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BACKGROUND. Type 2 Diabetes Mellitus (T2DM) is a primary public health concern globally, characterized by chronic hyper-
glycemia, insulin resistance, impaired beta-cell function. Endothelial dysfunction is a hallmark of diabetes and is exacerbated
by hyperlipidemia.

AIM. This study investigates the impact of hyperlipidemia on nitric oxide synthesis, arginine metabolism, and vascular health
markers in T2DM.

MATERIALS AND METHODS. A total of 120 participants were included in this cross-sectional, comparative study. Serum
methylarginine derivatives (Asymmetric dimethyl arginine (ADMA), Symmetric dimethyl arginine (SDMA), L-N Mono-meth-
ylarginine (L-NMMA) and related metabolites (arginine, homoarginine, citrulline, ornithine) levels were measured in three
groups: diabetes with hyperlipidemia (DM-HL), diabetes with normolipidemia (DM-NL), and healthy controls (HC) using API
SCIEX 3200 LC-MS/MS methods. Statistical comparisons between groups were performed using IBM SPSS 26.0 to assess the
influence of hyperlipidemia on these markers.

RESULTS. ADMA and SDMA levels were significantly elevated in DM-HL group compared to DM-NL and HC (p=0.001,
p=0.000 respectively), indicating increased endothelial dysfunction and potential dyslipidemia-induced renal or vascular im-
pairment. Reduced arginine and homoarginine levels in diabetic groups suggest impaired nitric oxide synthesis and altered
urea cycle function (p=0.013, p=0.000 respectively). Notably, the DM-HL group exhibited significantly higher L-NMMA levels
(p=0.001). It disrupted metabolic ratios (e.g., SDMA/ADMA, arginine/ADMA, and homoarginine/ADMA), reflecting enhanced
nitric oxide inhibition and reduced bioavailability. Hyperlipidemia significantly exacerbated these disruptions, as evidenced
by altered citrulline/arginine and citrulline/ADMA ratios, underscoring its additive impact on endothelial dysfunction.
CONCLUSIONS. Hyperlipidemia amplifies the adverse effects of diabetes on endothelial function by exacerbating nitric
oxide inhibition, oxidative stress, and arginine metabolism dysregulation. Key biomarkers and metabolic ratios, particularly
ADMA and SDMA-related indices, provide valuable insights into cardiovascular risk in this population. Therapeutic strategies
targeting lipid management, arginine supplementation, and ADMA reduction could improve vascular health and mitigate
cardiovascular complications in DM-HL.
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BIMAHUE TMNEPIMNMWAEMUN HA SHAOTEJINAJIbHYIO AUCOYHKLNIO U METABOJIU3M
APTMHUAHA'Y NAUMEHTOB C AMABETOM: HAPYLWIEHUE PErYNAUMN OKCUAA A3OTA
W NOBbIWEHUNE PUCKA CEPAEYHO-COCYAUCTbIX 3ABOJIEBAHUN

© Moxammag Axmag buk'*, diica Anbmarpe6bu’, ®atma Akat', Kapam lapa6?, ®upgesc Cak', ®agnme Kapaman', Anuv tOHn0'

"YuusepcnTteT Cenbuyk, MeanumHckii dakynbteT, Kadeapa meauumHckom 6roxumini, KoHbs, Typuus
YuusepcuteT MycTtaHcmpuiia, HaumoHanbHbiii LeHTp anabeta, barnaa, Upak

AKTYAJIbHOCTb. CaxapHbiin arabet 2 Trna (CA2) sBnAeTcs o4HON U3 OCHOBHbIX NMPO6JieM 0OLLECTBEHHOTO 34PaBOOXPaHe-
HMA BO BCEM MUPE, XapaKTepmn3yeTca XPOHNYECKON runeprinkemMmmnen, MHCyTMHOPE3NCTEHTHOCTBIO 1 HapyLueHem GyHKLun
6eTa-KneTok. JHAOTeNanbHaA AMCOYHKLMA ABNAETCA XapaKTePHbIM NPU3HakoMm anabeTa u ycyrybnaeTtca runepninuaemm-
en.

LEJb. 3yunTb BANAHUE TMNEPUNMAEMIN Ha CUHTE3 OKCUAA a30Ta, MeTabonNn3M apruHUHa 1 MapKepbl COCYAUCTOrO 340-
posba npun CA2.

MATEPUAJIbl U METObI. B 5ToM nepeKkpecTHOM CpaBHUTENIbHOM UCCEA0BAHMMN MPUHANN YYacTe B OBLE CNOXHOCTU
120 yenoBek. YpOBHU NPOU3BOAHbBIX METUSTAPTUHUHA B CLIBOPOTKE KPOBU (aCMMMETPUYHBIN AnMeTnnapruHH (AOMA), cnm-
MeTpUYHbIA gumeTunapruHnH (CAMA), L-N-moHomeTunaprHmH (L-NMMA)) n cBA3aHHbIX MeTabonnToB (aprrHKH, romoap-
TVHVIH, UATPYIIVH, OPHUTUH) U3MEPSANINCH B TPEX FPYNNax: NauneHTbl ¢ Agnabetom u runepavnmugemmenn (DM-HL), naumeHTbl
¢ anabetom 1 Hopmonunuaemnen (DM-NL) n 3gopoBble nuua us KoHTponbHom rpynnbl (HC) ¢ ncnonb3oBaHnem MeTooB
LC-MS/MS Ha npubope API SCIEX 3200. CTaTUCTUYECKOE CPAaBHEHME MeXAY rPynnaMm NpPoBOAMIOCH C CNOb3oBaHueM IBM
SPSS 26.0 AnA oueHKW BANAHUA rTMNepAnnNUAEMUIM Ha 3TN MapKepbl.
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OPUTMHAJIbHOE NCCNEAOBAHNE

