molecules @@

Review

Moringa oleifera Lam. in Diabetes Mellitus: A Systematic
Review and Meta-Analysis

Shihori Watanabe !, Hiyori Okoshi 2, Shizuko Yamabe ! and Masako Shimada -%*

check for

updates
Citation: Watanabe, S.; Okoshi, H.;
Yamabe, S.; Shimada, M.
Moringa oleifera Lam. in Diabetes
Mellitus: A Systematic Review and
Meta-Analysis. Molecules 2021, 26,
3513. https://doi.org/10.3390/
molecules26123513

Academic Editor: Rosanna Maccari

Received: 21 May 2021
Accepted: 7 June 2021
Published: 9 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Graduate School of Nutritional Science, Sagami Women’s University, 2-1-1 Bunkyo, Minami-ku,
Sagamihara 252-0383, Kanagawa, Japan; s2071302@st.sagami-wu.ac.jp (S.W.);
s2071301@st.sagami-wu.ac.jp (S.Y.)

Department of Nutritional Science, Sagami Women’s University, 2-1-1 Bunkyo, Minami-ku,
Sagamihara 252-0383, Kanagawa, Japan; hiyoko.pipi@icloud.com

*  Correspondence: shimada_masako@isc.sagami-wu.ac.jp; Tel.: +81-42-742-1927

Abstract: Plant-derived phytochemicals have been interested in as nutraceuticals for preventing the
onset and progress of diabetes mellitus and its serious complications in recent years. Moringa oleifera
Lam. is used in vegetables and in herbal medicine for its health-promoting properties against various
diseases including diabetes mellitus. This study aimed to examine an effect of Moringa oleifera on
diabetic hyperglycemia and dyslipidemia by meta-analyzing the current evidence of diabetic rodent
models. Peer-reviewed studies written in English from two databases, PubMed and Embase, were
searched to 30 April 2021. Studies reporting blood glucose or lipid levels in diabetic rodents with and
without receiving extracts of Moringa oleifera were included. Forty-four studies enrolling 349 diabetic
rodents treated with extracts of Moringa oleifera and 350 diabetic controls reported blood glucose
levels. The pooled effect size was —3.92 (95% CI: —4.65 to —3.19) with a substantial heterogeneity.
This effect was likely to be, at least in part, modified by the type of diabetic models. Moreover,
diabetic hypertriglyceridemia and hypercholesterolemia were also significantly improved in diabetic
rodent models treated with Moringa oleifera.
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1. Introduction

The global estimate of diabetes prevalence in the 20-79 year age group was 463 million
in 2019 and this figure is expected to reach 700 million by the year 2045 [1]. Type 2 diabetes
mellitus (T2DM) is a chronic metabolic disorder that makes up for approximately 90%
of DM cases. T2DM is characterized by high blood glucose levels, insulin resistance in
the muscle, liver, and adipose tissues, and relative deficiency of insulin secretion from
the pancreas. Moreover, patients with DM often develop serious complications including
dyslipidemia and cardiovascular diseases, which are the major causes of their increased
morbidity and mortality [1]. Therefore, it remains critical to explore new preventative and
therapeutic strategies against DM.

It has been a growing interest whether some natural products including tropical/
subtropical plants can be used to prevent and treat patients with DM and its associated
complications because of their natural origin and thus relatively limited adverse effects
compared with pharmaceuticals [2]. Moringa oleifera Lam. (MO), commonly referred to
as “drumstick tree,” “horseradish tree,” or “miracle tree”, belongs to the flowering plant
family Moringaceae and is widely cultivated in Africa, Asia, and the Americas [3]. A
large variety of nutritional and medicinal virtues have been shown in its leaves, seeds,
flowers, and bark [4,5]. Its leaves are, for example, commonly consumed as vegetables and
nutritional supplements; the seeds are taken fresh, dried or as roasted tea. The leaves and
seeds of MO are rich in protein, lipids, vitamins, minerals, and phytochemicals. They have
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been used to treat and protect against various diseases including inflammation, carcinomas,
hepatorenal and cardiovascular disorders, and DM [6,7].

