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Abstract
Background In the literature, there are still controversies regarding the effect of phytosterol(PS) supplementation on fasting blood
sugar (FBS), insulin levels and glycosylated hemoglobin (HbA1c) in humans. We aimed to assess the impact of PS supplemen-
tation on FBS, HbA1c and insulin levels by conducting a systematic review and meta-analysis of the available randomized
controlled trials (RCTs).
Methods A comprehensive search was conducted to identify all RCTs published up to May 2019 in the following databases:
PubMed-MEDLINE, Web of Science, Cochrane Library and Scopus. The mean difference with 95% confidence intervals (CIs)
was pooled using a random-effects model (DerSimonian-Laird method).
Results Twenty-six arms from 20 RCTs were included in the present meta-analysis. Our findings show that PS supplementation
decreases insulin levels (mean difference [MD]: −6.426 μU/ml, 95% CI: −7.187, −5.665, P- value = 0.000). However, PS
supplementation did not have significant effects on FBS and HbA1c levels. Following PS supplementation, significant changes
in FBS (mean difference [MD]: −1.942 mg/dl, 95% CI: −3.637, −0.246, P- value = 0.025) and HbA1c (mean difference [MD]:
−0.059%, 95% CI: −0.114, −0.004, P- value = 0.035) based on PS dosage (mg/d) were recorded.
Conclusions In patients with a baseline BMI <25 kg/m2, PS consumption significantly increased FBS levels. Patients who
consumed 1–2 g/day of PS had a lower FBS and lower HbA1c levels.
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Introduction

Phytosterols (stanols and sterols) are a group of integral com-
ponents of the cell membrane in plants. Usually, the human
diet contains approximately 200–300 mg per day of plant
sterols [1]. The main dietary sources of phytosterols (PS) are
vegetable oils (corn, soybean, sunflower, and olive), nuts,
fruits and seeds [2]. Since the early 1950s, PS have been
shown to lower cholesterol absorption in animals [3]. PS are
structurally similar to cholesterol with some slight differences
in the side chain of the molecule [4]. It has been suggested that
due to the chemical similarity with cholesterol, plant sterols
could block cholesterol absorption. Several meta-analyses
have focused on lipid-lowering, anti-obesity and anti-
inflammatory effects of PS [5–7].

Over the last decade, the hypoglycemic activity of PS
has attracted the attention of many researchers [8, 9]. One
of first studies to provide evidence regarding this effect of
PS has shown that, in hyperglycemic rats, glucose levels
decreased and insulin levels increased after oral adminis-
tration of ß-sitosterol [10]. It has been suggested that the
uptake of glucose induced by PS is mediated by the ade-
nine monophosphate-activated protein kinase (AMPK)
[11]. Hyperglycemia and diabetes have become increasing-
ly prevalent worldwide. In 2012, about 2.2 million deaths
were attributed to high blood glucose [12]. In 2015, the
global cost of diabetes was appreciated at 1.31 trillion dol-
lars [13]. Numerous trials have investigated the effect of
drugs, dietary interventions, supplements or physical exer-
cise in the management of diabetes [14].

The impact of plant sterols/stanols on plasma glucose
and insulin concentrations have been investigated by sev-
eral clinical trials [9, 15–17] which have yielded conflict-
ing results. Therefore, we performed a meta-analysis of
the available randomized controlled trials regarding the
effects of PS on fasting blood sugar (FBS), glycosylated
hemoglobin (HbA1c) and insulin levels in order to clarify
the impact of PS on these indices.

Materials and methods

Search strategy and selection criteria

We followed the preferred reporting items from the systematic
reviews and meta-analysis (PRISMA statement) during the
preparation of this systematic review [18]. Two study authors
independently conducted a systematic search of the databases
PubMed-MEDLINE, Web of Science, Cochrane Library and
Scopus (all years to May 31st 2019).

The used keywords were relevant to the objectives of the
study. The search strategy was conducted using MeSH and
non-MeSH keywords without date or language restrictions.