PE3YJIbTATbI. YposHu ALIMA n CLIMA 6binu 3HaumTenbHO noBbiweHbl B rpynne DM-HL no cpaBHeHuto ¢ rpynnamm DM-NL
1 HC (p=0,001 n p=0,000 COOTBETCTBEHHO), YTO YKa3blBaeT Ha yCUeHUe SHAoTeNnanbHol ANCOYHKLUN 1 NOTEHUMANbHOE
HapyLweHne GyHKUMM NOYeK WU COCYAOB, Bbi3BaHHOe ancnunugemmein. CHUMXeHHble YPOBHM aprvHVHa U FOMOaprmHUHa
B AMabeTnUecKUX rpynnax CBUAETeIbCTBYIOT O HapYLLIEHWW CMHTE3a OKCUAA a30Ta U U3MEeHeHUN GYHKLMM LiMKNa MOYEBUHbI
(p=0,013 1 p=0,000 cooTBeTCTBEHHO). CnepyeT oTMeTUTb, UTo B rpynne DM-HL yposHu L-NMMA 6b1511 3HaunTeNbHO BbiLle
(p=0,001). 3To NpMBeso K HapyLleHW0 MeTabonnyecknx cooTHoweHui (Hanpumep, CAMA/ALMA, apruHni/AOMA v romo-
apruHuH/AJMA), uTo oTpa)aeT ycuneHme NHrMbUPOBaHUA OKCMAA a30Ta U CHIXKeHKe ero buogocTynHocTu. lmnepavnuge-
MUSA 3HAUMTENbHO YCYrybnana 3T HapyLleHus, O YeM CBUAETENbCTBYIOT M3MEHEHHbIE COOTHOLUEHUSA LUTPYINIUH/aprMHUH
v uutpynanH/AMA, uTo NnoaguepKnBaeT ee afaANTUBHOE BAUSAHUE HA SHAOTENMANbHYI0 ANCOYHKUMIO.

BbIBOAbl. [Mnepnunugemus ycunusaet HebnaronpuaTHoe BO3AelCTBUe AnabeTa Ha OyHKUMIO SHAOTenus, ycyrybnas
MHrMOMpPOBaHME OKCUAA a30Ta, OKUCSIUTENbHBIA CTPeCcC U HapylleHre MeTabonusma apriHuHa. Kniouesble 6riomapkepsl
1 MeTabonmyeckmne COOTHOLLIEHWSA, 0COBEHHO UHAEKCI, cBAizaHHble ¢ ALIMA n CAMA, gaioT ueHHyo MHpopmMaLmio o cepaeu-
HO-COCYAMCTOM PUCKe B AaHHOW nonynauuy. TepaneBTUYecKre CTpaTernu, HarnpasneHHble Ha KOHTPOSIb MNUAOB, 106aB-
NIeHVe aprmH1Ha 1 cHuXeHne ypoBHAa AJJMA, MOryT ynyulinTb 340pOBbe COCYAOB U CHU3UTb PUCK CepAeUYHO-COCYAMNCTbIX
OCNOXKHeHWI y naumeHTos ¢ DM-HL.

KJTIOYEBbIE CJI0BA: AIMA; Memabonusm apeuHuHa; caxapHeili duabem; 2unepaunudemus; CUHMAsd oKkcuoda azoma.

INTRODUCTION

Type 2 Diabetes Mellitus (T2DM) is a primary public
health concern globally, characterized by chronic hyperg-
lycemia, insulin resistance, impaired beta-cell function and
associated with significant metabolic disturbances, includ-
ing leading to a spectrum of carbohydrate, lipid, and protein
metabolic derangements that exacerbate the challenges
of the pathophysiological condition [1, 2]. A critical aspect
of T2DM pathology involves vascular complications driven
by endothelial dysfunction, which contributes to the high
prevalence of cardiovascular disease (CVD) in diabetic pop-
ulations [3].

In recent years, some progress has been made in discov-
ering novel biomarkers associated with the pathogenesis
of T2DM and improvements in procedures involved in di-
agnosing, monitoring, and therapeutic managing the dis-
ease [4]. Among these biomarkers, methylarginine has been
of special interest due to its effects on endothelial function
and nitric oxide (NO) availability [5]. NO signaling in main-
taining endothelial health cannot be overstated [6]. NO,
a critical vasodilator, is synthesized by nitric oxide synthase
(NOS), which requires arginine as a substrate [7, 8] (Fig. 1).

