impairment, in turn, accelerated toxicity
of toxic substances to neurodegeneration. Our research
generated new hypotheses for basic scientific researchers
to investigate a possible pathway that links neurodegenera-
tion to microvascular impairment.

Our findings had important clinical implications: (1)
since introducing tyrosine and phenylalanine into the
model increased AUC, tyrosine and phenylalanine may
be candidate markers for predicting DR in T2D; (2) in
patients with diabetes without DN, clinicians might pay
attention to abnormal tyrosine/phenylalanine metabo-
lism and neurodegeneration; (3) given the interaction of
amino acids metabolism and DN, it is plausible that regu-
lation of tyrosine/phenylalanine metabolism in patients
with diabetes with DN or improvement of renal function
in patients with abnormal tyrosine/phenylalanine metab-
olism may reduce much DR risk in patients with T2D.
Besides, Asian patients with T2D were more likely to
suffer DN,* so our finding may benefit Asians more than
the white race; and (4) since neurodegeneration tends
to come earlier than other detectable signs, our findings
may establish an early treatment window for DR therapy.

Our study also has limitations. First, our study was a
retrospective cross-sectional survey, so the causality could
not be verified. However, our findings were consistent
with previous studies, which to some extent supported
our results. Second, the nature of a cross-sectional study
prevented us from establishing any causal relationships
of low tyrosine and phenylalanine with retinopathy.
We cannot exclude the possibility that low tyrosine and
phenylalanine resulted from metabolic abnormalities
that included but were not limited to insulin resistance
and insulin insufficiency. However, the sensitivity analysis
showed that after adjustment for traditional risk factors
such as BMI, hyperglycemia and use of insulin, the ORs

became numerically larger, which seems not to support
a reverse association. These findings need to be further
tested in prospective cohort studies. Third, there were
lots of missing values in HbAlc, HDL-C, LDL-C and
TGs. Given that glucose and lipids were not our primary
research purposes, to avoid great information lack, we
recognized missing values as one category. Fourth, we
did not adjust for eGFR and albuminuria in multivariable
models. eGFR and albuminuria were typically symptoms
of DN and we adjusted for DN instead. Fifth, we did not
collect information on lifestyle. Sixth, we did not collect
information on DA concentration.

In conclusion, our study detected inverse associations of
plasma levels of tyrosine and phenylalanine with risk of DR
in Chinese patients with T2D. Low tyrosine and low phenyl-
alanine levels had a significant additive interaction toward
increasing the risk of DR, which was further amplified by
the presence of DN. Our findings support that there were
complicated interplays among tyrosine, phenylalanine and
DN. Further prospective cohort studies are warranted to
confirm these findings in Chinese and non-Chinese popu-
lations with T2D mellitus. Mechanistic investigations are
also needed to better understand the role of disturbance in
tyrosine and phenylalanine metabolism, especially under
the circumstance of DN.
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