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U W N

Abstract: Atherosclerotic cardiovascular disease (ASCVD) is the leading cause of morbidity and
mortality in patients with prediabetes and type 2 diabetes mellitus (T2DM). Carnosine has been
suggested as a potential approach to reduce ASCVD risk factors. However, there is a paucity
of human data. Hence, we performed a 14-week double-blind randomized placebo-controlled
trial to determine whether carnosine compared with placebo improves vascular and metabolic
outcomes in individuals with prediabetes and T2DM. In total, 49 patients with prediabetes and
T2DM with good glycemic control were randomly assigned either to receive 2 g/day carnosine
or matching placebo. We evaluated endothelial dysfunction, arterial stiffness, lipid parameters,
blood pressure, heart rate, hepatic and renal outcomes before and after the intervention. Carnosine
supplementation had no effect on heart rate, peripheral and central blood pressure, endothelial
function (logarithm of reactive hyperemia (LnRHI)), arterial stiffness (carotid femoral pulse wave
velocity (CF PWV)), lipid parameters, liver fibroscan indicators, liver transient elastography, liver
function tests, and renal outcomes compared to placebo. In conclusion, carnosine supplementation
did not improve cardiovascular and cardiometabolic risk factors in adults with prediabetes and
T2DM with good glycemic control. Therefore, it is improbable that carnosine supplementation would
be a viable approach to mitigating the ASCVD risk in these populations. The trial was registered at
clinicaltrials.gov (NCT02917928).

Keywords: Carnosine; randomized trial; RCT; cardiovascular risk; diabetes; insulin resistance;
metabolic health

1. Introduction

Type 2 diabetes mellitus (T2DM) and its related complications are a leading cause
of morbidity and mortality. Diabetes affects 537 million adults globally, estimated to rise
to 783 million in the next 22 years [1]. T2DM significantly increases chronic disease risk
and is a major risk factor for atherosclerotic cardiovascular disease (ASCVD) [2]. Patients
with diabetes have approximately double the ASCVD risk compared to those without
diabetes [3]. Importantly, T2DM leads to both microvascular (nephropathy, retinopathy,
and neuropathy) and macrovascular atherosclerotic diseases (peripheral vascular disease,
ischemic heart disease, coronary artery disease, and stroke) [4].
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Endothelial dysfunction is important in the development of atherosclerosis and is
commonly seen in prediabetes [5,6]. Endothelial dysfunction can occur independently of
diabetes risk factors, including insulin resistance, inflammation, and obesity-related dys-
lipidemia but diabetes further worsens endothelial dysfunction [7,8]. However, conversely,
endothelial dysfunction is the outcome of many diabetic physiologies, including impaired
insulin signaling and resistance, hyperglycemia, increased free fatty acids, and decreased
bioavailability of nitric oxide (NO), which leads to increased vascular oxidative stress due
to decreased vasodilation [7,9]. In addition to microvascular disease manifesting organs,
the liver also exhibits low-resistance arterial hemodynamics due to receiving one-third of
its blood flow by the hepatic artery [10]. Despite the management of diabetic complications,
gaps in therapeutic approaches still exist.

Carnosine (f3-alanyl-L-histidine) is an emerging therapeutic agent that can potentially
contribute to the management of T2DM and its vascular complications [11-14]. Several
experimental studies revealed that carnosine has benefits in atherogenesis by elimination
of lipid peroxidation-derived aldehydes from atherosclerotic lesions and prevention of
low-density lipoprotein cholesterol (LDL-C) oxidation [15-17]. In addition, carnosine can
ameliorate dyslipidemia by down-regulating sterol regulatory element-binding proteins
(SREBPs), mitigate hypertension and has hepato- and renal-protective properties; thus, it
has a positive effect in the management of obesity and diabetic nephropathy [15-19]. Carno-
sine also has demonstrated anti-ischemic properties, protecting animals from ischemic
heart, kidney, liver and brain injury [20-22].

There has been a small number of human trials evaluating the effect of carnosine on
cardiometabolic health. In patients with chronic heart failure who were under conventional
therapy, carnosine supplementation improved exercise performance and quality of life [23].
Another recently published trial showed that carnosine exerts renal-protective effects by
reducing urinary transforming growth factor beta (TGF-3)—a marker of renal injury in
patients with diabetic nephropathy [24]. A recent systematic review and meta-analysis
(involving 184 participants) showed that triglyceride (TG), total cholesterol (TC), and high-
density lipoprotein cholesterol (HDL-C) concentration do not change following carnosine
supplementation [25]. However, no study has yet been carried out investigating the
effectiveness of carnosine supplementation on blood pressure, arterial stiffness, endothelial
function, lipid parameters, and hepatic and renal outcomes in patients with prediabetes
and T2DM. Therefore, in the present study, we aimed to evaluate the effect of 14-week
carnosine supplementation on important indicators of vascular, renal and hepatic health in
those with T2DM and prediabetes.

2. Materials and Methods
2.1. Study Design and Participants

The present study was a randomized, parallel design, double-blind, placebo-controlled
trial. We followed the standard protocol for clinical trials using the Standardised Protocol
Interventions: Recommendations for Interventional Trials (SPIRIT) 2013 Statement [26].
Eighty-eight adult patients with prediabetes or T2DM who were untreated, diet-controlled,
or on metformin therapy were recruited through community advertising at Monash Uni-
versity and Monash Medical Centre in Melbourne, Australia. Patients were also recruited
from the Australian National Diabetes Service Scheme. We screened and recruited par-
ticipants if they met the following inclusion criteria: 18-70 years old, diagnosed with
prediabetes (impaired fasting glycaemia (IFG) which is defined as fasting blood glucose
of 6.1-6.9 mmol /L and impaired glucose tolerance (IGT) which is defined as a 2-h blood
glucose of 7.8-11.1 mmol/L) or T2DM which was diagnosed based on fasting blood glu-
cose > 7.0 mmol/L and 2-h blood glucose of >11.1 mmol/L at screening), hemoglobin
Alc (HbAlc) concentration below 8%. If their HbAlc level was below 8%, they were
also be recommended not to change their current medication over the course of the trial;
stable body weight, with a weight change of no more than 5 kg during the previous six
months, and no aim to reduce weight or alter physical activity throughout the study
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period. Participants were excluded if they were current smokers, had high alcohol use
(>2 standard drinks/week for women and >4 standard drinks/week for men), body mass
index (BMI) > 40 kg /m?, using medications or dietary supplements known to affect car-
diometabolic measures, history of blood transfusion within the past three months, renal
failure (estimated glomerular filtration rate (GFR) of <30 mL/min), gastrointestinal, hema-
tological, cardiovascular, endocrine or respiratory diseases, psychiatric disorders, central
nervous system diseases, active cancer, acute inflammation or infection within the previous
five years; and lactating or pregnant women.

2.2. Ethics

All included participants provided written informed consent before commencing
the trial. The trial was performed in accordance with the principles of the Declaration of
Helsinki. The present study received ethical approval from the Human Research Ethics
Committee of Monash Health (Ref. No. 16061A) and Monash University (ID number: 7787),
Melbourne, Australia. The trial was also registered at clinicaltrials.gov (NCT02917928).

2.3. Sample Size Calculation

The sample size determined using GPower (v3.1.9.7) [27] information from a similar
cohort of individuals with prediabetes and T2DM who were studied in our laboratory and
had a mean change in fasting glucose (mmol/L) of 10 £ 2.0 and HbAlc (%) of 7 + 0.5.
Accordingly, 22 completed participants in each group were required to observe a 20%
absolute change in fasting glucose and a 0.5% difference in HbA1lc for 80% power. This
effect size was clinically significant and comparable to that shown following a 12-week
carnosine treatment among subjects with prediabetes [28]. As a result, 50 participants were
required to complete the study recruited to account for dropout based on a type I error of
0.05 (two-tailed).

2.4. Screening

Following the informed consent process, a medical history was taken, and vital signs
and anthropometric measures were assessed by a registered medical practitioner. A urine
pregnancy test was used to identify unknowingly pregnant females. Participants then
underwent a 2 h OGTT to confirm diabetes or prediabetes, according to the World Health
Organization criteria [29]. Screening blood samples were analyzed by Monash Pathology
to be analyzed for full blood count, lipid profile, kidney and liver function tests, HbAlc,
concentration of calcium, phosphate, and magnesium and C-reactive protein (CRP) as a
marker of inflammation.