In T2DM, however, NO bioavailability is often compro-
mised, and endothelial dysfunction becomes more pro-
nounced, potentially increasing the risk of atherosclerosis
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Figure 1. Overview of arginine metabolism and nitric oxide synthesis pathway.
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and related CVD complications [9, 10]. A significant factor
contributing to impair NO production in T2DM is the pres-
ence of methylarginine derivatives, specifically asymmetric
dimethylarginine (ADMA) and L-N Mono-methylarginine
(L-NMMA) [11, 12]. These Compounds act as endogenous
inhibitors of NOS, reducing NO synthesis and thus limiting
vasodilation, which in turn promotes endothelial dysfunc-
tion [13, 14].

Research has established that concentrations of meth-
ylarginine and its derivatives are elevated in individuals
with T2DM, and this elevation might relate to endothelial
dysfunction [15, 16], increased cardiovascular risk [17], and
impaired metabolic parameters [18, 19]. T2DM patients fre-
quently experience dyslipidemia — elevated triglycerides,
low HDL, and high LDL levels — raising their risk for athero-
sclerosis and cardiovascular complications [20].

Endothelium plays a crucial role in maintaining vascular
homeostasis by regulating vascular tone, vascular smooth
muscle cell proliferation, immune cell adhesion, and vas-
cular inflammation through bioactive factors [21]. The mo-
lecular mechanisms underlying endothelial dysfunction are
complex[10, 22]. They are influenced by multiple pathologic
stimuli, including NO, LDL, reactive oxygen species (ROS)
and high glucose [23].

Endothelial dysfunction has been associated with dia-
betic animal models and human patients, and excessive ROS
production plays a central role in early microvascular dam-
age [24]. Mitochondrial and cytoplasmic oxidases, such as
NADPH oxidase, are significant sources of ROS in endothelial
cells [25]. High levels of glucose or fatty acids accelerate this
process [26]. Shah et al. suggested hyperglycemia stimulates
endothelial cells to overproduce ROS, causing DNA dam-
age [27]. Given this information, it has become necessary
to discuss the metabolic pathways of methylarginine with-
in the biochemical cycle of associated molecules such as
ADMA, L-NMMA, and symmetric dimethylarginine (SDMA).

RESEARCH AIM

This study examines serum levels of methylarginine de-
rivatives (ADMA, SDMA, L-NMMA) and related metabolites
(arginine, homoarginine, citrulline, ornithine) in T2DM pa-
tients with hyperlipidemia (DM-HL) and normolipidemia
(DM-NL) to determine how lipid status may affect these
biomarkers. Understanding these relationships is essential
for clarifying the link between dyslipidemia and endothelial
dysfunction and could enhance cardiovascular risk predic-
tion in T2DM populations.

MATERIAL AND METHOD

This cross-sectional, comparative study was conduct-
ed between July 2024 and September 2024, with patient
recruitment carried out at the endocrinology outpatient
clinics of Selcuk University Faculty of Medicine Hospital.
A total of one hundred and twenty individuals over 18 years
old participated in this cross-sectional, comparative
study. 41 DM-HL aged (55.76+12.5), 42 with DM-NL aged
(53.78+10.5) and 37 healthy controls (HC) aged (51.73+9.29).

The Inclusion criteria of this study are individuals with
a confirmed diagnosis of T2DM, HbAc levels above 6.5%,
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fasting blood glucose levels of more than 6.93 mmol/L, se-
rum cholesterol of DM-HL was more than 5.17 mmol/L and
triglyceride were higher than 1.69 mmol/L and stable health
conditions with normal kidney and liver function tests.
Healthy control subjects were age-sex matched to patient
group. They had no history of chronic metabolic or cardio-
vascular diseases, and normal biochemical and hematologi-
cal profiles were confirmed prior to inclusion.

We exclude some health conditions, including
the presence of other types of DM like gestational and TIDM,
Pregnancy or lactation, patients with a history of major sur-
gery, Chronic liver or kidney disease, Substance abuse or al-
coholism, and Severe CVD. This selection process was guid-
ed by strict ethical considerations, with the study receiving
approval from the Selcuk University, Faculty of Medicine,
Clinical Research Ethics Committee (Decision No: 2024/324).

Arginine (CAS Number: 202468-25-5), ADMA (CAS
Number 220805-22-1), citrulline (CAS Number: 372-75-8),
SDMA (CAS Number: 1266235-58-8), L-NMMA (CAS Number:
53308-83-1), ornithine (CAS Number: 3184-13-2), methanol
(CAS Number: 67-56-1), HPLC grade water (CAS Number:
7732-18-5), n-butanol (CAS Number: 71-36-3), acetyl chloride
(CAS Number: 75-36-5), formic acid (CAS Number: 64-18-6)
and d7-ADMA (Catalog No: DLM-7476-5) were purchased
from Sigma Aldrich and Cambridge Isotope Laboratories (St.
et al., USA) respectively.

Shimadzu HPLC system (Kyoto, Japan) and Phenomenex
C18 HPLC column (50 mm X 4.6 mm) were used for chroma-
tographic separation. The detection was performed using
a API 3200 triple quadrupole mass spectrometer equipped
with an electrospray ionization interface that was used
(Applied Biosystems/MDS Sciex) as detector.

Fasting venous blood samples were collected for anal-
ysis of serum methylarginine derivatives (ADMA, SDMA,
L-NMMA) and related metabolites (arginine, homoarginine,
citrulline, ornithine).

