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Astaxanthin, a Natural Antioxidant, Lowers Cholesterol and
Markers of Cardiovascular Risk in Individuals with Prediabetes
and Dyslipidemia

Theodore P. Ciaraldi, PhDY-2, Schafer C. Boeder, MD1, Sunder R. Mudaliar, MD¥-2, Erin R.
Giovannetti, NP1, Robert R. Henry, MD1.2”*| Jeremy H. Pettus, MD?

1Department of Medicine, Division of Endocrinology & Metabolism, University of California, San
Diego, La Jolla, CA

2\leterans Affairs San Diego Healthcare System, San Diego, CA

Abstract

Aims.—Astaxanthin is a natural carotenoid with antioxidant and anti-inflammatory effects.

We conducted a double blind, placebo-controlled, randomized trial to determine the effects of
astaxanthin treatment on lipids, CVD markers, glucose tolerance, insulin action, and inflammation
in individuals with prediabetes and dyslipidemia.

Materials and Methods.—Adult participants with dyslipidemia and prediabetes (n =

34) underwent baseline blood draw, oral glucose tolerance test (OGTT), and a one-step
hyperinsulinemic-euglycemic clamp. They were then randomized (n=22 treated, 12 placebo) to
receive astaxanthin 12 mg daily or placebo for 24 weeks. Baseline studies were repeated after 12
and 24 weeks of therapy.

Results.—After 24 weeks, astaxanthin treatment significantly decreased LDL (-0.33 + 0.11
mM) and total cholesterol (—0.30 + 0.14 mM) (both p<0.05). Astaxanthin also reduced levels

of the CVD risk markers fibrinogen (=473 + 210 ng/mL), L-selectin (-0.08 + 0.03 ng/mL), and
fetuin A (-10.3 £ 3.6 ng/mL), (all p < 0.05). While the effects of astaxanthin treatment did not
reach statistical significance, there were trends towards improvements in the primary outcome
measure, insulin-stimulated whole body glucose disposal (+0.52 +0.37 mg/m2/min, p=0.078), as
well as fasting [Insulin] (-5.6 + 8.4 pM, p=0.097), and HOMA2-IR (-0.31 £ 0.16, p = 0.060),
suggesting improved insulin action. No consistent significant differences from baseline were
observed for any of these outcomes in the placebo group. Astaxanthin was safe and well tolerated
with no clinically significant adverse events.
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Conclusions.—Although the primary endpoint did not meet the prespecified significance level,
these data suggest that astaxanthin is a safe OTC supplement that improves lipid profiles and
markers of CVD risk in individuals with prediabetes and dyslipidemia.

Introduction.

Prediabetes represents a major and growing health concern worldwide (1). Around 5-10%
of individuals who meet these criteria progress to diagnosed type 2 diabetes per year

(2). Even individuals who retain their prediabetic status are at increased risk for multiple
comorbidities, including macro- and microvascular complications (3-5). Results from the
Diabetes Prevention Program Outcomes Study indicate lifestyle interventions have the
strongest effect on preventing progression to type 2 diabetes (6, 7). However, effective
lifestyle interventions are difficult for the majority of patients to achieve and maintain over
the long term, driving the search for additional therapies to prevent deterioration of glucose
control and reduce vascular complications.

One molecule with promise in this area is astaxanthin, a xanthophyll carotenoid with
demonstrated antioxidant activity (reviewed in (8)). Already approved for use as a food
supplement, astaxanthin has been studied as a treatment for skin aging (9), oxidative

stress and inflammation related to osteoarthritis (10), diabetic retinopathy (11), Alzheimer’s
(reviewed in (12)), cognitive performance (reviewed in (13)), and dyslipidemia (14-16).
Astaxanthin has been shown to improve glycemic control in individuals with prediabetes
(15), postmenopausal women (17), and subjects at risk for metabolic syndrome (18), with
mixed effects on lipid levels (14-16).