2.5. Intervention and Random Assignment

Following screening participants were randomly assigned to either the carnosine
group, in which they were instructed to orally consume four capsules of carnosine daily
(CarnoPure, Flamma S.p.A, Italy), or the placebo group, in which they received an equiva-
lent number of identical placebo capsules (two capsules of 500 mg twice daily). The purity
of carnosine was greater than 99.5% and it was fully synthetic, odorless, and crystalline.
The dose of 2 g per day was based on the previous human trials pilot data on insulin
sensitivity and secretion [28]. All participants were asked to make no dietary changes
and maintain their usual physical activity. Random assignment was performed using a
computerized random-sequence generation program and carried out in blocks of four by
gender and metformin treatment to balance between groups. The research statistician
created the randomization codes, which were then sent to the clinical trial pharmacy for
allocation and dispensing. To ensure double blinding, treatments were dispensed identical,
tasteless, non-transparent capsules in clear containers. In order to increase compliance,
participants were contacted by phone every four weeks and instructed to return the empty
containers at the end of the trial to evaluate compliance to treatment.
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2.6. Outcome Measures

Outcome measures were obtained at baseline and were repeated after 14-week sup-
plementation. Briefly, participants who were eligible after medical screening were asked
to commence their baseline assessment at their second visit. All the procedures that were
followed are listed below:

2.6.1. Anthropometric Measurements

A digital scale (Tanita BWB-600, Tanita, Tokyo, Japan) was used to measure body
weight (kg), while height (cm) was measured using a stable stadiometer (Seca 206, Seca,
Hamburg, Germany), without shoes and lightly clothed. BMI was calculated as weight
(kg)/height (m) square.

2.6.2. Blood Pressure

Systolic and diastolic blood pressures, as well as pulse rate were assessed with an
automated oscillometric system (Omron BBP-742, Kyoto, Japan), after a 20-min seated rest,
as an average of three readings.

2.6.3. Lipid Profile

Lipid profile-related parameters, including plasma TC, TG, high-density lipoprotein
cholesterol (HDL-C), and LDL-C were measured using a standard commercial enzymatic
assay, on a Beckman Coulter LX20PRO analyzer and SYNCHRON Systems lipid and multi
calibrators (Beckman Coulter Diagnostics, Mount Waverley, Victoria, Australia).

2.6.4. Liver Fibroscan

Non-invasive transient elastography (FibroScan®, Echo-Sens, Paris, France) was per-
formed to evaluate hepatic fibrosis and steatosis [30]. All FibroScan® measurements were
taken by the appropriately trained practitioner. Steatosis was assessed by controlled atten-
uation parameter (CAP) and liver stiffness was measured in kPa.

2.6.5. Liver Function Tests and Renal Outcomes

Blood samples were taken from participants after at least 10 h fasting with aseptic
technique to evaluate liver function tests and renal outcomes. All the blood samples
were analyzed by the National Association of Testing Authorities-accredited Monash
Health pathology service, which runs an automated core laboratory at Monash Medical
Centre Clayton.

2.6.6. Endothelial Function

We used non-invasive peripheral arterial tomography (EndoPAT, Itamar Medical,
Caesarea, Israel) to record continuous plethysmographic signals of the finger arterial pulse
wave [31]. We put the finger plethysmographic probes on each index finger. A blood
pressure cuff on the non-dominant arm was elevated to 200 mmHg for 5 min, then deflated
to induce reactive hyperemia. For a further 10 min, post-occlusion alterations, also known
as reactive hyperemia PAT (RH-PAT) were measured. Results were adjusted to account for
any systemic changes by comparing them to the non-occluded arm (RH-PAT ratio).

2.6.7. Arterial Stiffness and Central Pressure

We used Complior (Alam Medical, Saint Quentin Fallavier, France) to measure aor-
tic (carotid—femoral) pulse wave velocity (aPWV). Pulse transit time was measured and
averaged over 10 cycles, with velocity calculated using PWV = D/At (m/s), where D (dis-
tance) was measured in accordance with the most recent recommendations of the European
Working Group on Large Arteries [32]. The Complior was also used to measure the aortic
augmentation index and central blood pressure [33,34].
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2.6.8. International Physical Activity Questionnaire (IPAQ)

The physical activity level of participants was measured using the short form of IPAQ.
The brief IPAQ asks individuals to reflect on the preceding seven days and record the
amount of time they spent exercising vigorously (such as aerobics), exercising moderately
(such as carrying small loads), walking, and sitting down [35].

2.6.9. Record of Habitual Diet

Dietary intake (food groups, macronutrient, micronutrient, and energy) were assessed
through weighed 2 x 3 day food records, comprising three consecutive days (two weekdays
and one weekend day). If significant dietary variance was discovered, additional days or
non-consecutive days were examined. Foodworks 7 Professional Dietary Software (Xyris
Software, Brisbane, Australia) and Australian food composition data were used to analyze
food records (NUTTAB 2010).

2.7. Statistical Analysis

Analyses were performed per protocol using SPSS Inc., Chicago, USA, version 24, and
Graphpad PRISM 8.0 software (Graphpad Software, San Diego, CA, USA). The normality
assessment was determined by Shapiro-Wilk tests, scatterplots, and histograms. If normal-
ity was violated, continuous variables were transformed by natural logarithm. Descriptive
statistics are presented as means =+ standard deviations (SD)s, frequencies (percentages), or
as median (interquartile ranges (IQRs)) if the distribution was skewed. The effectiveness of
the carnosine compared to the placebo on the outcomes (between-group differences) was
analyzed through changes in outcome variables and analysis of covariance (ANCOVA)
in which baseline values were controlled, and within-group differences were assessed by
paired t-test. Bonferroni corrections were performed to adjustment for multiple testing. All
tests were two-sided, and p < 0.05 was considered statistically significant.

3. Results
3.1. Study Population and Baseline Characteristics

The participant flowchart is presented in Figure 1. Eighty-eight participants were
recruited and assessed for eligibility: 21 participants did not meet the inclusion criteria,
and the remaining 67 attended medical review. Eighteen participants were subsequently
excluded prior to randomization due to time-commitment issues, lost contact, unfitness
based on medical exam, or declined participation, leaving 49 who were randomly assigned
to receive either carnosine (1 = 24) or placebo (1 = 25). By the end of the intervention,
six participants dropped out due to a change of medication, protocol violation, were
uncontactable for follow-up, or withdrew consent. The study was completed by the
remaining 43 participants (20 in the carnosine group and 23 in the placebo group), who were
then subjected to per-protocol analysis. Table 1 shows the demographic, anthropometric,
and biochemical baseline characteristics of the two groups.

Table 1. Participant demographics and baseline characteristics.

Characteristic Carnosine Group (n = 20) Placebo Group (n = 23)
Age, year 53.7 (48.5-59.4) 2 52 (42.3-59.3)
Men, n (%) 14 (70) 16 (69.56)
Caucasian 11 (55) 11 (47.82)
South and Central Asian 6 (30) 6 (26.08)
Southeast and Northeast Asian 3(15) 5(21.73)
Other P - 1 (4.34)
Total energy, kj 7935.80 + 1303.64 8206.88 + 1319.38
. >
Igigﬁﬁ?svcﬁfe 4 2400 (798-4878) 1332 (390-2736)
Weight, kg 86.92 £+ 21.22 82.02 + 13.61

BMI, kg/m? 30.54 +4.74 28.29 =+ 3.66
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( Screening )
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Baseline data
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( Allocation )

Intervention
(14 weeks)
Follow-up data
collection

( Analyses )

Table 1. Cont.

Characteristic Carnosine Group (n = 20) Placebo Group (n = 23)
HOMA-IR 2.88 £1.39 2.35 + 1.08
HbAlc, % 6.48 + 0.63 6.65 + 0.83
SBP, mmHg 124.94 £+ 12.97 122.62 +11.46
DBP, mmHg 81.94 &+ 8.59 80.71 £+ 5.81
Family history of diabetes €, n (%) 5(25) 4(17.39)
Patients with T2DM, n 11 (55) 17 (73.91)
Dyslipidaemia, n 2 (10) 4(17.39)
Nephropathy, n 2 (10) 2 (8.69)
Oral glucose-lowering agents, 7 (35) 7 (30.43)
Diet therapy, n 5(25) 10 (43.47)
No treatment, n 8 (40) 6 (26.08)

2 Median; IQR in in parentheses (all such values for nonnormally distributed variables). Nonnormally distributed
variables were log transformed to the base 10 before analysis. b Includes African, Middle Eastern, South American,
and Polynesian ethnicities. ¢ Calculated from self-reported questionnaires and food records. 4 IPAQ-METS, inter-
national physical activity questionnaire—multiples of the resting metabolic rate. ¢ Includes only first-degree relative
with diabetes. Abbreviations. IPAQ-METS: International physical activity questionnaire-metabolic equivalent,
BMI: Body mass index, HOMA-IR: Homeostatic model assessment for insulin resistance, HbAlc: Hemoglobin
Alc, SBP: Systolic blood pressure, DBP: Diastolic blood pressure, and T2DM: Type 2 diabetes mellitus.