Serum methylarginine derivatives (ADMA, SDMA,
L-NMMA) and related metabolites (arginine, homoarginine,
citrulline, ornithine) levels were measured with a modifi-
cation of the previously published method [28]. The sum
of ADMA, SDMA and L-NMMA levels was calculated as a total
methylated arginine load [29]. Global arginine bioavailabili-
ty ratio (GABR) was calculated by the formula as [Arginine /
(Citrulline + Ornithine)] [30].

The Statistical analyses were performed using IBM SPSS
version 26.0. Data normality was assessed via the Shapiro-
wilk test. We employed the Mann-Whitney U test for two
group comparisons; for more than two group comparisons
One-Way ANOVA test was used for normal distributed pa-
rameters while Kruskal-Wallis tests was used for abnormal-
ly distributed parameters. Spearman correlation was used.
Statistical significance was established at p<0.05.

Diabetes Mellitus. 2025;28(6):568-577



RESULTS

A total of 83 patients diagnosed with DM participated
in the study; 55 were female, and 28 were male. The mean
age was 56.22+11.4, 51.96+11.5 years respectively. Also
37 healthy controls, 25 were female and 12 were male includ-
ed in the study. The mean age was 51.72+10.01, 51.75+8.01
respectively.

DM groups had higher fasting blood glucose (FBG),
HbA1c, Insulin, HOMA-IR, Triglyceride (TG), Cholesterol
(CHE), Low-density lipoprotein (LDL), White blood cell (WBC)
and Platelets (PLT) levels than the Control group (p=0.000,
p=0.000, p=0.000, p=0.000, p=0.000, p=0.000, pP=0.000
p=0.000 and p=0.033 respectively), while High-density
Lipoprotein (HDL), Hemoglobin (HGB), mean corpuscu-
lar volume (MCV), mean corpuscular hemoglobin (MCH)
and mean corpuscular hemoglobin concentration (MCHC)
were higher in control than DM group (p=0.000, p=0.000,
p=0.011, p=0.000 and p=0.000 respectively). The values are
shown detailed in Table 1.

OPUTMHAJIbHOE NCCNEAOBAHNE

When we compared between three groups, ADMA
(p=0.001), SDMA (p<0.001), Arginine (p=0.013), Citrulline
(p<0.001), L-NMMA (p=0.001), Ornithine (p<0.001),
Arginine/ADMA ratio (p=0.028), Homoarginine/ADMA
ratio (p<0.001), Citrulline/ADMA ratio (p<0.001), GABR
(p=0.002) and Total methylated Arginine load (p<0.001)
were statistically significant. The results presented are de-
tailed in Table 2.

Serum ADMA (p=0.033), SDMA (p=0.001), Citrulline
(p<0.001), LLNMMA (p<0.001), Citrulline/Arginine (p<0.001),
Citrulline/ADMA (p<0.001), GABR (p=0.001) and Total meth-
ylated Arginine load (p=0.001) levels were found to be sta-
tistically significantly higher in DM-HL group compared
to HC group, while serum Homoarginine (p<0.001), Ornithine
(p<0.001), Arginine/ADMA (p=0.022) and Homoarginine/
ADMA (p<0.001) were found to be statistically significantly
lower in DM-HL group compared to HC group.

When DM-NL compared to HC group, serum Citrulline
(p=0.002), SDMA/ADMA (p=0.031), Citrulline/Arginine
(p<0.001), Citrulline/ADMA (p=0.001) levels were found

Table 1. Shows the demographic, biochemical and hematological parameters of the participants

DM-HL DM-NL HC P value
(n=41) (n=42) (n=37)
Demographic Parameters
aAge (Year) 53.78 £ 10.51 55.76 £12.5 51.73 +9.29 0.087
‘Gender
Male 15 13 12
Female 26 29 25
‘Insulin resistance
+ 39 27 -
- 2 15 37
Biochemical and hematological tests

’FBG (mmol/L) 10.16 (6.99-22.7) 7.66 (6.94-30.36) 4.83 (3.89-5.49) 0.000¢
PHbA1c (%) 8.9 (6.6-14.6) 7.8 (6.8-15) 5.4 (4.8-5.9) 0.000¢
BInsulin (pmol/L) 96.54(2.78-414.62) | 50.00 (2.78-405.59) | 56.25(21.53-98.62) 0.000¢
PHOMA-IR 6.8 (0.4-41.4) 2.6 (0.1-24.7) 1.2 (0.5-2.8) 0.000¢
5TG (mmol/L) 3.57(1.73-8.11) 1.12 (0.68-1.66) 1.3(0.79-1.53) 0.000¢
®CH (mmol/L) 5.88(5.34-11.09) 4.29 (3.06-5.15) 4.53(1.29-4.9) 0.000¢
2HDL (mmol/L) 1.1£0.3 1.34+0.35 1.5+£0.26 0.000f
5LDL (mmol/L) 3.2(1.29-4.58) 2.39(0.98-3.57) 2.33(1.81-4.01) 0.000¢
bWBC (10°/L) 9(5.39-14.25) 7.6 (4.65-14.9) 6.3 (4.7-8.4) 0.000¢
2HGB (g/L) 138.0+£18.0 131.0+20.3 141.0£10.2 0.041f
2HCT (%) 42.14+4.2 40.8+5.3 41.4+3.07 0.442f
PLT (10°/L) 318.4+99.9 283.6+70.5 270.9+63.9 0.033f
2RBC (10"%/L) 5+0.54 4.89+0.54 5+0.43 0.542f
BMCV (fL) 85.3 (64.8-99.2) 85.6 (62.4-101) 87.6 (79-95.5) 0.011¢
PMCH (pg) 28.2(19.5-34.4) 28.2(19.5-34.4) 29.3+1.2 0.000¢
3MCHC (g/L) 328.0+14.6 322.0+14.7 341.0+11.4 0.000f