Cumulative evidence has suggested the potentially beneficial roles of MO in glucose
and lipid metabolism [8]. However, a limited number of clinical studies have been con-
ducted on individuals with DM or glucose intolerance; moreover, these results have, as
yet, been inconsistent. A single dose of MO in a meal significantly improved glucose
tolerance [9] while chronic consumption of MO for 4 weeks did not alter fasting plasma
glucose or hemoglobin A1C levels compared with that of placebo [10]. In healthy controls,
no significant changes in glucose levels were reported [11], while a 3-month treatment
with MO significantly decreased fasting glucose levels [12]. These inconsistencies are
presumably due, in part, to the relatively limited number of recruited subjects and the
differences in study design among clinical trials. Therefore, the aim of this study was to
assess the effect of MO in the blood glucose and lipid levels of diabetic rodent models by
meta-analyzing the currently available studies and attempting to sort out the potential
source of heterogeneity that may lead to the discrepancies in the current literature with
subgroup and meta-regression analyses.

2. Results
2.1. Search Results

The flowchart of our literature search is shown in Figure 1. It resulted in a total of
467 articles (328 from Embase and 139 from PubMed). Upon removal of the duplicates and
reviews of the titles and abstracts, 90 articles moved to a full-text assessment. The majority
of these articles were excluded from the original meta-analysis because they failed to report
blood glucose or lipid levels in DM rodent models treated with MO extracts. Therefore,
48 studies in 46 articles were finally included in the meta-analyses.

Search results on ( glucose, diabetes or “insulin resistance”)
AND (Moringa oleifera) n =467

Studies excluded by duplication, publication type
> (reviews, editorials, or letter to editors) or titles
(n=283)
v

Remaining articles
n=184

Studies excluded after abstracts (n = 94)
Review (n = 33)
Human (n = 15)
In vitro studies (n = 23)
Not related to DM (n = 16)
Others (n=7)

A 4

\ 4

Remaining articles
n=90

Studies excluded after assessment of full text (n = 44)
Human (n=1)

Lt In vitro studies (n = 6)

No reporting on FBS in DM rodents (n = 19)

Incomplete studies and others (n = 18)

A 4

Studies included in this review
n=46

Figure 1. Flow diagram of literature search and selection process.

2.2. Study Characteristics and Quality Assessment

The main characteristics of each included study are summarized in Table 1. Studies
have been published since 2003. The sample sizes ranged from 10 to 40 in each study. In
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the included studies, animals were treated with extracts isolated from leaves in 33 studies,
seeds in 6 studies, and others, such as fruits and bark, in 9 studies. db/db mice were used in
2 studies, diet-induced obese diabetic rodents in 13 studies (4 in mice and 9 in rats) and
dexamethasone (dexa)-induced insulin-resistant rats in 2 studies and chemical (alloxan
or streptozotocin (STZ))-induced DM rodent models in 31 studies (30 in rats and 1 in
mice). Six studies used plasma, 13 used serum, and 23 used whole blood samples for blood
glucose measurement. Males were used in 33 studies, females in 7, and both in 7 studies.
The detailed quality assessment of each study is shown in Table S1. The study quality was
fair in general with the risk of bias judged to be low to medium.

Table 1. Characteristics of included studies in the meta-analysis.