Assesed for eligibility (n=88)

A

4

Y

Did not meet inclusion criteria

(n=21)

Attended medic:

al review (n=67)

\

4

Randomly assigned (n=49)

Excluded (n=18)

* Unfit on medical exam (n=4)
»( * Time commitment issues (n=>5)
+ Lost contact (n=6)

* Declined participation (n=3)

!

Carnosine Group (n=24)

v

Placebo Group (n=25)

»|(n=2)

Lost to follow-up (n=4)
* Uncontactable for follow-up

+ Concomitant medicines (n=1)
+ Withdrew consent (n=1)

“ltn=1)

Lost to follow-up (n=2)
| * Uncontactable for follow-up

* Protocol violation (n=1)

Y
Follow-up (n=20)

Y
Analysed (n=20)

4
Follow-up (n=23)

A 4
Analysed (n=23)

Figure 1. Participant flowchart showing numbers of participants who were recruited, were randomly

assigned, dropped out, and were analysed during the trial.
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Thirty men and 13 women with a median age (years) of 53 (IQR: 44.2-59.4), mean + SD
of BMI (kg/mz) (29.33 £ 4.29), mean =+ SD of HOMA-IR (2.60 &£ 1.25), mean =+ SD of HbAlc
(%) (6.6 = 0.7), mean =+ SD of SBP (mmHg) (123.7 £ 12.1), and mean £ SD of DBP (mmHg)
(81.3 &= 7.2) completed the study.

3.2. Effect of Carnosine Supplementation on Hepatorenal Outcomes

Table 2 shows the efficacy of carnosine supplementation when compared to the placebo
on cardiometabolic outcomes before and after the intervention. No significant differences
were observed between the carnosine and placebo groups for any of the lipid profile
components. Carnosine supplementation improved neither fibroScan®-related parameters,
including median stiffness (hepatic fibrosis), controlled attenuation parameter (CAP) score
(hepatic steatosis), and interquartile range to median stiffness (reliability of hepatic stiffness)
nor liver function tests, such as alanine transaminase (ALT), gamma-glutamyl transferase
(GGT), and alkaline phosphatase (ALP) as compared with placebo. Similarly, there was no
difference between two groups in the changes in renal outcomes which were measured as
urea, total bilirubin, sodium, potassium, and bicarbonate levels, and albumin to creatinine
ratio (ACR).

Table 2. Comparison of cardiometabolic outcomes before and after supplementation in both groups.

o Variabl Carnosine Group (1 = 20) Placebo Group (n = 23)
utcome Variable Baseline Follow-Up p? Change Baseline Follow-Up p? Change pe
K TG (mmol/L) 1.66 + 0.88 ¢ 1.58 +0.73 >0.99 —0.01 1.72 £ 0.67 1.86 + 0.75 >0.99 0.02 0231
g TC (mmol/L) 5.36 + 0.89 529 +0.71 >0.99 —0.003 530 4 0.97 5144085 >0.99 —0.01 0.428
S LDL-C (mmol/L) 336 + 0.6 3.42 +0.57 >0.99 0.05 319406 3.04 4055 >0.99 —0.14 0.060
% HDL-C (mmol/L) 113 +0.26 114023 >0.99 —0.03 119 +0.26 115+ 0.26 >0.99 —0.03 0.810
5 LDL-C/HDL-C 314085 3.15 +0.79 >0.99 0.11 2.81 + 0.68 268 +0.75 >0.99 —0.13 0.100
ALT (U/L) 38.32 + 18.64 36 = 1550 >0.99 232 38.19 + 16.34 3433 + 15.55 039 —3.86 0.321
8 GGT (U/L) 3447 £1335 345341290  >0.99 0.05 34.33 4 12,57 32.57 +12.13 >0.99 ~1.76 0476
g ALP (U/L) 8263 +1823 794241613  >0.99 321 79.57 £ 22.06 7548 + 18.35 >0.99 —410 0.569
£ IQR 3317 + 9.57 2717 41128 >0.99 -6 34.53 + 14.01 30.53 + 11.39 >0.99 —4 0.470
2 Med“(‘lz‘;;ff“ess 5.66 % 2.00 5724159  >0.99 0.01 5.13 + 1.64 5514124 >0.99 0.04 0.826
s .
§ IQRS tti‘;ﬁl\l’i’“;fla“ 0.13 + 0.06 0.15 + 0.07 >0.99 0.02 0.13 4 0.06 0.13 +0.05 >0.99 0.004 0.390
CAP (dB/m) 290.6 + 72.21 301 +6186  >0.99 10.4 28856+ 61.04 29378+ 6468  >0.99 522 0.655
Sodium (mmol/L) 139 (137-140) ¢ 138(137-139)  >0.99 —0.21 138 (137-140) 1385 (137-140)  >0.99 0.09 0521
Potassium 423 +0.26 4.16 +0.22 >0.99 —0.06 420+ 025 419 +0.20 >0.99  —0.009 0.555
3} (mmol/L)
§ %ﬁﬁ%ﬁ?ﬁ;’e 25.63 £2.21 25.63+£240  >0.99 0 2591 4+ 1.74 25.68 & 2.12 >0.99 —023 0.763
S Urea (mmol/L) 524 +0.87 543 + 1.14 >0.99 0.18 518 +1.21 5.68 + 1.54 091 05 0385
g To(tilrfl’gf;‘il)”n 11.63 £ 3.71 12.32 4+ 3.93 >0.99 0.68 12.67 + 3.90 12.14 + 454 >0.99 —0.52 0.200
. Albumin (g/L) 4037 +3.27 39 +2.90 0.13 137 41294275 4024 +1.94 >0.99 —1.05 0.198
Creatinine (umol /L) 64.21 + 8.86 66.63 + 8.00 037 242 71.86 + 15.99 73.27 + 16.68 >0.99 141 0.765
ACR 9.60 + 1.37 891+ 1.17 0.007 —0.69 899 +2.12 8.58 + 2.06 032 —0.41 0.541

2 Determined with the use of paired Student’s ¢ tests for differences between baseline and follow-up and were
adjusted for multiple testing with the use of Bonferroni correction in the carnosine group. ® Determined with
the use of paired Student’s ¢ tests for differences between baseline and follow-up were adjusted for multiple
testing with the use of Bonferroni correction in the placebo group. ¢ Determined with the use of a multiple
linear regression analysis (ANCOVA) for differences between carnosine and placebo groups after adjustment for
baseline values. 4 Mean + SD (all such values). © Median; IQR in in parentheses (all such values for nonnormally
distributed variables). Nonnormally distributed variables were log transformed to the base 10 before analysis.
Abbreviations. ALT: Alanine transaminase, GGT: Gamma-glutamyl transferase, ALP: Alkaline phosphatase, IQR:
Interquartile range, CAP: Controlled attenuation parameter, and ACR: Albumin to creatinine ratio.

3.3. Effect of Carnosine Supplementation on Cardiovascular Outcomes

The summarized comparison between carnosine and placebo groups at baseline and
after follow-up on cardiovascular outcomes is shown in Table 3. Based on the findings
of endo-PAT, in the present study, patients with prediabetes and T2DM showed normal
endothelial function (INRHI > 0.51) before and after the intervention and there was no
significant difference between the two groups on endothelial function following the inter-
vention. The change in arterial stiffness, represented by the augmentation index (Alx and
Al normalized to the heart rate of 75 bpm) also showed no significant difference between
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the two groups. Additionally, carnosine did not change short-term heart rate variability
(HRV), compared to placebo. Carnosine did not change peripheral and central systolic
blood pressure (SBP), diastolic blood pressure (DBP), pulse pressure (PP), or heart rate (HR)
as compared to the control group. In addition, no significant differences were seen between
the two groups for any of the pulse wave analysis parameters, including carotid-femoral
pulse wave velocity (CF PWV) (a marker for arterial stiffness), augmentation index (AI),
augmentation pressure (AP), subendocardial viability ratio (SEVR) (index of myocardial
oxygen supply and demand), and left ventricular ejection time (LVET).

Table 3. Comparison of cardiovascular outcomes before and after supplementation in both groups.