Note.*Mean=SD; "Median (min-max); °n; “Kruskal Wallis Test; ‘One-Way ANOVA; CH — cholesterol; DM-HL — diabetes with hyperlipidemia; DM-NL — dia-
betes with normolipidemia; FBG — fasting blood glucose; HbA1c — glycated hemoglobin; HGB — hemoglobin; HC — healthy control; HCT — hematocrit;
HDL — high density lipoprotein; HOMA-IR — Homeostasis Model Assessment of Insulin Resistance; LDL — low density lipoprotein; MCH — mean cor-
puscular hemoglobin; MCHC — mean corpuscular hemoglobin concentration; MCV — mean corpuscular volume; PLT — platelets; RBC — red blood cells;

TG — triglyceride; WBC — white blood cell.
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Table 2. Methylarginine and its metabolite values

DM-HL DM-NL HC
Metabolite (Median, (Median, (Median, p Value
min and max) min and max) min and max)
ADMA (umol/L) 0.173 (0.059-0.408) 0.087(0.030-0.317) 0.12 (0.032-0.36) OP?021
SDMA (umol/L) 0.27 (0.069-0.57) 0.15 (0.065-0.46) 0.14 (0.031-0.503) 0.000
Arginine (umol/L) 57.8 (5.1-202) 41.2 (13.6-146) 62.3 (6.6-278) 0.013
HomoArg. (ng/mL) 5.58 (2.06-15.8) 5.3(1.18-15.4) 10.9 (4.12-126) 0.000
Citrulline (ng/mL) 9.9 (0.01-40.6) 5.5(0.0-16) 2.1(0.01-13.2) 0.000
L-NMMA (umol/L) 0.038 (0.012-0.096) 0.022 (0.01-0.074) 0.021 (0.006-0.069) 0.001
Ornithine 59.1 (3-170) 73.5 (3.4-262) 107 (10.3-324) 0.000
SDMA/ADMA 1.63 (0.452-4.270) 1.75 (0.448-4.3) 1.4 (0.224-6.03) 0.072
Arginine/ADMA 382.5(42.7-1922.4) 474 (43.8-1339.4) 462 (74.3-2139.8) 0.028
HomoArg/ADMA 34.7 (15.9-109.9) 61.9(3.8-178.8) 97.8 (40.4-484.6) 0.000
Citrulline/Arginine. 0.19 (0.00-0.744) 0.13 (0.00-0.73) 0.034 (0.001-0.260) 0.000
Citrulline/ADMA 62.6 (0.064-276.5) 61.4 (0.016-360) 22.46 (0.08-145.3) 0.000
GABR 0.66 (0.31-22.9) 0.533(0.15-7.33) 0.488 (0.12-1.66) 0.002
Total Methylated Arginine load 0.49 (0.16-0.92) 0.285(0.133-0.703) 0.342 (0.098-0.872) 0.000

Note. p-values calculated by Kruskal-wallis test; ADMA — asymmetric dimethylarginine; DM-HL — diabetes with hyperlipidemia; DM-NL — diabetes with
normolipidemia; GABR — global arginine bioavailability ratio; HC — healthy control; HomoArg — homoarginine; L-NMMA — NG-monomethyl-L-arginine;
SDMA — symmetric dimethylarginine.

to be statistically significantly higher, while Arginine L-NMMA (p=0.003), GABR (p=0.014) and Total methylated
(p=0.026), Homoarginine (p<0.001) and Homoarginine/  Arginine load (p<0.001) were found to be statistically sig-
ADMA (p=0.001) were found to be statistically significantly  nificantly higher in lipemic group, while Arginine/ADMA
lower. (p=0.029) and Homoarginine/ADMA (p<0.001) were found

Moreover, DM group statistically compared accord- to be statistically significantly lower. The laboratory param-
ing to lipemic profile and serum ADMA (p<0.001), SDMA  eters of DM and HC groups were described in Figure 2 and

(p<0.001), Arginine (p=0.005), Citrulline (p<0.001), Table 3.