Dose Duration Animal n Age or Weight . Blood Sample
Authors (Year) Parts (mg/kg BW) Exposed to MO Models Sex (T/no-T) at the Baseline Diet for BS Measurements
Oldoni et al. (2021) [13] leaves 500 45 days rats, STZ 55 mg/kg males 6/6 90 days, 200-250 g control NS BS
Anwer et al. (2021) [14] leaves 400 21 days rats, STZ 40 mg/kg males 6/6 100-120 g HFD serum BS
HFD, 20%
Irfan et al. (2020) [15] leaves 1000 30 days rats males 6/6 6 wks old fructose in whole blood BS, TC
‘water
Kusumawati rats, alloxan 150
etal. (2020) [16] seeds 300 2 weeks mg/kg females 5/5 NS control whole blood B?
Owolabi et al. (2020) [17] pods 200 3 weeks rats, 1:\1;0/’:; 100 both 5/5 130-150 g control plasma BS}'[TD(E'_ gc,
Ezzatetal. (2020) [18] leaves 400 1 month rats males 717 100+20g HFD serum Bsk'[TDii gc,
Mohamed et al. . . . . high fructose .
2019 19] leaves 300 4 weeks rats males 10/10 140-320 g o serum BS
Aju etal. (2019) [20] leaves 300 60 days rats, STZ 30 mg/kg males 6/6 170-180 g h‘ghdf;ergy serum BS
Othman et al. (2019) [21] leaves 300 6 weeks rats males 6/6 200-230 g HFD serum BS, TG, TC, HDL-C
Sun et al. (2019) [22] leaves 120 8 weeks db/db mice males 8/8 6 wks old control serum BS, TG, TC, HDL-C
:\;I)aaf;:]mo etal. (2019) (1) seeds 500 12 weeks rats females/males 12/12 3 wks old hlghdf;;ctose whole blood BS, TG, TC
Hidayati et al. (2018) [24] leaves 50 10 days rats, STZ 65 mg/kg males 5/5 NS control NS BS, TG, TC, HDL-C
oy pmeza ctat seeds  0.54%n diet 12 weeks mice males 12/12 5 wks old HFD whole blood BS
Azevedoetal. (2018)[26]  leaves 100 10 days raﬁf\’gS/Tng 5 NS 6/6 280+ 23 ¢ control whole blood BS
HFD, 10%
Lopez et al. (2018) [27] leaves 700 3 weeks rats males 9/10 250 +50¢g fructose in whole blood BS, TG, TC
‘water
(‘g‘(])]fg)' ‘[’;hliL"P” etal. leaves 50 8 weeks rats, ﬂ;‘}’fg“ 150 males 6/6 180-200 g control whole blood BS
Oboh et al. (2018) [29] leaves 4% in diet 14 days rats, STZ 60 mg/kg males 8/8 260-280 g control whole blood BS
Bamagous etal. leaves 200 30 days rats, STZ 55 mg/k males 6/6 812 whs old, control whole blood BS, TG, TC, HDL-C
(2018) [30] Y 8/X8 200-250 g
(‘;‘(‘J‘l’glgﬁ‘“ etal. fruits 500 21 days rats, STZ 50 mg/kg males 5/5 1012 wke ;ld' control whole blood BS
Onyenibe et al. (2018) [32] leaves 400 30 days rats, STZ 60 mg/k; males 6/6 2wks old, 120-140 control whole blood BS, TG, TC, HDL-C
y Y 8/ Kg g
Metwally et al. (2017) [33] ;eal;\ta: 600 12 weeks rats females 8/8 113;8« 'Isl%lg, high c};}eltesteml serum BS
Olurische etal. (2017)[34]  leaves 300 6 weeks rats, rﬂ'g"/’fg“ 150 both 8/8 NS control NA G, TC, HDL-C
Raafat et al. (2017) [35] seeds 40-80 8 days m’°°'£§‘/’f‘g“ 180 males 7/7 1829 control whole blood BS
Aaetal. (2017) [36] leaves 400 24 days rats, r:llgo/)f; 150 both 5/5 12 wks old, 100 g control whole blood BS
Kh tal. 100 ts, STZ 45 I3 6/6 200-250 trol NA
(ZOT%C(S 7] leaves 200 3 weeks rats mice“‘g/ & females 6; . ks oLl D NA TG, TC, HDL-C
Joung et al. (2017) [38] leaves 250 10 weeks mice males 9/9 4 wks old HFD whole blood BS
Tang et al. (2017) [39] leaves 150 5 weeks db/db mice males 8/8 7 wks old control plasma BS, TG
égfﬁ[igim etal: leaves 250 18 days rats, ;‘;"/’fg" 150 both 20/20 110-170 g control plasma BS
Omodanisi et al. (2017)
M [41] leaves 250 6 weeks rats, STZ 55 mg/kg males 12/12 200-250 g control serum BS
((;;rﬁtz:l]amsl etal. (2017) leaves 250 6 weeks rats, STZ 55 mg/kg males 12/12 1200311281;1’ control plasma BS
Sholapur et al. (2017) [43] i::rmk 140 11 days rats, dexa 1 mg/kg males 6/6 180-200 g control serum BS, TG, TC
Irfan et al. (2017) [44] leaves 1000 14 days rats, STZ 45 mg/kg males 6/6 Sggovlk;g;j/ control whole blood BS
Olurishe etal. (2016) [34]  leaves 300 6 weeks rats, ‘:};"/x;‘g“ 150 both 8/8 NS control whole blood BS
Arise et al. (2016) [45] flowers 300 21 days rats, STZ 45 mg/kg males 5/5 151+5g control whole blood BSP'[TDCL"_ EC'
5-6 wks old, BS, TG, TC,
Irfan et al. (2016) [46] leaves 500 14 days rats, STZ 45 mg/kg males 6/6 170200 g control whole blood HDL.C
Olayakietal. (2015)[47]  leaves 600 6 weeks rats, alloxan 120 males 5/5 6 wks, 150-180 control whole blood BS, 1G, TC,
Y mg/kg & HDL-C
Al-Malki et al. (2015) [48] seeds 100 4 weeks rats, STZ 60 mg/kg males 10/10 180-200 g control serum BS
o
gg{;m‘} etal. leaves 5 /‘;:Etireatcls 12 weeks mice males 12/12 5 wks old HFD whole blood BS, TG, TC
(‘2‘3?41);I[SLOa]tlf etal leaves 250 18 days rats, ‘:‘1;0/);?; 100 females 5/5 130-170 g control serum BS, TG, TC
Yassa et al. (2014) [51] leaves 200 8 weeks rats, STZ 60 mg/kg males 10/10 121’;‘5’:‘2‘33 ‘g’]d' control plasma BS
Ahmed et al. (2014) [52] aerial 600 12 weeks rats female 8/8 13 wks old, high cholesterol NA TG, TC, HDL-C