Carnosine Group (1 = 20) Placebo Group (n = 23)

Outcome Variable

Baseline Follow-Up p? Change Baseline Follow-Up p? Change pe
SBP (mmHg) 122.76 + 14.77 4 121.24 +13.17 >0.99 —1.53 122.72 +12.48 122.94 +16.41 >0.99 0.22 0.667
DBP (mmHg) 80.65 + 8.25 79.59 £7.59 >0.99 —1.47 82.11 £7.07 82.50 £ 9.40 >0.99 0.67 0.421
BMI (kg/m?) 29.73 £ 4.28 29.68 + 4.31 >0.99 —0.09 27.81 £ 2.88 27.73 £ 3.08 >0.99 —0.07 0.981
= LnRHI 1+£02 0.75 £ 0.22 >0.99 —0.24 0.96 £ 0.68 0.68 = 0.28 >0.99 -0.27 0.437
E HR (bpm) 65.53 £ 9.50 67.12 £7.83 >0.99 1.76 69.61 £11.34 68.94 + 6.83 >0.99 0.39 0.923
< Al% 224 £8.12 553 £13.24 >0.99 3.53 7.61 £10.01 4.89 £+ 18.64 >0.99 —2.39 0.321
5 Al@75bpm (%) 0.24 £12.26 2.24 £12.60 >0.99 2.24 7.35 £ 14.12 718 £12.25 >0.99 2.41 0.579
HRV (ms) 29.85 £+ 12.01 30.27 £+ 10.92 >0.99 0.41 33.57 + 6.31 36.57 £ 13.19 >0.99 2,99 0.420
LF (m/s?) 224.05 £ 64.71 190.71 = 74.23 >0.99 —33.33 185.10 4 77.38 135.38 4= 55.18 >0.99 —49.71 0.132
HF (m/s?) 88.70 £ 50.17 126.06 + 59.64 >0.99 37.36 123.21 4 36.25 125.94 +74.14 >0.99 2.72 0.570
LF/HF 3.05 4+ 1.34 1.82 £0.94 0.08 -1.22 1.78 £1.51 1.27 £0.82 >0.99 —0.42 0.562
Peripheral BP
SBP (mmHg) 120.44 + 15.37 124.07 +10.37 >0.99 3.63 120.03 &+ 11.87 1209 & 12.16 >0.99 0.86 0.334
DBP (mmHg) 78.6 £8.6 79.03 £5.77 >0.99 0.37 80.72 £ 6.56 79.04 £8.51 >0.99 —1.67 0.724
MAP (mmHg) 93.05 4 9.88 94.24 £5.71 >0.99 1.18 93.57 +7.25 92.7 +8.39 >0.99 —0.85 0.451
PP (mmHg) 42.27 £10.38 45.23 +£11.26 >0.99 2.96 39.25 £ 10.39 41.80 £ 8.50 >0.99 2.55 0.573
HR (bpm) 63.17 £ 8.82 67.41 £9.84 >0.99 4.24 70 +10.77 70.67 £ 8.94 >0.99 0.67 0.985
£ Central BP
g" cSBP (mmHg) 114.74 +17.74 116.08 = 10.89 >0.99 1.34 115.3 + 14.56 110.67 £ 13.50 >0.99 —4.65 0.095
S c¢DBP (mmHg) 78.81 £8.91 79.23 £6.09 >0.99 0.42 81 £ 7.06 80.1 £ 8.30 >0.99 -0.9 1.00
cPP (mmHg) 36.42 = 10.7 38.37 = 10.23 >0.99 1.94 34.45 £12.51 32.01 £9.53 >0.99 —2.43 0.123
PP amplification 119 +£0.23 122 +0.27 >0.99 0.02 118 £ 0.21 1.35+0.23 >0.99 0.17 0.127
(mmHg)
Pulse wave analysis
CFPWYV (m/s) 7.4 (6.2-8.5) ¢ 7.6 (2.4-8.5) >0.99 -1.19 7.1(5.7-7.8) 7.1(6.5-8.4) >0.99 0.23 0.123
Alx (%) 139 (—13.8-189)  82(—17.8-157)  >0.99 —6.87  92(-269-253)  13.1(—7.6-25) >0.99 9.07 0.339
AP (mmHg) 9.6 (4.5-12.3) 7.6 (4.8-14) >0.99 —0.46 7.5 (4.2-16.5) 8 (3.2-15.7) >0.99 -18 0.585
SEVR (%) 105.22 & 46.60 99.05 £ 42.24 >0.99 —6.17 102.28 £ 50.23 109.62 & 47.36 >0.99 7.33 0.482
LVET (ms) 415.51 £ 80.20 430.90 £ 121.32 >0.99 15.38 406.62 £ 135.64 386.25 + 86.80 >0.99 —20.37 0.227
Max dp/dt 896.6 584.1 661.6
(mmHg/s) 720 (499.9-940) (643.3-1021.6) 099 11042 (456.6-793.7) (343.3-822.5) >0.99  —76:85 0.055

2 Determined with the use of paired Student’s t tests for differences between baseline and follow-up and were
adjusted for multiple testing with the use of Bonferroni correction in the carnosine group. ® Determined with the
use of paired Student’s t tests for differences between baseline and follow-up were adjusted for multiple testing
with the use of Bonferroni correction in the placebo group. ¢ Determined with the use of a multiple linear regression
analysis (ANCOVA) for differences between carnosine and placebo groups after adjustment for baseline values.
d Mean + SD (all such values). ¢ Median; IQR in in parentheses (all such values for nonnormally distributed
variables). Nonnormally distributed variables were log transformed to the base 10 before. Abbreviations. SBP:
Systolic blood pressure, DBP: Diastolic blood pressure, BMI: Body mass index, LnRHI: Logarithm of reactive
hyperemia, HR: Heart rate, AI%: Augmentation index, HRV: Heart rate variability, LF: Low frequency, HF: High
frequency, MAP: Mean arterial pressure, PP: Pulse pressure, CF PWV: Arterial stiffness (carotid femoral pulse
wave velocity, AP: Augmentation pressure, SEVR: Subendocardial viability ratio, LVET: Left ventricular ejection
time (LVET), and Max dp/dt: Maximal rate of rise of left ventricular pressure.

4. Discussion

In this 14-week randomized placebo-controlled trial, we evaluated for the first time,
the efficacy of carnosine supplementation in the improvement of endothelial function, arte-
rial stiffness, and indicators of high ASCVD risk in patients with prediabetes and T2DM.
Our main outcome adds to the body of emerging evidence demonstrating that 2 g/day
carnosine supplementation had no effect on endothelial dysfunction, blood pressure, mark-
ers of cardiovascular risk, arterial stiffness, lipid profile, hepatic health indicators, or renal
outcomes compared to placebo in patients with prediabetes and T2DM with good glycemic
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control. As previously reported, carnosine was well-tolerated and we did not observe any
significant side effects [28,36,37].

Carnosine is considered a potential therapeutic option that could mitigate the devel-
opment of cardiovascular events associated with diabetes [38—40]. Evidence from experi-
mental studies showed that carnosine administration lowered TG levels [41] and prevented
LDL-C oxidation and created stable covalent conjugates with the aldehydes produced
during LDL-C oxidation in diabetic apolipoprotein E (~/~) mice, inhibiting the progression
of atherosclerosis [42]. Early treatment with D-carnosine-octylester (DCO) also protected
mice from vascular and renal diseases associated with diabetes through attenuation of
progression of macroangiopathy [43]. Another study suggested carnosine as a promis-
ing therapeutic agent in humans by its effects on attenuation of renal dysfunction and
atherosclerosis in apolipoprotein E-null mice through scavenging reactive carbonyl species
(RCS) and 4-hydroxy-2-nonenal (HNE), leading to the decreased carbonylation of proteins
and inhibits advanced lipoxidation end products (ALEs) and advanced glycation end prod-
ucts (AGEs) generation and thus reduces inflammation leading to lesion progression [15].
Human intervention studies examining the effectiveness of carnosine supplementation on
arterial stiffness are required to examine if these effects are present in humans. We showed
that 2 g daily intake of carnosine did not significantly improve the markers related to arte-
rial stiffness in patients with prediabetes and T2DM compared to placebo group. However,
the absence of statistical significance for the effect of carnosine intake on arterial stiffness
raises the possibility that animal findings may not be translatable to humans. Disparate
animal species, different models for inducing disease, and variations in medication dosing
and duration are the key problems in the translation of findings from experimental studies
to humans. Alternatively, the reason why we saw no differences between the treatment
groups is that patients had relatively good glycemic control and well-controlled CVD
risk factors.

A recently published review provided evidence regarding the effect of carnosine on en-
dothelial function, but highlighted the need for human studies [44]. Given that elevated lev-
els of oxidative stress and endothelial inflammation and activation (endothelium-leukocyte
interaction) are the main contributors to the development of endothelial dysfunction in a
variety of cardiovascular diseases, it is reasonable to assume that carnosine intake could
have a positive effect on endothelial function [45,46]. In addition, the findings of the trial
among young females showed positive effects of the administration of chicken extract,
which is a rich source of carnosine, on the reduction of HRV, a parameter that is also related
to the presence of endothelial dysfunction and reflects its promising effect on the mainte-
nance of sympatho-vagal balance [47]. There is currently no randomized double-blinded
placebo-controlled clinical trial available. In the present study, we did not find any effect of
carnosine supplementation on measurements related to endothelial dysfunction in patients
with prediabetes and T2DM. This is likely due to the fact that participants receiving carno-
sine had a low Al value and LnRHI (<0.51) at baseline which reflects the normal arterial
elasticity prior to treatment.