Astaxanthin is now widely used with an estimated global market for health care of nearly
500 million dollars. However, the metabolic and cardiovascular effects have never been
comprehensively examined. Therefore, we sought to address this gap in scientific knowledge
with the current study. Here we describe the results of our randomized, placebo-controlled,
double-blind study in which we evaluated the effects of 24 weeks astaxanthin treatment on
lipids, markers of cardiovascular disease (CVD) risk (4,5), glycemic control, insulin action,
substrate oxidation, inflammation, and oxidative stress in individuals with prediabetes and
dyslipidemia. Because dyslipidemia is so common in prediabetes, we elected to study
subjects with prediabetes and dyslipidemia to represent the most realistic target population
for astaxanthin use.

Materials and Methods

Participants.

Thirty-six men and women with prediabetes and dyslipidemia participated in the trial.
Eligibility criteria included: age 18-75 years; BMI 25-39 kg/m?; impaired fasting glucose
(5.33-6.89 mM) or elevated HbAlc (5.7-6.4%); dyslipidemia ([LDL] >2.59 mM, [HDL]

< 1.04 mM for males or < 1.29 mM for females, [TG] > 3.88 mM, or taking a statin or
fibrate medication); and stable concomitant medication use for 30 days. Exclusion criteria
included: diagnosis or treatment for type 1 or type 2 diabetes; capable of becoming pregnant;
liver transaminase > 3x ULN; eGFR < 30 mL/min/1.73m?2; myocardial infarction or stroke
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within 6 months; blood pressure > 160 mmHg systolic or > 100 mmHg diastolic; or use of
steroids, anti-depressants, weight loss medications, OTC antioxidants, or thiazolidinediones.
All participants provided informed consent before participating in the study.

Study Design.

The study was designed as a double-blind, randomized, parallel, placebo-controlled,

single dose study. After baseline testing including blood draw, oral glucose tolerance

test (OGTT), indirect calorimetry (IDC), and one-step hyperinsulinemic-euglycemic clamp
(HEC) participants were randomly assigned 2:1 in a double-blind fashion to receive either
astaxanthin 12 mg daily, a commonly used dose (15-17), or placebo for 24 weeks.
Assignment to placebo or test substance was performed by the Research Pharmacist using
the Research Randomizer software (www.randomizer.org). All study staff and subjects were
blinded as to the treatment assignment. Test material and placebo were provided in gelatin
capsules. Participants were instructed to take the capsule at approximately the same time
each day with food. Participants returned to the research unit for repeat metabolic testing
after 12 and 24 weeks of treatment.

The primary outcome of the study was insulin sensitivity for whole body glucose disposal
rate (GDR) as determined with the HEC. Variability for determination of insulin-stimulated
glucose disposal has been reported to be 10% (19). To detect a treatment effect of this
magnitude would require at least 22 evaluable subjects. An evaluable subject is one who

has completed all procedures. To maximize the number of treated subjects, we applied the
general inflation factor formula, resulting in a distribution of 22 subjects in the treated group
and 12 receiving placebo, for a total of 34.

Safety Measures.

At baseline, weeks 6, 12, 18, 24, and end-of-study, participants underwent a safety
evaluation that included vital signs, weight, safety labs, and review of concomitant
medications and adverse events. A physical exam was completed at baseline, week 12, week
24, and end-of-study, Twenty-four-hour blood pressure was measured at baseline, week 12,
and week 24. An electrocardiogram was completed at baseline and end-of-study.

Oral Glucose Tolerance Test (OGTT).

Each participant was admitted to the Altman Clinical and Translational Research Institute
(ACTRI) the morning after an overnight (~10 hr) fast. An OGTT was then performed as
follows: Blood samples were obtained through an intravenous catheter prior to and at 30, 60,
90 and 120 minutes after ingestion of a 75-g glucose load. After the OGTT, each participant
remained in the ACTRI overnight. In the evening, they were given a standardized meal and
then underwent an overnight (~10 hour) fast in preparation for the HEC procedure on the
second day of testing.