Table 3. Methylarginine and its metabolite values between two diabetic groups

Metabolite DM-HL (Median, min and max) DM-NL (Median, min and max) p Value
ADMA (umol/L) 0.173 (0.059-0.408) 0.087(0.030-0.317) 0.000
SDMA (umol/L) 0.27 (0.069-0.57) 0.15 (0.065-0.46) 0.000
Arginine (umol/L) 57.8 (5.1-202) 41.2(13.6-146) 0.005
HomoArg. (ng/mL) 5.58 (2.06-15.8) 5.3(1.18-15.4) 0.566
Citrulline (ng/mL) 9.9 (0.01-40.6) 5.5 (0.0-16) 0.000
L-NMMA (umol/L) 0.038 (0.012-0.096) 0.022 (0.01-0.074) 0.003
Ornithine 59.1 (3-170) 73.5(3.4-262) 0.527
SDMA/ADMA 1.63 (0.452-4.270) 1.75 (0.448-4.3) 0.469
Arginine/ADMA 382.5(42.7-1922.4) 474 (43.8-1339.4) 0.029
HomoArg/ADMA 34.7 (15.9-109.9) 61.9(3.8-178.8) 0.000
Citrulline/Arginine. 0.19 (0.00-0.744) 0.13 (0.00-0.73) 0.090
Citrulline/ADMA 62.6 (0.064-276.5) 61.4 (0.016-360) 0.578
GABR 0.66 (0.31-22.9) 0.533(0.15-7.33) 0.014
Total Methylated Arginine load 0.49 (0.16-0.92) 0.285(0.133-0.703) 0.000

Note. p-values calculated by Mann-Whitney U test. ADMA — asymmetric dimethylarginine; DM-HL — diabetes with hyperlipidemia; DM-NL — diabetes with
normolipidemia; GABR — global arginine bioavailability ratio; HomoArg — homoarginine; L-NMMA — NG-monomethyl-L-arginine; SDMA — symmetric
dimethylarginine.
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Figure 2. The p-values of Methylarginine metabolites between three groups.

Note. ADMA — asymmetric dimethylarginine; GABR — global arginine bioavailability ratio; SDMA — symmetric dimethylarginine; L-NMMA —
NG-monomethyl-L-arginine.
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Table 4. Correlation values of methylarginine derivatives and biochemical parameters

& 8 :':) % S w T a a 2
< w 8 2 o= = v T = =
ADMA (umol/L) r | 0.083 | 0.104 | .221 192 | 0.125 | 0.233 | 0.247 | -012 | 0.082 | 0.119
p | 0370 | 0.257 | 0.016 | 0.038 | 0.188 | 0.010 | 0.007 | 0.899 | 0.381 | 0.207
SDMA (umol/L) r | 0.165 | .185 294 215 .189 261 0.206 | -.110 | 0.047 | .249
p | 0.072 | 0.044 | 0.001 | 0.020 | 0.045 | 0.004 | 0.024 | 0.231 | 0.621 | 0.007
Homoarginine (ng/mL) r -.306 -.347 -310 -.057 -312 -.158 -010 | 0.140 | -.059 -.225
p | 0.001 | 0.000 | 0.001 | 0.545 | 0.001 | 0.086 | 0.911 | 0.126 | 0.529 | 0.016
Citrulline (ng/mL) r | 0.137 | .408 432 | 0.147 | .300 354 292 -.280 .259 .387
p | 0.135 | 0.000 | 0.000 | 0.114 | 0.001 | 0.000 | 0.001 | 0.002 | 0.005 | 0.000
L-NMMA (umol/L) r 240 | 0.167 | .216 | 0.014 | 0.157 | 314 .190 -257 | -.037 | 0.163
p | 0.008 | 0.069 | 0.019 | 0.884 | 0.096 | 0.000 | 0.037 | 0.005 | 0.698 | 0.084
Ornithine (umol/L r | -220 | -273 | -261 -006 | -.171 -267 | -.090 | 0.164 | -.020 | -.236
p | 0.016 | 0.003 | 0.004 | 0.948 | 0.071 | 0.003 | 0.326 | 0.073 | 0.836 | 0.011
Arginine/ADMA ro| =129 | -211 -300 | -114 | -147 | -248 | -130 | 0.132 | -.032 | -.142
p | 0.159 | 0.021 | 0.001 | 0.221 | 0.119 | 0.006 | 0.159 | 0.150 | 0.738 | 0.131
Homoarginine/ADMA r | -363 | -463 | -529 | -236 | -412 | -383 | -280 | 0.138 | -.170 | -.309
p | 0.000 | 0.000 | 0.000 | 0.011 | 0.000 | 0.000 | 0.002 | 0.134 | 0.069 | 0.001
Citrulline/Arginine r | 0.144 | 388 380 | 0.022 | .206 249 | 0.131 | -249 | 0.146 | .363
p | 0.115 | 0.000 | 0.000 | 0.817 | 0.029 | 0.006 | 0.155 | 0.006 | 0.119 | 0.000
Citrulline/ADMA r | 0.09 | .287 .240 -023 | 0.155 | 0.151 | 0.059 | -213 | 0.124 | .241
P | 0.296 | 0.001 | 0.009 | 0.804 | 0.101 | 0.100 | 0.524 | 0.020 | 0.188 | 0.010
GABR r | 0.125 | 0.163 | 0.166 | 0.115 | 0.178 | .231 .237 -063 | 0.105 | 0.151
p | 0172 | 0.075 | 0.071 | 0.217 | 0.060 | 0.011 | 0.009 | 0.492 | 0.265 | 0.109
Total Methylated Arginine 0.151 | 0.158 | .290 222 | 0175 | 294 243 -088 | 0.057 | .216
p | 0.100 | 0.085 | 0.001 | 0.016 | 0.063 | 0.001 | 0.007 | 0.340 | 0.548 | 0.021

Note. Spearman correlation test. ADMA — asymmetric dimethylarginine; GABR — global arginine bioavailability ratio; SDMA — symmetric dimethylarginine;
L-NMMA — NG-monomethyl-L-arginine. CH — cholesterol; FBG — fasting blood glucose; HbA1c — glycated hemoglobin; HDL — high density lipoprotein;
HOMA-IR — Homeostasis Model Assessment of Insulin Resistance; LDL — low density lipoprotein; TG — triglyceride; WBC — white blood cell.