Another finding of this study was that the use of carnosine was not associated with
the improvement of either central or peripheral blood pressure and pulse pressure and
heart rate, while there is a body of emerging evidence on the anti-hypertensive property
of carnosine [16,48-50]. This is again likely due to normal blood pressure and heart rate
at baseline. The effect of carnosine on the histamine /histidine route [51], the NO/cGMP
mechanism [52], and the effect on the autonomic nervous system [48,50] have all been
proposed as possible explanations for its anti-hypertensive actions. The effects of carnosine
on blood pressure may also potentially be due to its long-term effects on atherosclerosis.
Our team previously reported that 2 g daily supplementation with carnosine did not
significantly change blood pressure [28]. In addition, blood pressure levels did not change
following a 13-week chicken meat extract supplementation containing 40% carnosine and
anserine in elderly people [53]. However, both studies found that the carnosine-treated
group demonstrated significantly decreased heart rate levels. Previous findings showed
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that lower heart rate is associated with longevity and lower CVD mortality [54]. The
mechanism by which carnosine reduced HR was through increasing intracellular Ca?*
levels in cardiomyocytes and elevating contractibility [55]. The preservation of vascular
tone, platelet aggregation, and endothelial health heavily depends on nitric oxide, which
serves as a crucial mediator [44]. It could be hypothesized that since lowered blood pressure
was observed in rats after receiving a high dose (33.3 mg/kg) of carnosine intravenously, it
is possible that NO generation caused by dietary carnosine may locally dilute blood vessels
but does not lower systemic blood pressure [44].

Several animal studies have investigated the effect of carnosine supplementation on
lipid parameters and have shown dyslipidemia improvement and reduction of oxidation
and glycation of LDL-C following carnosine treatment in both diabetic and non-diabetic
rodents [16,56,57]. In addition, L-carnosine supplementation resulted in an increased level
of HDL-C in high-fat and high-cholesterol-fed rats [58]. In our pilot study, carnosine
supplementation showed beneficial effects on plasma lipidome in overweight and obese
adults [59]. Here, we reported no change of lipid profile indicators after carnosine sup-
plementation in subjects with prediabetes and T2DM with good glycemic control. This
may be due to the largely normal levels of LDL-C and HDL-C at baseline. Our findings are
consistent with the previous results from a systematic review and meta-analysis study [25].
This study included four RCTs showed that carnosine supplementation elicited no effect
on TG, TC, and HDL-C. However, we previously showed positive effects on the plasma
lipidome [59].

Despite the findings from animal studies that carnosine supplementation resulted
in improvement in kidney and liver parameters, we did not find any significant effect of
carnosine on fibroScan®-related parameters, including median stiffness (hepatic fibrosis),
controlled attenuation parameter (CAP) score (hepatic steatosis), and interquartile range to
median stiffness (reliability of hepatic stiffness), liver function tests (ALT, GGT, and ALP),
and ACR. Results from the study on cirrhotic rats indicated that carnosine supplementation
ameliorated hepatic fibrosis and is a promising agent to preserve liver function [60]. In
the current study, we did not have any participants with known cirrhosis. Another study
showed that histidine and carnosine mitigated high saturated fat-induced hepatic steato-
sis in mice [18]. Carnosine supplementation was also found to reduce proteinuria and
renal damage in diabetic mice [61], a rat model of sepsis [62], and obese Zucker rats [16],
and to suppress fibronectin and transforming growth factor 3 (TGF-f3) synthesis in renal
cells [63]. Likewise, carnosine administration reduced serum creatinine and urea levels in
diabetic rats [64]. Carnosine was also effective in reducing glomerular hypertrophy [65]
and podocyte apoptosis and loss [66]. In subjects with diabetic nephropathy, carnosine sup-
plementation could decrease urinary TGF-f3 levels to serve as a marker of renal injury [24].
In addition, carnosine intake in pediatric patients with type 1 diabetes and nephropathy
showed a significant improvement in renal function [67]. This was likely due to a relatively
small number of participants and the possibility of not translating experimental findings
into human studies.

The present study has several strengths, the main one being that it was the first
time that we examined the effectiveness of carnosine supplementation on cardiovascular
outcomes using gold-standard endoPAT and Complior devices and other cardiometabolic
indicators in individuals with prediabetes and T2DM. Additionally, this study included a
population with prediabetes and T2DM. Considering the mentioned strengths, the present
study also has some limitations. Firstly, we are aware that the small sample size in our study
may have an impact on the analytical power. To prevent bias, all patients were sequentially
recruited using strict inclusion/exclusion criteria. Secondly, the moderate dropout rate
(12.2%) may have led to a breach of the randomization principles, altering the effect size.
To this end, although an intention-to-treat analysis would be favorable, we conducted
per-protocol analysis which is preferred in trials with small sample size [68]. Because of
these factors, results should be evaluated carefully. Thirdly, most of the patients at baseline
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had normal levels of cardiovascular and cardiometabolic outcomes, so our findings may not
apply to other populations because we only included people with prediabetes and T2DM.

5. Conclusions

We showed for the first time that carnosine supplementation has no beneficial effects
on cardiovascular parameters, including arterial stiffness and endothelial dysfunction, or
other cardiometabolic disease indicators, such as blood pressure, heart rate, kidney and
liver function, and lipid parameters in adults with normal levels of cardiovascular and
cardiometabolic parameters. Whether carnosine supplementation can reduce ASCVD risk
or improve metabolic outcomes in patients with prediabetes and T2DM with more elevated
cardiovascular risk factors needs to be confirmed.

Author Contributions: Conceptualization, S.S., J.C. and K.M.; methodology, S.S., M.d.C., ].E. and
B.d.C.; software, S.S., ].F. and K.M.; validation, ]J.C., A.H. and Z.X.L.; formal analysis, S.S. and
J.E,; investigation, S.S., ].C. and K.M.; resources, J.C., ZX.L. and A.H.; data curation, S.S., KM.,,
Z.X.L. and ].E; writing—original draft preparation, S.S.; writing—review and editing, B.d.C. and J.F,;
visualization, S.S., K M. and M.d.C.; supervision, B.d.C. and J.E,; project administration, B.d.C. and
J.E. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by Barbora de Courten.

Institutional Review Board Statement: The trial was carried out in accordance with the principles of
the Declaration of Helsinki and received ethical approval from the Human Research Ethics Committee
of Monash Health (Ref. No. 16061A) and Monash University (ID number: 7787), Melbourne, Australia.
The trial was registered at clinicaltrials.gov (NCT02917928).

Informed Consent Statement: All participants signed the consent form after receiving an explanation
of the study protocol.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: We thank Flamma Group for providing the trial with carnosine, as well as
Josephine Johnson, Estifanos Baye, Paula Fudge-Larsen, and Martin Schonn, for their help with
data collecting. We also thank the Royal Australasian College of Physicians and CASS foundations
for their financial support. In addition, we acknowledge the contributions of the volunteers, Aylin
Hilberath, Dilek Tuncel, Lachlan B. McMillan, and Mavil May Cervo for their contribution.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. IDF Diabetes Atlas. Diabetes around the World in 2021. Available online: https://diabetesatlas.org/ (accessed on 7 July 2021).

2. Ma, C.-X;; Ma, X.-N.; Guan, C.-H.; Li, Y.-D.; Mauricio, D.; Fu, S.-B. Cardiovascular disease in type 2 diabetes mellitus: Progress
toward personalized management. Cardiovasc. Diabetol. 2022, 21, 74. [CrossRef]

3.  International Diabetes Federation. Diabetes and Cardiovascular Disease. Available online: https://idf.org/cvd (accessed on 7
July 2021).