Hyperinsulinemic/euglycemic clamp (HEC).

Following an overnight fast in the ACTRI, each participant underwent determination of in
vivo insulin action as assessed by a 3-hour hyperinsulinemic (120 mU/m2/min) euglycemic
(5 mM) clamp as described previously (20). The whole-body glucose disposal rate (GDR) in
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each participant was determined from the values obtained during the steady-state period, the
average of the values between the 140t and 160t minute and the 160t and 180t minute.

Indirect calorimetry (IDC).

Resting energy expenditure (REE) and carbohydrate and fat oxidation were determined
by IDC employing previously described methodologies (20). IDC was performed in
conjunction with the clamp procedure before the start of insulin infusion (time —30 to 0
min) and during the last 30 min of the glucose/insulin infusion.

COVID-Related Modifications.

The study was initiated before the onset of the COVID pandemic. With the initiation of
COVID-mandated restrictions, the following change was made in the protocol: After the
OGTT evaluation, participants were discharged from the ACTRI with a standardized meal,
which they consumed at home. After an overnight (~10 hr) fast, they returned to the

ACTRI for the HEC procedure the following day. Five subjects followed the modified study
protocol.

Assays—Insulin and c-peptide were quantitated by immunoassay, performed by Quest
Diagnostics (San Juan Capistrano, CA). Lipids were measured as part of a standard lipid
panel by Quest, employing spectrophotometric assays.

Circulating serum adiponectin was measured using a commercially available ELISA kit
(Millipore/Sigma, Burlington, MA). The lower limit of detection with this assay was 0.2
ng/mL; the inter- and intra-assay coefficients of variation were 7.4 and 8.4% respectively.
FGF21 was measured using an ELISA kit from R & D Systems (Minneapolis, MN). The
sensitivity was 8.69 pg/mL with inter- and intra-assay coefficients of variation of 3.9 and
10.9% respectively.

Multiplex analysis was performed using MILLIPLEX MAP magnetic bead kits from
Millipore employing a Bio-Rad Bioplex 200 instrument. Inflammatory factors were
measured with a human Inflammation Magnetic Bead Panel. Analytes included: GRO,
IFN~y, IL-1R, IL-1RA, IL-6, IL-8, IL-10, IL-15, IL-17A, MCP-1, MIP1a, TNFa, VEGF-
A. Cardiovascular disease markers were measured using CVD magnetics bead Panel 1:
BNP, NT-Pro-BNP, FABP4, Oncostatin, and Troponin 1. Acute phase CVD markers were
measured using Panel 3: adipsin, a2-macroglobulin, CRP, fetuin A, fibrinogen, L-selectin,
and haptoglobin.

Protein carbonylation was measured using a colorimetric kit from Cayman Chemical (Ann
Arbor, MI).

Calculations.

Area under the Curve (AUC) for glucose, insulin and c-peptide were determined employing
the trapezoidal rule. HOMA2-IR and HOMA-%B (21) were determined using the on-line
calculator (https://www.dtu.ox.ac.uk/homacalculator/download.php). The Matsuda insulin
sensitivity index (I1SI) was calculated as I1SI = 10,000V(FPG x FPI) X (GogTT X locTT):
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while the Matsuda hepatic sensitivity index = [glucose]=g X [insulin]i=g (22). Early-

phase insulin secretion (InsSAUC3¢/GIuUAUC3q) was calculated with data from the OGTT
as: [insulin]i=g + [insulin]i=zg/[glucose]i=g + [glucose]i=3q (23). Adipose tissue insulin
sensitivity (AT Si) = [FFA]tasting X [insulin]fasting. Metabolic flexibility (MF) was calculated
from IDC data as MF = RQcjamp-RQfasting-

Data analysis.