The terms used in the electronic search included:
(“phytosterol”[Mesh]) OR “phytosterol”[Title/Abstract]
“phytostanol”[Mesh] OR “phytostanol”[Title/Abstract] OR
“plantsterol”[Mesh] OR”plantsterol”[Title/Abstract] OR “plant
stanol”[Mesh] OR “plant stanol”[Title/Abstract] OR
“sitosterol”[Mesh] OR “sitosterol”[Title/Abstract] OR
“sitostanol”[Mesh] OR “sitostanol”[Title/Abstract] OR
“campesterol”[Mesh] OR “campesterol”[Title/Abstract] OR
“campestanol”[Mesh] OR “campestanol”[Title/Abstract] OR
“stigmasterol”[Mesh] OR “stigmasterol”[Title/Abstract] OR
“stigmastanol”[Mesh] OR “stigmastanol”[Title/Abstract] OR
brassicasterol[Mesh] OR brassicasterol[Title/Abstract] AND
“Intervention Studies”[Mesh] OR “intervention”[Title/Abstract]
OR “controlled trial”[Title/Abstract] OR “randomized”[Title/
Abstract] OR “randomised” [Title/Abstract]..

A manual search was carried out using the Google
Scholar search engine and the references were cited in
appropriate systematic reviews. The search in PubMed,
Web of Science and Cochrane Library was restricted to
humans and the English language, and for Scopus, it
was restricted to article, the English language, humans,
and medicine. We examined the titles and abstracts of
the obtained studies. Finally, the full texts of selected
studies were investigated according to the inclusion/
exclusion criteria.

Eligibility criteria

Studies were included if they met the following criteria: 1) the
study was a randomized clinical trial (RCT), 2) the subjects
involved were given PS supplements 3) the authors reported
sufficient information about FBS, HbA1c and Homeostatic
Model Assessment for Insulin Resistance (HOMA-IR), 4)
the studies were conducted on adult subjects (>18 years).
Studies were excluded if they met the following exclusion
criteria: 1) non-RCTs studies, 2) the studies were performed
on children or animals, 3) the studies lacked a placebo group,
4) duplicate publications 5) the studies did not report on
fasting blood sugar, HbA1c and HOMA-IR at baseline and
at the end of the intervention.

Data extraction

Two authors independently extracted and coded all the data.
Disagreements were resolved by consensus with the third au-
thor. The relevant data extracted included: study identification
(author, year and country), study design (cross-over or paral-
lel, level of blinding), duration, sample size of each group,
participant characteristics (age, gender, BMI, health status),
intervention characteristics, study location, supplement dos-
age. (Supplementary Table 1).
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Quality assessment

Two independent research investigators (A.S. and H.K.)
assessed the methodological quality of the selected full texts
using the Cochrane criteria [19]. Thus, the quality of the se-
lected studies was evaluated based on the allocation conceal-
ment, sequence generation sufficiency, blinding, clarification
of failures (imperfect outcome data), selective reporting of the
results, and other probable sources of bias. According to the
Cochrane Handbook recommendation, the studies were strat-
ified as low risk of bias, high risk of bias or unclear regarding
each domain (Supplementary Table 2).

Statistical analysis

The mean change and standard deviation (SD) for FBS,
HbA1c and HOMA-IRwere used to estimate the overall effect
size of the intervention. Estimates of effect sizes were
expressed based on weighted mean difference (MD) and
95% CI from the random-effects model. We assessed the het-
erogeneity among the studies using the I2 test that determines
the between-study variance and demonstrates whether the ob-
served inconsistency among studies is real or by chance
[20–22]. There was between-study heterogeneity if I2 >
50%. Publication bias was evaluated using visual assessment
of funnel plots and Egger’s weighted regression tests. The
nonlinear potential effects of PS dosage (g/day) and treatment
duration (weeks) were examined using fractional polynominal
modeling (polynomials). All statistical analyses were per-
formed using the Stata software, version 12 (Stata Corp,
College Station, Texas, USA) and a P value <0.05 was con-
sidered as significant.

Results

Study selection

Out of 3.965 articles identified in the PubMed-MEDLINE,
Scopus, Cochrane Library and Web of Science databases,
381 duplicate articles were excluded. We further excluded
3.205 publications based on the title and abstract screening
approach. We reviewed the remaining 379 articles by reading
the full text and excluded 377 studies due to the following
reasons: studies that included a co-intervention along with
PS only in one group (n = 6), review articles (n = 7), studies
reporting duplicate data (n = 4), studies included no data of
interest (n = 360) (Fig. 1).

Study characteristics

The characteristics of the eligible studies are summarized in
Supplementary Table 2. The sample size of the included

studies was between 21 and 244 participants. Out of the 20
included studies, six studies were performed in Europe, 4 in
America and 10 studies in Asia. The duration of the trials was
between 3 and 24 weeks. One study was conducted in women
only [23], one in men only [24] and the rest of the eligible
studies involved both genders. Seventeen studies had a single-
arm parallel group whereas three studies had a crossover de-
sign [9, 24–37].