4. Rangel, E.B.; Rodrigues, C.O.; De Sa, J.R. Micro-and macrovascular complications in diabetes mellitus: Preclinical and clinical
studies. . Diabetes Res. 2019, 2019, 2161085. [CrossRef]

5. Takeda, Y.; Matoba, K.; Sekiguchi, K.; Nagai, Y.; Yokota, T.; Utsunomiya, K.; Nishimura, R. Endothelial dysfunction in diabetes.
Biomedicines 2020, 8, 182. [CrossRef] [PubMed]

6. Palladino, R.; Tabak, A.G.; Khunti, K.; Valabhji, J.; Majeed, A.; Millett, C.; Vamos, E.P. Association between pre-diabetes and
microvascular and macrovascular disease in newly diagnosed type 2 diabetes. BMJ Open Diabetes Res. Care 2020, 8, e001061.
[CrossRef] [PubMed]

7.  Hahad, O.; Wild, PS.; Prochaska, J.H.; Schulz, A.; Hermanns, I.; Lackner, K.J.; Pfeiffer, N.; Schmidtmann, I.; Beutel, M.; Gori, T.
Endothelial function assessed by digital volume plethysmography predicts the development and progression of type 2 diabetes
mellitus. J. Am. Heart Assoc. 2019, 8, €012509. [CrossRef]

8.  Tousoulis, D.; Kampoli, A.-M.; Stefanadis, C. Diabetes mellitus and vascular endothelial dysfunction: Current perspectives. Curr.
Vasc. Pharmacol. 2012, 10, 19-32. [CrossRef]

9. Odegaard, A.O,; Jacobs, D.R.; Sanchez, O.A.; Goff, D.C.; Reiner, A.P,; Gross, M.D. Oxidative stress, inflammation, endothelial
dysfunction and incidence of type 2 diabetes. Cardiovasc. Diabetol. 2016, 15, 51. [CrossRef] [PubMed]

10.  Chirinos, ].A. Large artery stiffness and new-onset diabetes. Am. Heart Assoc. 2020, 127, 1499-1501. [CrossRef]


https://diabetesatlas.org/
https://doi.org/10.1186/s12933-022-01516-6
https://idf.org/cvd
https://doi.org/10.1155/2019/2161085
https://doi.org/10.3390/biomedicines8070182
https://www.ncbi.nlm.nih.gov/pubmed/32610588
https://doi.org/10.1136/bmjdrc-2019-001061
https://www.ncbi.nlm.nih.gov/pubmed/32332069
https://doi.org/10.1161/JAHA.119.012509
https://doi.org/10.2174/157016112798829797
https://doi.org/10.1186/s12933-016-0369-6
https://www.ncbi.nlm.nih.gov/pubmed/27013319
https://doi.org/10.1161/CIRCRESAHA.120.318317

Nutrients 2023, 15, 4835 12 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chmielewska, K.; Dzierzbicka, K.; Inkielewicz-Stepniak, I.; Przybylowska, M. Therapeutic potential of carnosine and its
derivatives in the treatment of human diseases. Chem. Res. Toxicol. 2020, 33, 1561-1578. [CrossRef]

Menini, S.; Iacobini, C.; Fantauzzi, C.B.; Pugliese, G. L-carnosine and its derivatives as new therapeutic agents for the prevention
and treatment of vascular complications of diabetes. Curr. Med. Chem. 2020, 27, 1744-1763. [CrossRef]

Feehan, J.; Harijharan, R.; Buckenham, T.; Handley, C.; Bhatnagar, A.; Baba, S.P.; de Courten, B. Carnosine as a potential therapeutic
for the management of peripheral vascular disease. Nutr. Metab. Cardiovasc. Dis. 2022, 32, 2289-2296. [CrossRef]

Menon, K.; de Courten, B.; Magliano, D.J.; Ademi, Z.; Liew, D.; Zomer, E. The Cost-Effectiveness of Supplemental Carnosine in
Type 2 Diabetes. Nutrients 2022, 14, 215. [CrossRef] [PubMed]

Menini, S.; Tacobini, C.; Ricci, C.; Scipioni, A.; Fantauzzi, C.B.; Giaccari, A.; Salomone, E.; Canevotti, R.; Lapolla, A.; Orioli, M.
D-Carnosine octylester attenuates atherosclerosis and renal disease in ApoE null mice fed a Western diet through reduction of
carbonyl stress and inflammation. Br. |. Pharmacol. 2012, 166, 1344-1356. [CrossRef] [PubMed]

Aldini, G.; Orioli, M.; Rossoni, G.; Savi, F.; Braidotti, P,; Vistoli, G.; Yeum, K.J.; Negrisoli, G.; Carini, M. The carbonyl scavenger
carnosine ameliorates dyslipidaemia and renal function in Zucker obese rats. J. Cell Mol. Med. 2011, 15, 1339-1354. [CrossRef]
Albrecht, T.; Schilperoort, M.; Zhang, S.; Braun, ].D.; Qiu, J.; Rodriguez, A.; Pastene, D.O.; Kramer, B.K.; K&ppel, H.; Baelde, H.
Carnosine attenuates the development of both type 2 diabetes and diabetic nephropathy in BTBR ob/ob mice. Sci. Rep. 2017, 7, 44492.
[CrossRef]

Mong, M.-C.; Chao, C.-Y,; Yin, M.-C. Histidine and carnosine alleviated hepatic steatosis in mice consumed high saturated fat
diet. Eur. J. Pharmacol. 2011, 653, 82-88. [CrossRef]

Ali, S.; Rasul, A.; Latif, N.; Aleem, S.B.; Zia, R.; Khan, B. Effect of Levo-Carnosine on Biomarkers of Oxidative Stress and
Hepatotoxicity in Cisplatin-Treated Male Sprague Dawley Rats. Pak. Armed Forces Med. |. 2022, 72, 1334-1338.

Fujii, T.; Takaoka, M.; Muraoka, T.; Kurata, H.; Tsuruoka, N.; Ono, H.; Kiso, Y.; Tanaka, T.; Matsumura, Y. Preventive effect
of L-carnosine on ischemia/reperfusion-induced acute renal failure in rats. Eur. J. Pharmacol. 2003, 474, 261-267. [CrossRef]
[PubMed]

Schon, M.; Mousa, A.; Berk, M.; Chia, W.L.; Ukropec, J.; Majid, A.; Ukropcova, B.; De Courten, B. The potential of carnosine in
brain-related disorders: A comprehensive review of current evidence. Nutrients 2019, 11, 1196. [CrossRef]

Menon, K.A.; Mousa, A.; Courten, B.D. Effect of carnosine supplementation on cardiometabolic risk factors in obesity, prediabetes,
and diabetes—A meta-analysis of randomized controlled trials. Diabetes 2018, 67 (Suppl. 1), 55-LB. [CrossRef]

Lombardi, C.; Carubelli, V.; Lazzarini, V.; Vizzardi, E.; Bordonali, T.; Ciccarese, C.; Castrini, A.L; Dei Cas, A.; Nodari, S.; Metra, M.
Effects of oral administration of orodispersible levo-carnosine on quality of life and exercise performance in patients with chronic
heart failure. Nutrition 2015, 31, 72-78. [CrossRef] [PubMed]

Siriwattanasit, N.; Satirapoj, B.; Supasyndh, O. Effect of Oral carnosine supplementation on urinary TGF-f in diabetic nephropa-
thy: A randomized controlled trial. BMIC Nephrol. 2021, 22, 236. [CrossRef]

Peng, W.; Mao, P; Liu, L.; Chen, K.; Zhong, Y.; Xia, W.; Guo, Q.; Tan, S.C.; Rahmani, J.; Varkaneh, H.K. Effect of carnosine
supplementation on lipid profile, fasting blood glucose, HbA1C and insulin resistance: A systematic review and meta-analysis of
long-term randomized controlled trials. Complement. Ther. Med. 2020, 48, 102241. [CrossRef]

Chan, A.-W.; Tetzlaff, ] M.; Gotzsche, P.C.; Altman, D.G.; Mann, H.; Berlin, J.A.; Dickersin, K.; Hrobjartsson, A.; Schulz, K.E;
Parulekar, W.R. SPIRIT 2013 explanation and elaboration: Guidance for protocols of clinical trials. BM] 2013, 346, €7586. [CrossRef]
Faul, F; Erdfelder, E.; Lang, A.-G.; Buchner, A. G* Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175-191. [CrossRef] [PubMed]

De Courten, B.; Jakubova, M.; De Courten, M.P.; Kukurova, L].; Vallova, S.; Krumpolec, P,; Valkovic, L.; Kurdiova, T.; Garzon,
D.; Barbaresi, S. Effects of carnosine supplementation on glucose metabolism: Pilot clinical trial. Obesity 2016, 24, 1027-1034.
[CrossRef] [PubMed]

Alberti, KG.M.M.; Zimmet, P.Z. Definition, diagnosis and classification of diabetes mellitus and its complications. Part 1:
Diagnosis and classification of diabetes mellitus. Provisional report of a WHO consultation. Diabet. Med. 1998, 15, 539-553.
[CrossRef]