Within-group treatment effects were evaluated using paired Student’s #test analysis and
repeated measures ANOVA. Comparisons between groups were made using ¢tests for
independent samples. Where variables were not normally distributed, significance was
confirmed by a Mann-Whitney Utest. Data are presented as mean + SEM with two-tailed P
< 0.05 considered statistically significant. All analyses were run using Prism 9 statistical
software, version 9.3.1 (GraphPad Inc., San Diego, CA). Secondary outcomes were
considered exploratory and evaluated for possible statistical significance (no adjustment for
multiple comparisons) to support further research on this intervention.

Data and Resource Availability.

Results

The datasets generated and analyzed in the current study are available from the
corresponding author upon reasonable request.

Participants.

Safety.

Fifty-eight participants were screened for eligibility. Thirty-six participants met all the
inclusion criteria and were enrolled/randomized in the study. The most common reasons for
screen failure were fasting glucose/HbA1c or lipid levels that did not meet the inclusion
criteria. Two participants, both in the placebo group, were withdrawn after the 3-month
evaluation visit due to noncompliance with the study medication or study visits: their data
are not included in the analysis. Characteristics at the baseline/randomization visit of the
participants who completed all evaluations (n=34) are presented in Table 1. The groups
were well matched for age, BMI, heart rate and 24 hour blood pressure (BP). Statistically
significant differences in baseline values for the various outcomes between groups were
present only for IL1R and IL-17A levels (Sup. Table 1)

Body weight and BMI were stable over the study period in both the astaxanthin treatment
and placebo groups. Twenty-four-hour BP was also unaltered in either group (Fig. 1).
When considering the relative (%) change from baseline, there was a trend toward reduced
resting heart rate over time in the ASTX treatment group (p=0.053). This behavior differed
significantly from that in the placebo group, where resting HR increased (p=0.01 and
0.016 ASTA Rx vs placebo, at 12 and 24 weeks, respectively). There was a statistically
significant improvement in alkaline phosphatase in the astaxanthin treatment group. The
treatment was well tolerated, as noted earlier the only dropouts were in the placebo group.
No treatment-related adverse events were reported.

Diabetes Obes Metab. Author manuscript; available in PMC 2023 December 22.
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Astaxanthin treatment improved the lipid profile, resulting in significant decreases in total
cholesterol (-0.30 = 0.14 mM, p=0.027 by ANOVA vs p=0.558 for placebo) and LDL
(-0.33 £ 0.11 mM, p=0.030 vs 0.969 for placebo). There was a non-statistically significant
trend for (p=0.12) for HDL to increase (+0.059 + 0.031 mM,) with astaxanthin treatment.
When considered as % change from baseline, the increase in HDL levels was significant
(p=0.044 vs 0.803 in placebo). Triglyceride and FFA levels were unchanged. There were no
changes in lipids in the placebo group (Fig. 2).

CVD markers.

To evaluate the potential for astaxanthin to reduce CVD risk, we monitored circulating
levels of multiple markers for CVD risk. With astaxanthin treatment there were statistically
significant and consistent decreases in fetuin A, fibrinogen, and L-selectin levels (Fig. 3),
suggestive of a reduction in CVD risk. Levels of the other markers were unchanged. In the
placebo group there were transient decreases in fetuin A and L-selectin at 12 weeks, values
that returned to not different from baseline at 24 weeks.

Glycemic control.

Long term glycemic control, as indicated by HbALc levels, was unaltered by astaxanthin
treatment, as were fasting glucose levels (Fig. 4A). Fasting insulin levels trended (p=0.097)
toward a reduction by 24 weeks of treatment. There were also trends for several indices

of insulin action in the fasting state, HOMAZ2-IR (p=0.060, 24 weeks vs baseline, p=0.991
for placebo) and Hepatic Si (p=0.090, 24 weeks vs baseline, p=0.759 for placebo), to
improve with treatment (Fig. 4B), while adipose tissue insulin sensitivity was unaltered.
These indices were stable with time in the placebo group. Responses of both glucose and
insulin to an OGTT were unaltered over the 24-week period in either the ASTX or placebo
groups (Fig. 4C). This included the Matsuda index. Insulin secretion in both the fasting state
(HOMA-%®R, Fig. 4B) and in response to the oral glucose challenge (early-phase insulin
release, Fig. 4C), were unaltered by astaxanthin treatment and stable across time in the
placebo group.