Meta-analysis results

Fourteen studies including a total of 1306 participants
(case = 655, and control = 651) reported FBS as an out-
come measure. Combined results from the random-
effects model indicated that FBS did not change signifi-
cantly following PS consumption (mean difference (MD):
−0.878 mg/dl, 95% CI: −3.115, 1.359, P value = 0.442)
with significant heterogeneity among the studies (I2 =
99.4%, P value = 0.000) (Fig. 2).

Four studies including a total of 504 participants (case =
251, and control = 253) reported insulin levels as an outcome
measure. Overall results from the random-effects model indi-
cated that PS consumption did result in significant change in
insulin levels (mean difference (MD): −6.426 μU/ml, 95% CI:
−7.187, −5.665, P value = 0.000). There was no significant
heterogeneity among these studies (I2 = 0.0%, P value =
0.540) (Fig. 3).

Among the eligible studies, five studies including a
total of 634 participants (case = 325, and control = 309)
reported an association between PS consumption and
HbA1c levels. PS consumption did not alter HbA1c levels
significantly (mean difference (MD): −0.131%, 95% CI:
−0.329, 0.067, P value = 0.195). There was a significant
heterogeneity among these studies (I2 = 93.4%, P value =
0.000) (Fig. 4).

Subgroup analysis

The results of the subgroup analyses are provided in Table 1.
We stratified the studies based on BMI (<25 kg/m2, ≥25 kg/
m2), PS dosage (g/day), trial duration (weeks) and type of
study population. The subgroup analysis showed that PS sup-
plementation in participants with a baseline BMI <25 kg/m2

significantly increased FBS (mean difference (MD):
0.748 mg/dl, 95% CI: 0.364, 1.113, P value = 0.000).
Moreover, FBS was significantly reduced in the subgroup
given 1–2 g of PS (mean difference (MD): −1.942 mg/dl,
95% CI: −3.637, −0.246, P value = 0.025). In addition,
HbA1c was significantly reduced in the subgroup receiving
1–2 g of PS (mean difference (MD): −0.059%, 95% CI:
−0.114, −0.004, P value = 0.035).
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Publication bias

The evaluation of the publication bias by visual inspection of
the funnel plot demonstrated no evidence of publication bias
in the meta-analysis of PS supplementation on FBS, insulin
levels and HbA1c (Supplementary Fig. 1). The Egger’s linear
regression test also revealed the same result (FBS: P value
=0.053, insulin levels: P value = 0.198), and HbA1c: P val-
ue = 0.690). The sensitivity analyses did not revealed any ef-
fect of a single study on the combined results.

Discussion

Using systematic review and meta-analytical methods, we
pooled the evidence from the 14 published RCTs regarding

the effect of PS on FBS, HbA1c and insulin levels. The pooled
effect estimates for change showed that the consumption of PS
did not had a significant effect on FBS and HbA1c. The
pooled estimate from five studies showed that PS consump-
tion was associated with a decline in insulin levels. In patients
with a baseline BMI <25 kg/m2, PS consumption significantly
increased FBS levels. The serum levels of FBS and HbA1c
was significantly decreased in the subjects who consumed 1–
2 g/day of PS.

A good control of FBS, HbA1c and insulin levels are of
major importance and would be of interest in the management
of conditions such as insulin resistance and diabetes. In the
therapy of these afflictions, a simple dietary intervention such
as PS supplementation could be beneficial. Moreover, several
meta-analyses have concluded that PS supplementation leads
to a decline in obesity indices [38], improves atherogenic and

Fig. 1 Flow diagram for the
studies identified and included
into the meta-analysis
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anti-Atherogenic apolipoproteins [39], reduces serum lipopro-
tein a (Lp(a)) and free fatty acid (FFA) [40] and improves the
lipid profile in humans [41].

PS are natural compounds found in foods (such as vegeta-
ble oils, cereals, fruit and vegetables) which are safe and ef-
fective in lowering cholesterol levels [42–44] . Currently, var-
ious marketed food products contain PS: milk, orange juice,

yoghurt, snack bars and enriched margarine. Although the
lipid-lowering effect of PS has already been presented in sev-
eral studies, [45, 46] the role of PS in reducing FBS-, HbA1c
and insulin levels is yet to be established. Although PS-
enriched foods have been shown to exhibit beneficial effects
in diabetic patients, the exact mechanism of action explaining
the perceived favorable effects of PS in diabetes is still
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Fig. 2 Forest plot presenting mean difference (WMD) and 95% confidence intervals for the impact of Phytosterols Supplementation on FBS
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Fig. 4 Forest plot presenting mean difference (WMD) and 95% confidence intervals for the impact of Phytosterols Supplementation on HbA1c