When we performed spearman correlation test on se-
rum methylarginine derivatives and some biochemical pa-
rameters, the results showed that ADMA, SDMA, L-NMMA,
homoarginine, ornithine, and their derivatives show corre-
lations with glucose metabolism, insulin resistance, and in-
flammation, potentially linking them to metabolic syndrome
and cardiovascular risks, the results presented in Table 4.

DISCUSSION

This study investigates the serum level of methylarginine
derivatives (ADMA, SDMA, L-NMMA) and related metabo-
lites (arginine, homoarginine, citrulline, ornithine), which
are associated with NO metabolism in DM with and without
hyperlipidemia. Unlike previous studies, our study uniquely
investigates how hyperlipidemia modulates arginine me-
tabolism and nitric oxide bioavailability in the diabetic state.
It allows us to isolate the specific contribution of lipid profile
abnormalities to endothelial dysfunction in T2DM patients.
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NO is an unstable molecule with a very short half-life
(2-6 s) and rapidly oxidizes to nitrite and nitrate. The un-
stable structure of NO complicates the direct measurement
of NO levels [28]. Arginine divided through a reaction cata-
lyzed by NOS to form citrulline and NO [31]. Therefore, in this
study, we calculated the citrulline / Arginine ratio, which
can be an indicator for NOS activity and NO levels. When we
compared the 3 groups the citrulline/Arginine ration were
significantly statistically higher in DM-HL than HC (p=0.000)
and higher in DM-NL than HC (p=0.000). however, When
the results between the two DM groups were examined, no
statistical significance was found (p>0.05) (Table 2, Fig. 1).

Rainer H. Boger et al. investigated the levels of ADMA
and arginine in hypercholesterolemic and normocholester-
olemic participants. 49 hypercholesterolemic and 31 normo-
cholesterolemic participants were included in the study. As
a result of the study, plasma ADMA are statistically signifi-
cantly elevated in hypercholesterolemic than in normocho-
lesterolemic (P<0.05) [32].
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Riccioni et al., investigated the level of ADMA and
SDMA in asymptomatic carotid atherosclerosis. 180 sub-
jects with carotid atherosclerosis included in this study.
14% had carotid intima-media thickening (CIMT) localized
to the common carotid arteries (CCAs), 36% had atheroscle-
rotic plaque in the CCAs, 44% had atherosclerotic plaque
in the internal carotid arteries (ICAs) and 6% had athero-
sclerotic plaque in the external carotid arteries (ECAs).
The study found that elderly subjects with asymptomatic
carotid atherosclerosis, as measured by CIMT and plaque,
had significantly higher plasma concentrations of ADMA
and SDMA compared to those without carotid atheroscle-
rosis (p<0.001) [33].

In our study, elevated ADMA levels in the DM-HL group
compared to both DM-NL and HC groups (p=0.000 and
p=0.033, respectively) indicate that hyperlipidemia ex-
acerbates endothelial dysfunction in diabetic patients.
Conversely, the non-significant difference between DM-NL
and HC (p=0.167) suggests that diabetes alone has a limit-
ed impact on ADMA levels. Elevated SDMA levels in DM-HL
compared to DM-NL (p=0.000) and HC (p=0.001) highlight
the potential role of SDMA as a marker of dyslipidemia-in-
duced renal or vascular dysfunction. The absence of signif-
icant variation between DM-NL and HC (p=0.871) supports
this interpretation.

Reduced arginine levels in both DM groups compared
to HC suggest impaired nitric oxide synthesis, a result of di-
abetes-associated metabolic disturbances. The lack of a sig-
nificant difference between the two DM groups (p=0.952)
implies that hyperlipidemia does not further reduce argi-
nine availability. Additionally, homoarginine levels are mark-
edly lower in DM groups compared to HC (p=0.000 for both
DM groups), likely reflecting altered urea cycle function or
increased protein carbamylation in DM. The absence of sig-
nificant differences between DM groups (p=0.566) suggests
that hyperlipidemia does not independently influence ho-
moarginine levels.

Citrulline levels were significantly lower in both DM
groups compared to HC (p=0.000), suggesting dysregu-
lation in nitric oxide or urea cycle pathways. In addition,
the levels of Citrulline were significantly lower in DM-NL
compared to DM-HL (p=0.000). Elevated L-NMMA levels
in DM-HL compared to DM-NL (p=0.003) and HC (p=0.001)
indicate heightened endogenous nitric oxide inhibition
in DM-HL, further impairing vascular function. The lack
of significant differences between DM-NL and HC (p=0.592)
emphasizes the more pronounced role of hyperlipidemia
in this dysfunction.