Results from the HEC procedure showed that insulin stimulation of whole-body GDR, the
primary outcome measure, (Fig. 4D) and reduction of FFA levels (antilipolysis) were similar
at baseline between groups. Effects of ASTX treatment did not attain statistical significance
for either outcome. However, when determined as the change from baseline, there was a
trend (p=0.078) toward an improvement in GDR with treatment, unlike in the placebo group
(p=0.753). Substrate (carbohydrate and fat) oxidation was measured by IDC before and
during the HEC. Resting energy expenditure in the fasting state (basal) was comparable
between groups and did not change over time in either group (Fig. 4E). At baseline there
was a modest, but statistically significant (p<0.01), increase in REE during insulin infusion
that was observed in both groups. This response was also seen at the 24-week visit but

was absent at the 12-week visit, a behavior observed in both groups. Substrate oxidation,

as represented by the respiratory quotient (RQ), was similar in the fasting state (basal)
between groups and did not change with time, even with astaxanthin treatment (Fig. 4E).
As anticipated, glucose + insulin infusion increased RQ in both groups. With astaxanthin

Diabetes Obes Metab. Author manuscript; available in PMC 2023 December 22.
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treatment there was a transient further increase in RQ over baseline. The ability to shift
between utilizing fat and carbohydrate is termed “metabolic flexibility” (MF) and in the
current situation can be expressed as the individual difference in RQ between the fasting and
clamp states. While there was considerable intra-subject variability in MF, it was not altered
in a statistically significant manner with astaxanthin treatment or over time in the placebo

group.

Adiponectin and FGF21 are circulating factors with important roles in metabolic regulation
(reviewed in (24, 25)). Levels of both factors were stable throughout the study, but for

a transient, but statistically significant, increase in FGF21 after 12 weeks of astaxanthin
treatment (Supplemental Material, Table 1).

Inflammation.

Chronic, low-grade systemic inflammation is a common feature of pre-diabetes and other
insulin resistant states (reviewed in (26)). Multiple circulating markers of inflammatory
status were evaluated (Sup. Table 1). In the astaxanthin -treated group there were no
statistically significant changes in the levels of either pro- or anti-inflammatory cytokines
and chemokines. In the placebo group there was no consistent changes in levels of these
factors, only transient increases in GRO, IFNy and TNFa at 12 weeks, that returned to not
different from baseline at 24 weeks.

Protein carbonylation is accepted as a marker for systemic oxidative stress (reviewed in
(27)). Protein carbonylation in the serum was stable across the study period and unaltered by
astaxanthin treatment (Sup. Table 1).

Discussion

Prediabetes is growing in prevalence worldwide (reviewed in (1)). Identification and
treatment of individuals with prediabetes is of paramount importance as the condition
represents a state of heightened risk for CVD and progression to type 2 diabetes. However,
current treatment options are limited with the focus on diet and lifestyle interventions.
Specifically, the American Diabetes Association currently recommends that patients with
prediabetes obtain a 7% reduction in body weight and exercise 150 min/week. While

the evidence supports these interventions, they are practically difficult to achieve. Thus,
there is a large unmet need to develop therapies that reduce CVD risk and progression to
type 2 diabetes in individuals with prediabetes and dyslipidemia. Our study suggests that
astaxanthin may represent such a therapy as treatment improved lipid profiles, markers of
CVD risk, and showed trends toward improving insulin sensitivity.