Afdhal, N.H. Fibroscan (transient elastography) for the measurement of liver fibrosis. Gastroenterol. Hepatol. 2012, 8, 605.
Cheng, K.; Cameron, ].D.; Tung, M.; Mottram, PM.; Meredith, I.T.; Hope, S.A. Association of left ventricular motion and central
augmentation index in healthy young men. J. Hypertens. 2012, 30, 2395-2402. [CrossRef]

Wilkinson, I.B.; McEniery, C.M.; Schillaci, G.; Boutouyrie, P.; Segers, P.; Donald, A.; Chowienczyk, PJ. ARTERY Society guidelines
for validation of non-invasive haemodynamic measurement devices: Part 1, arterial pulse wave velocity. Artery Res. 2010, 4,
34-40. [CrossRef]

Zoungas, S.; Cameron, ].D.; Kerr, P.G.; Wolfe, R.; Muske, C.; McNeil, ].J.; McGrath, B.P. Association of carotid intima-medial
thickness and indices of arterial stiffness with cardiovascular disease outcomes in CKD. Am. . Kidney Dis. 2007, 50, 622-630.
[CrossRef]

Martin, C.A.; Cameron, ].D.; Chen, S.S.; McGrath, B.P. Two hour glucose post loading: A biomarker of cardiovascular risk in
isolated clinic hypertension. J. Hypertens. 2011, 29, 749-757. [CrossRef]

Craig, C.L.; Marshall, A.L.; 5jostrom, M.; Bauman, A E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.; Ekelund, U.; Yngve, A.; Sallis,
J.F. International physical activity questionnaire: 12-country reliability and validity. Med. Sci. Sports Exerc. 2003, 35, 1381-1395.
[CrossRef] [PubMed]


https://doi.org/10.1021/acs.chemrestox.0c00010
https://doi.org/10.2174/0929867326666190711102718
https://doi.org/10.1016/j.numecd.2022.07.006
https://doi.org/10.3390/nu14010215
https://www.ncbi.nlm.nih.gov/pubmed/35011089
https://doi.org/10.1111/j.1476-5381.2012.01834.x
https://www.ncbi.nlm.nih.gov/pubmed/22229552
https://doi.org/10.1111/j.1582-4934.2010.01101.x
https://doi.org/10.1038/srep44492
https://doi.org/10.1016/j.ejphar.2010.12.001
https://doi.org/10.1016/S0014-2999(03)02079-X
https://www.ncbi.nlm.nih.gov/pubmed/12921872
https://doi.org/10.3390/nu11061196
https://doi.org/10.2337/db18-55-LB
https://doi.org/10.1016/j.nut.2014.04.021
https://www.ncbi.nlm.nih.gov/pubmed/25287762
https://doi.org/10.1186/s12882-021-02434-7
https://doi.org/10.1016/j.ctim.2019.102241
https://doi.org/10.1136/bmj.e7586
https://doi.org/10.3758/BF03193146
https://www.ncbi.nlm.nih.gov/pubmed/17695343
https://doi.org/10.1002/oby.21434
https://www.ncbi.nlm.nih.gov/pubmed/27040154
https://doi.org/10.1002/(SICI)1096-9136(199807)15:7%3C539::AID-DIA668%3E3.0.CO;2-S
https://doi.org/10.1097/HJH.0b013e328358bee2
https://doi.org/10.1016/j.artres.2010.03.001
https://doi.org/10.1053/j.ajkd.2007.07.012
https://doi.org/10.1097/HJH.0b013e328342eeeb
https://doi.org/10.1249/01.MSS.0000078924.61453.FB
https://www.ncbi.nlm.nih.gov/pubmed/12900694

Nutrients 2023, 15, 4835 13 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

Boldyrev, A.A.; Aldini, G.; Derave, W. Physiology and pathophysiology of carnosine. Physiol. Rev. 2013, 93, 1803-1845. [CrossRef]
Chengappa, K.R,; Turkin, S.R.; DeSanti, S.; Bowie, C.R.; Brar, ].S.; Schlicht, PJ.; Murphy, S.L.; Hetrick, M.L.; Bilder, R.; Fleet, D. A
preliminary, randomized, double-blind, placebo-controlled trial of L-carnosine to improve cognition in schizophrenia. Schizophr.
Res. 2012, 142, 145-152. [CrossRef]

Creighton, ].V.; de Souza Gongalves, L.; Artioli, G.G.; Tan, D.; Elliott-Sale, K.J.; Turner, M.D.; Doig, C.L.; Sale, C. Physiological
Roles of Carnosine in Myocardial Function and Health. Adv. Nutr. 2022, 13, 1914-1929. [CrossRef]

Baye, E.; Ukropcova, B.; Ukropec, J.; Hipkiss, A.; Aldini, G.; De Courten, B. Physiological and therapeutic effects of carnosine on
cardiometabolic risk and disease. Amino Acids 2016, 48, 1131-1149. [CrossRef] [PubMed]

Aldini, G.; de Courten, B.; Regazzoni, L.; Gilardoni, E.; Ferrario, G.; Baron, G.; Altomare, A.; D’Amato, A.; Vistoli, G.; Carini, M.
Understanding the antioxidant and carbonyl sequestering activity of carnosine: Direct and indirect mechanisms. Free Radic. Res.
2021, 55, 321-330. [CrossRef] [PubMed]

Brown, B.E.; Kim, C.H.; Torpy, ER.; Bursill, C.A.; McRobb, L.S.; Heather, A K.; Davies, M.].; Van Reyk, D.M. Supplementation
with carnosine decreases plasma triglycerides and modulates atherosclerotic plaque composition in diabetic apo E~/~ mice.
Atherosclerosis 2014, 232, 403-409. [CrossRef]

Barski, O.A.; Xie, Z.; Baba, S.P; Sithu, S.D.; Agarwal, A.; Cai, ].; Bhatnagar, A.; Srivastava, S. Dietary carnosine prevents early
atherosclerotic lesion formation in apolipoprotein E-Null mice. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1162-1170. [CrossRef]
Menini, S.; Iacobini, C.; Ricci, C.; Fantauzzi, C.B.; Pugliese, G. Protection from diabetes-induced atherosclerosis and renal disease
by D-carnosine-octylester: Effects of early vs late inhibition of advanced glycation end-products in Apoe-null mice. Diabetologia
2015, 58, 845-853. [CrossRef] [PubMed]

Juki¢, I.; Kolobari¢, N.; Stupin, A.; Mati¢, A.; Kozina, N.; Mihaljevi¢, Z.; Mihalj, M.; guénjara, P, Stupin, M.; Curi¢, Z.B. Carnosine,
small but mighty—Prospect of use as functional ingredient for functional food formulation. Antioxidants 2021, 10, 1037. [CrossRef]
[PubMed]

Gimbrone Jr, M.A.; Garcia-Cardenia, G. Endothelial cell dysfunction and the pathobiology of atherosclerosis. Circ. Res. 2016, 118,
620-636. [CrossRef] [PubMed]

Daiber, A.; Steven, S.; Weber, A.; Shuvaev, V.V.; Muzykantov, V.R.; Laher, I.; Li, H.; Lamas, S.; Miinzel, T. Targeting vascular
(endothelial) dysfunction. Br. |. Pharmacol. 2017, 174, 1591-1619. [CrossRef] [PubMed]

Young, H.; Benton, D.; Carter, N. The effect of chicken extract on mood, cognition and heart rate variability. Nutrients 2015, 7,
887-904. [CrossRef]

Nagai, K.; Tanida, M.; Niijima, A.; Tsuruoka, N.; Kiso, Y.; Horii, Y.; Shen, J.; Okumura, N. Role of L-carnosine in the control of
blood glucose, blood pressure, thermogenesis, and lipolysis by autonomic nerves in rats: Involvement of the circadian clock and
histamine. Amino Acids 2012, 43, 97-109. [CrossRef]

Al-Sawalha, N.A.; Alshogran, O.Y.; Awawdeh, M.S.; Almomani, B.A. The effects of I-Carnosine on development of metabolic
syndrome in rats. Life Sci. 2019, 237, 116905. [CrossRef]

Niijima, A.; Okui, T.; Matsumura, Y.; Yamano, T.; Tsuruoka, N.; Kiso, Y.; Nagai, K. Effects of L-carnosine on renal sympathetic
nerve activity and DOCA-salt hypertension in rats. Auton. Neurosci. 2002, 97, 99-102. [CrossRef]

Greene, S.M.; Margolis, FL.; Grillo, M.; Fisher, H. Enhanced carnosine (f3-alanyl-L-histidine) breakdown and histamine
metabolism following treatment with compound 4880. Eur. . Pharmacol. 1984, 99, 79-84. [CrossRef]

Ririe, D.G.; Roberts, PR.; Shouse, M.N.; Zaloga, G.P. Vasodilatory actions of the dietary peptide carnosine. Nutrition 2000, 16,
168-172. [CrossRef]

Szczedniak, D.; Budzen, S.; Kope¢, W.; Rymaszewska, J. Anserine and carnosine supplementation in the elderly: Effects on
cognitive functioning and physical capacity. Arch. Gerontol. Geriatr. 2014, 59, 485-490. [CrossRef] [PubMed]

Jensen, M.T. Resting heart rate and relation to disease and longevity: Past, present and future. Scand. J. Clin. Lab. Investig. 2019,
79,108-116. [CrossRef] [PubMed]

Yapislar, H.; Taskin, E. L-carnosine alters some hemorheologic and lipid peroxidation parameters in nephrectomized rats. Med.
Sci. Monit. Int. Med. ]. Exp. Clin. Res. 2014, 20, 399.