The levels of Ornithine showed no significant differenc-
es between the two DM groups (p=0.527) suggesting that
Ornithine serum levels are not affected by dysregulated lipid
profile. However, Ornithine levels were reduced in both DM
groups compared to HC, highlighting disruptions in the urea
cycle and potential shifts in arginine metabolism towards
alternative pathways, such as polyamine synthesis or ni-
tric oxide production. This reduction may reflect adaptive
or maladaptive metabolic responses to diabetes-induced
stress. Restoring metabolic balance through dietary arginine
supplementation could be a potential therapeutic strategy
to mitigate these disruptions.

Significantly elevated SDMA/ADMA ratios in DM groups,
especially in DM-HL suggest an increase in nitric oxide in-
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hibition, which is indicator for endothelial dysfunction.
This ratio could be an important marker for identifying
individuals at increased risk for cardiovascular complica-
tions. Also, the decrease in arginine/ADMA ratio across all
DM groups indicates limited substrate availability for nitric
oxide synthase due to high ADMA levels. The lack of signif-
icant differences between the DM-HL and DM-NL groups
suggests that DM is responsible for these alterations rather
than lipid status. Since, a low arginine/ADMA ratio strong-
ly predicts CVD risk, the importance of early interventions
to preserve endothelial function in diabetes management
is mandatory.

The homoarginine/ADMA ratio, an alternative marker
of nitric oxide production, was significantly lower in DM-HL.
This compounded insufficiency in nitric oxide generation
underscores the negative role of hyperlipidemia in vas-
cular dysfunction. Monitoring homoarginine/ADMA ratio
may provide valuable vision into the interplay between li-
pid status and vascular health in DM. Strategies to increase
homoarginine levels, such as dietary supplementation, may
hold promises for improving vascular outcomes in DM-HL
patients.

The citrulline/arginine ratio, reflecting arginine recy-
cling and utilization, was elevated in DM-HL suggesting
altered metabolic flux due to increased arginine diversion
toward other pathways (e.g., polyamine or proline syn-
thesis). These disruptions contribute to endothelial dys-
function and impaired vascular homeostasis. Modulating
arginine metabolism could restore nitric oxide synthesis
efficiency and improve vascular function. The citrulline/
ADMA ratio, integrating markers of nitric oxide recycling
and inhibition, was significantly reduced across all DM
groups, particularly in DM-HL. This finding highlights
the additive effect of elevated ADMA levels and reduced
substrate recycling in worsening endothelial dysfunction.
Incorporating lipid-lowering strategies into comprehen-
sive diabetes care is crucial to address these metabolic
derangements.

The GABR was significantly lower in both DM groups
compared to the HC. GABR reflects the balance between cir-
culating arginine and its primary inhibitors, such as ADMA,
and is a critical indicator of nitric oxide bioavailability and
vascular health. Both DM and hyperlipidemia are associated
with increased oxidative stress and endothelial dysfunction,
which reduce arginine availability for nitric oxide produc-
tion. A reduced GABR in DM groups underscores dimin-
ished nitric oxide production capacity, which is pivotal for
maintaining vascular tone and preventing atherogenesis.
Interventions targeting arginine metabolisms, such as ar-
ginine supplementation or ADMA reduction, may improve
endothelial function in these populations.

Finally, elevated total methylated arginine levels in DM-
HL compared to both DM-NL (p=0.000) and HC (p=0.001)
highlight the additive role of hyperlipidemia in endotheli-
al dysfunction through elevated oxidative stress and im-
paired protein turnover. The lack of significant elevation
in the DM-NL group suggests lipid status is critical in methyl-
ation-related dysfunction. Therapeutic strategies to reduce
ADMA levels or enhance its clearance (e.g., through dimeth-
ylarginine dimethylaminohydrolase [DDAH] activity) could
mitigate cardiovascular complications in hyperlipidemic
diabetic patients.
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CONCLUSION

This study highlights the complex impact of hyperlipi-
demia on endothelial dysfunction and metabolic distur-
bances in DM patients. The elevated levels of ADMA, SDMA,
and total methylated arginine in the DM-HL group empha-
size the additional role of lipid abnormalities in worsening
nitric oxide inhibition, oxidative stress, and vascular dysfunc-
tion. The significant difference that observed in arginine, cit-
rulline, and related metabolic ratios between patients and
control further underline the dysregulation of nitric oxide
synthesis and arginine metabolism associated with DM-HL.

These findings suggest that hyperlipidemia amplifies
the harmful effects of DM on endothelial function, high-
lighting the importance of effective lipid management in di-
abetes care. Biomarkers, such as the SDMA/ADMA, arginine/
ADMA, and homoarginine/ADMA ratios, provide valuable
insights into the extent of endothelial dysfunction and car-
diovascular risk in this population.

Therapeutic interventions targeting metabolic path-
ways — including arginine supplementation, reduction
of ADMA levels, and lipid-lowering strategies — show prom-
ise for restoring endothelial function and reducing cardi-
ovascular complications in DM-HL. Future studies should
investigate these therapeutic approaches to develop com-
prehensive strategies for mitigating vascular dysfunction
and improving outcomes in this high-risk population.

However, an important limitation of this study is the rel-
atively small sample size, which may reduce the generaliz-

ability of the findings to larger populations. Furthermore,
the study’s cross-sectional nature limits the ability to infer
causality between hyperlipidemia, nitric oxide dysregula-
tion, and cardiovascular outcomes. Future research should
address these limitations through more extensive, longitu-
dinal studies to confirm these findings and explore causal
mechanisms.
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