Astaxanthin is a xanthophyll carotenoid with documented antioxidant properties (reviewed
in (8)). Astaxanthin is being evaluated in clinical trials for effects on several conditions
including osteoarthritis, Alzheimer’s, diabetic neuropathy, stroke, Polycystic Ovary
Syndrome, and exercise capacity. Astaxanthin is widely available online and in retail stores
with a reported market for natural astaxanthin from microalgae, as was used in the current
study, of nearly $500 million USD in 2020. The appeal of a compound such as astaxanthin
is that it is readily available, over the counter, and well tolerated. Additionally, patients are

Diabetes Obes Metab. Author manuscript; available in PMC 2023 December 22.
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increasingly interested in “natural” treatments for a variety of conditions, particularly for
preventative therapies. Therefore, astaxanthin represents a therapeutic intervention that could
be attractive to both patients and providers.

Published work has reported astaxanthin effects on metabolic control and inflammation in
subjects across a range of insulin sensitivities (15-17). However, these studies have been
limited by their short duration, small sample sizes, and/or paucity of clinical endpoints.
Therefore, for the millions of patients taking astaxanthin we lack appropriate data to
inform their use. To address this gap in our knowledge, we conducted a comprehensive
randomized, placebo-controlled clinical trial in 36 subjects with prediabetes to evaluate the
effects of astaxanthin treatment on glycemic control, dyslipidemia, insulin action, systemic
inflammation, and CVD biomarkers.

Regarding effects on lipids, astaxanthin treatment improved aspects of the pro-atherogenic
lipid profile characteristic of prediabetes. Total cholesterol and LDL levels were reduced,
while HDL levels increased, relative to baseline (Fig, 2). Specifically, astaxanthin treatment
reduced LDL by 0.33 mM. To put this reduction into context, it has previously been reported
that the risk of a major cardiovascular event is reduced by 23% for every 1.00 mM reduction
in LDL (28). Extrapolating from these data, the LDL reduction observed here could result in
a 7.5% relative reduction in CV events.

In addition to improving features of the pro-atherogenic lipid profile, astaxanthin induced
stable reductions in several markers of CVD risk. Specifically, astaxanthin treatment resulted
in statistically significant and consistent decreases in fetuin A, fibrinogen, and L-selectin
levels. These CVD markers have not been assessed in other astaxanthin trials. Elevated
fetuin-A levels are associated with both increased risk of type 2 diabetes (29) and increased
severity of coronary artery disease (30). Therapies with positive effects on CVD reduction
have been shown to reduce fetuin-A levels. These include statins (31), bariatric surgery,
weight loss, exercise, metformin, and pioglitazone (reviewed in (32)). We mention these
therapies to frame the effects of astaxanthin on fetuin-A versus other, commonly studied
CVD interventions.

Fibrinogen, has long been known as a CVD risk marker (33) and levels are elevated

in type 2 diabetes (34). Both fibrates and statins reduce fibrinogen levels (reviewed in
(35)). L-selectin levels are elevated in patients with type 2 diabetes (36). Taken together,
astaxanthin-mediated reduction in these markers of CVD risk, a property shared to some
extent with cardioprotective agents, would suggest improvements in cardiovascular health.

Regarding astaxanthin actions on systemic inflammation in human subjects, we found

no treatment effects on multiple pro-inflammatory cyto- and chemokines (Sup. Table 1).
Previously published data on inflammatory markers has been widely variable. For example,
prior studies reported TNFa levels were decreased with astaxanthin treatment in subjects at
risk for metabolic syndrome (18), but unchanged in healthy subjects (37). And, while we
found no treatment effect on protein carbonylation, a marker of systemic oxidative stress,
reports have showed improvement in markers of oxidative stress in overweight subjects (14)
and post-menopausal women (38).

Diabetes Obes Metab. Author manuscript; available in PMC 2023 December 22.
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With regard to glucose metabolism, we found trends towards reductions in HOMAZ2-IR
and hepatic Si with astaxanthin treatment (Fig. 4), suggesting improvements in insulin
action in the fasting state. For whole body insulin action determined from the HEC,

the primary outcome of the study, there was a non-statistically significant trend toward
improvement with treatment. Insulin action in adipose tissue, insulin secretion, and insulin-
induced metabolic flexibility were not influenced by astaxanthin treatment. These data
suggest that the liver may represent a major target tissue for astaxanthin effects on
glucose metabolism. Attention regarding potential mechanisms of the beneficial effects of
astaxanthin have focused on the strong antioxidant capacity of the molecule (8, 39, 40).
Antioxidant-independent actions of astaxanthin have also been proposed on mitochondrial
biogenesis and function (41, 42) and as a modulator of peroxisome proliferator-activated
receptor (PPAR) activity (43), predominately PPARa, which would be consistent with a
primarily hepatic site of action.