Vickers, N.J. Animal communication: When i'm calling you, will you answer too? Curr. Biol. 2017, 27, R713-R715. [CrossRef]
Rashid, I.; van Reyk, D.M.; Davies, M.]. Carnosine and its constituents inhibit glycation of low-density lipoproteins that promotes
foam cell formation in vitro. FEBS Lett. 2007, 581, 1067-1070. [CrossRef]

Kim, M.Y,; Kim, E.J.; Kim, Y.-N.; Choi, C.; Lee, B.-H. Effects of a-lipoic acid and L-carnosine supplementation on antioxidant
activities and lipid profiles in rats. Nutr. Res. Pract. 2011, 5, 421-428. [CrossRef] [PubMed]

Baye, E.; Ukropec, J.; De Courten, M.P; Vallova, S.; Krumpolec, P.; Kurdiova, T.; Aldini, G.; Ukropcova, B.; De Courten, B. Effect
of carnosine supplementation on the plasma lipidome in overweight and obese adults: A pilot randomised controlled trial. Sci.
Rep. 2017, 7, 17458. [CrossRef] [PubMed]

Jamshidzadeh, A.; Heidari, R.; Latifpour, Z.; Ommati, M.M.; Abdoli, N.; Mousavi, S.; Azarpira, N.; Zarei, A.; Zarei, M.; Asadi, B.
Carnosine ameliorates liver fibrosis and hyperammonemia in cirrhotic rats. Clin. Res. Hepatol. Gastroenterol. 2017, 41, 424-434.
[CrossRef]

Peters, V.; Schmitt, C.P,; Zschocke, J.; Gross, M.-L.; Brismar, K.; Forsberg, E. Carnosine treatment largely prevents alterations of
renal carnosine metabolism in diabetic mice. Amino Acids 2012, 42, 2411-2416. [CrossRef]


https://doi.org/10.1152/physrev.00039.2012
https://doi.org/10.1016/j.schres.2012.10.001
https://doi.org/10.1093/advances/nmac059
https://doi.org/10.1007/s00726-016-2208-1
https://www.ncbi.nlm.nih.gov/pubmed/26984320
https://doi.org/10.1080/10715762.2020.1856830
https://www.ncbi.nlm.nih.gov/pubmed/33302741
https://doi.org/10.1016/j.atherosclerosis.2013.11.068
https://doi.org/10.1161/ATVBAHA.112.300572
https://doi.org/10.1007/s00125-014-3467-6
https://www.ncbi.nlm.nih.gov/pubmed/25471794
https://doi.org/10.3390/antiox10071037
https://www.ncbi.nlm.nih.gov/pubmed/34203479
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://www.ncbi.nlm.nih.gov/pubmed/26892962
https://doi.org/10.1111/bph.13517
https://www.ncbi.nlm.nih.gov/pubmed/27187006
https://doi.org/10.3390/nu7020887
https://doi.org/10.1007/s00726-012-1251-9
https://doi.org/10.1016/j.lfs.2019.116905
https://doi.org/10.1016/S1566-0702(02)00048-6
https://doi.org/10.1016/0014-2999(84)90434-5
https://doi.org/10.1016/S0899-9007(99)00268-3
https://doi.org/10.1016/j.archger.2014.04.008
https://www.ncbi.nlm.nih.gov/pubmed/24880197
https://doi.org/10.1080/00365513.2019.1566567
https://www.ncbi.nlm.nih.gov/pubmed/30761923
https://doi.org/10.1016/j.cub.2017.05.064
https://doi.org/10.1016/j.febslet.2007.01.082
https://doi.org/10.4162/nrp.2011.5.5.421
https://www.ncbi.nlm.nih.gov/pubmed/22125679
https://doi.org/10.1038/s41598-017-17577-7
https://www.ncbi.nlm.nih.gov/pubmed/29234057
https://doi.org/10.1016/j.clinre.2016.12.010
https://doi.org/10.1007/s00726-011-1046-4

Nutrients 2023, 15, 4835 14 of 14

62.

63.

64.

65.

66.

67.

68.

Sahin, S.; Burukoglu Dénmez, D. Effects of carnosine (beta-alanyl-L-histidine) in an experimental rat model of acute kidney
injury due to septic shock. Med. Sci. Monit. 2018, 24, 305-316. [CrossRef]

Janssen, B.; Hohenadel, D.; Brinkkoetter, P.; Peters, V.; Rind, N.; Fischer, C.; Rychlik, I.; Cerna, M.; Romzova, M.; de Heer, E.
Carnosine as a protective factor in diabetic nephropathy: Association with a leucine repeat of the carnosinase gene CNDP1.
Diabetes 2005, 54, 2320-2327. [CrossRef] [PubMed]

Aydin, A F; Kiigtikgergin, C.; Bingtil, i; Dogan-Ekici, I.; Dogru-Abbasoglu, S.; Uysal, M. Effect of carnosine on renal function,
oxidation and glycation products in the kidneys of high-fat diet/streptozotocin-induced diabetic rats. Exp. Clin. Endocrinol.
Diabetes 2017, 125, 282-289.

Rodriguez-Nifio, A.; Pastene, D.O.; Hettler, S.A.; Qiu, J.; Albrecht, T.; Vajpayee, S.; Perciaccante, R.; Gretz, N.; Bakker, S.J.; Kramer,
B.K. Influence of carnosine and carnosinase-1 on diabetes-induced afferent arteriole vasodilation: Implications for glomerular
hemodynamics. Am. |. Physiol.-Ren. Physiol. 2022, 323, F69-F80. [CrossRef] [PubMed]

Riedl, E.; Pfister, F.; Braunagel, M.; Brinkkétter, P.; Sternik, P.; Deinzer, M.; Bakker, S.J.; Henning, R.H.; van den Born, J.; Krdmer,
B.K. Carnosine prevents apoptosis of glomerular cells and podocyte loss in STZ diabetic rats. Cell. Physiol. Biochem. 2011, 28,
279-288. [CrossRef] [PubMed]

Elbarbary, N.S.; Ismail, E.A.R.; El-Naggar, A.R.; Hamouda, M.H.; El-Hamamsy, M. The effect of 12 weeks carnosine supple-
mentation on renal functional integrity and oxidative stress in pediatric patients with diabetic nephropathy: A randomized
placebo-controlled trial. Pediatr. Diabetes 2018, 19, 470-477. [CrossRef] [PubMed]

Ranganathan, P; Pramesh, C.; Aggarwal, R. Common pitfalls in statistical analysis: Intention-to-treat versus per-protocol analysis.
Perspect. Clin. Res. 2016, 7, 144. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.12659/MSM.905181
https://doi.org/10.2337/diabetes.54.8.2320
https://www.ncbi.nlm.nih.gov/pubmed/16046297
https://doi.org/10.1152/ajprenal.00232.2021
https://www.ncbi.nlm.nih.gov/pubmed/35635322
https://doi.org/10.1159/000331740
https://www.ncbi.nlm.nih.gov/pubmed/21865735
https://doi.org/10.1111/pedi.12564
https://www.ncbi.nlm.nih.gov/pubmed/28744992
https://doi.org/10.4103/2229-3485.184823

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Ethics 
	Sample Size Calculation 
	Screening 
	Intervention and Random Assignment 
	Outcome Measures 
	Anthropometric Measurements 
	Blood Pressure 
	Lipid Profile 
	Liver Fibroscan 
	Liver Function Tests and Renal Outcomes 
	Endothelial Function 
	Arterial Stiffness and Central Pressure 
	International Physical Activity Questionnaire (IPAQ) 
	Record of Habitual Diet 

	Statistical Analysis 

	Results 
	Study Population and Baseline Characteristics 
	Effect of Carnosine Supplementation on Hepatorenal Outcomes 
	Effect of Carnosine Supplementation on Cardiovascular Outcomes 

	Discussion 
	Conclusions 
	References