Table 1 Subgroup analysis

Sub grouped by No. of trials WMD195% CI P Value P for heterogeneity I2 (%) P for between
subgroup heterogeneity

FBS
Baseline BMI 0.000
<25 kg/m2 3 0.748 0.364 1.133 0.000 0.952 0.0
≥25 kg/m2 11 −1.329 -4.141 1.483 0.354 0.000 99.5

Dosage 0.000
<1 g 2 3.386 -1.196 7.969 0.145 0.002 89.9
1–2 g 10 −1.942 -3.637 -0.246 0.025 0.000 96.3
˃2 g 2 −0.725 -2.063 0.612 0.288 0.205 37.8

Intervention duration (weeks) 0.000
≤8 4 −1.961 -5.360 1.439 0.258 0.008 96.9
8–15 5 0.972 -2.721 4.666 0.606 0.433 99.6
≥16 5 −1.857 -6.153 2.439 0.397 0.941 96.5

Type of Study Population
Healthy 4 1.634 -2.048 5.315 0.385 0.000 99.6 0.000
Hyperlimidemic Patients 5 −0.924 -3.788 1.941 0.527 0.000 82.4
Metabolic syndrome 3 −3.535 -9.671 2.602 0.259 0.000 98.7
HbA1c

Baseline BMI 0.002
<25 kg/m2 3 0.000 -0.071 0.071 1.00 1.000 0.0
≥25 kg/m2 5 −0.320 -0.863 0.223 0.248 0.000 97.9

Dosage 0.013
<1 g 2 0.000 -0.096 0.096 1.000 1.000 0.0
1–2 g 4 −0.059 -0.114 -0.004 0.035 0.806 0.0

Intervention duration (weeks)
˂8 2 −0.248 -0.616 0.120 0.189 0.000 97.0 0.051
8–15 3 0.000 -0.133 0.133 1.000 1.000 0.0
≥16 3 −0.297 -0.804 0.211 0.252 0.000 97.9

Type of Study population 0.000
Diabetes 2 −0.468 -1.349 0.414 0.298 0.000 94.4
Hyperlipidemic Patients 4 0.000 -0.069 0.069 1.000 1.000 0.0

BMI = Body Mass Index; FBS = fasting blood sugar; HbA1c = glycosylated hemoglobin
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unclear. A plausible mechanisms regarding the effect of PS on
these indices might be related to the expression and transloca-
tion of glucose transporter 4 in the skeletal muscle, liver and
white adipose tissue, which have been reported to increase
after PS supplementation [43]. In vitro studies have also men-
tioned that PS can stimulate the AMPK pathway. AMPK ac-
tivators are virtuous candidates in the treatment of obesity,
metabolic syndrome, hypercholesterolemia and type 2 diabe-
tes mellitus [47–49]. β-sitosterol stimulates the phosphoryla-
tion of AMPK whose activation enhances the glucose trans-
porter 4 translocation and expression [11, 50]. In addition, PS
could increment adiponectin concentrations which could acti-
vate AMPK in situ [52] and can enhance the activity of glu-
cose transporters [51, 52].

This is the first systematic review and meta-analysis of
RCTs examining the influence of PS supplementation on
FBS, insulin and HbA1c indices. However, there are some
limitations that must be recognized, such as the different du-
rations of the intervention, the preparation method and the
formula of supplementation. PS existent in our foods are
mixed with other dietary compounds. Therefore, other nutri-
tional factors may also modulate the effects of PS in humans.
We did not adjust for certain confounding elements (for in-
stance, the dietary consumption of vegetables, whole grains
and fruits), which may have influenced the outcomes regard-
ing the association between PS consumption and the investi-
gated variables. Moreover, there was a significant heterogene-
ity among the included studies and the random effect model
was used to derive WMD. The different populations included
in the primary RCTs, their baseline characteristics and other
factors may have contributed to the heterogeneity [53, 54].

In our meta-analysis, the significant reduction in the FBS
and HbA1c levels was recorded at a dose of 1–2 g/day of PS,
which is a high dose for the usual diet of humans and hard to
achieve in habitual diets [55].

Conclusion

The present meta-analysis revealed that PS consumption was
associated with a decline in insulin levels. In subgroup analy-
sis, the patients with a baseline BMI <25 kg/m2, PS consump-
tion significantly increased FBS levels, whereas in subjects
consuming 1–2 g/day of PS, FBS and HbA1c levels declined.
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