Variability in the nature and magnitude of responses to astaxanthin treatment could be

due to multiple factors, including dose selection, treatment duration, and patient population
(reviewed in (44)). We chose to evaluate individuals with prediabetes and dyslipidemia

as this population could benefit from a non-pharmacologic intervention to bolster lifestyle
modifications. The dose selected, 12 mg/day, is in the range investigated previously (15-17,
reviewed in (45)), and is the commonly available dose commercially. Therefore, the dose
chosen represents the current “real-world” use of astaxanthin. The study duration, 6 months,
was chosen to reveal possible delayed-onset responses and was considered long enough to
detect potential “deterioration” in glycemic control or conversion to type 2 diabetes in the
placebo group (2). A variety of outcomes were monitored to track multiple features of the
prediabetes phenotype(s).

A limitation of the current study could be sample size, as several potential treatment
effects, including the primary outcome measure, approached but did not attain statistical
significance. It should also be noted that the presentation of the results is that of a per-
protocol analysis rather than of an intention-to-treat basis. The number of subjects was also
insufficient to support a sub-analysis to determine if the responses to astaxanthin treatment
were due to the heterogeneity of the prediabetic phenotypes, impaired fasting glucose vs
impaired glucose tolerance (reviewed in (46)). Additional studies would be valuable in
determining potential differential benefits of astaxanthin on these phenotypes.

In summary, our study represents the most comprehensive examination to date of
astaxanthin, a commonly used nutraceutical, in individuals with prediabetes. We found that
treatment reduced total and LDL cholesterol, increased HDL cholesterol, and improved
markers of CVD risk including fetuin A, fibrinogen, and L-selectin levels. Treatment

also trended to improve insulin sensitivity as measured by HOMAZ2-IR and hepatic Si.
Treatment was well tolerated with no clinically apparent side effects. Our findings suggest
that astaxanthin represents a promising supplement to improve the metabolic and CVD risk
profile for individuals with prediabetes and dyslipidemia.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Results are Ave + SEM
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Treatment effects on fasting lipid levels.

Open bars — baseline, green bars — 12 weeks evaluation, blue bars — 24 weeks evaluation.
Results are Ave + SEM.

* p<0.05 vs paired baseline value

T p<0.01 vs paired baseline value
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Treatment effects on selected circulating markers for CVD.

Open bars — baseline, green bars — 12 weeks evaluation, blue bars — 24 weeks evaluation.
Results are Ave + SEM.

* p<0.05 vs paired baseline value

tp<0.01 vs paired baseline value
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t p<0.01 vs paired fasting state value
#p< 0.05 vs paired V2 value
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Baseline participant characteristics

Group Treated Placebo
Number (F/M) 22 (7/15) 12 (3/9)
Age (yr) 51+3 53+3
BMI (kg/m?) 31.81+0.88 31.89+0.98
[Glucose]s (mMM) 5.87+0.11 5.64 +0.10
[Insulin]; (pM) 95.9+11.0 73.4+1038
HOMA-IR 2.13+0.23 152+0.21
HR (bpm) 70+2 65+ 2
24 hr BP (mm Hg) 136 +4/79+2 | 137+5/79+4
Total [cholesterol]s (mMM) 471+£0.17 4.84 £0.36
[LDL (mM) 2.90 +0.16 2.98+0.31
[HDL]; (mM) 1.13+0.05 1.17+0.08
[TG]s (mM) 1.68 +0.26 1.58 +0.17
[FFAJ; (mM) 0.56 + 0.03 0.57 +0.06
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