parts 130+ 10g diet
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Table 1. Cont.
Dose Duration Animal n Age or Weight . Blood Sample
Authors (Year) Parts  (mg/kg BW)  Exposed to MO Models Sex (T/no-T) at the Baseline Diet for BS Measurements

% i N

Oseni et al. (2014) [53] leaves i?é’:\‘l&f 1 week rats,‘jg?iagn 35 males 5/5 74.6-873 g control whole blood BS

Sholapur et al. (2013) [54] L‘;’E 250 11 days rats, dexa 1 mg/kg males 7/7 180-200 g control plasma BS, TG, TC

(';E;‘;r[g‘]‘l’m etal. leaves 100 24 weeks rats, STZ 45 mg/kg both 20/20 200-250 g control whole blood BS

Gupta et al. (2012) [56] pods 300 21 days rats, STZ 50 mg/kg both 7/7 170-230 g control serum BS

- stem rats, alloxan 100 " . -
Kar et al. (2003) [57] bark 250 1 week mg/kg males 5/5 150-200 g control serum BS

STZ: streptozotocin, HFD: high fat diet, NA: not applicable, NS: not specified, T/no-T: treatment/no treatment with MO, wks: weeks, BS:
blood sugar, TG: triglyceride, TC: total cholesterol, HDL-C: high-density lipoprotein cholesterol.

2.3. MO Extracts Reduced Blood Glucose Levels in Some DM Rodent Models
2.3.1. Forestplot Analysis

Forty four studies from 43 articles enrolling 349 diabetic rodents treated with MO
extracts and 350 diabetic controls treated with vehicles reported their blood glucose levels
and were included in this meta-analysis (Figure 2). Thirty-eight studies showed that
treatment with MO extracts significantly reduced blood glucose levels in DM rodent
models; six studies did not observe any significant effects. By pooling all those studies
using a random-effects model, the results revealed that MO extracts reduce blood glucose
levels in DM rodents (g = —3.92, 95% confidence interval (CI) —4.65 to —3.19; I? = 90.15%,
p = 0.00) and that the heterogeneity between studies was high (I> > 75%) (Figure 2). To
determine the influence of each study on the overall result, the stability of the results
was next evaluated using a leave-one-out strategy. Upon removal of each individual
study, all the re-pooled summary estimates remained unchanged compared with the
primary estimates with the effect sizes ranging from —4.05 (—4.81 to —3.30) to —3.72
(—4.43 to —3.01).

Study name Statistics foreach study Sample size Hedges's g and 95% CI

Hedges's Lower Upper Relative

q limit limit  DM+MO DM  weight
Oldoni et al, 2021 -2.69 -4.18 -1.18 6 6 2.68 E =
Anwer et al, 2021 532 -7.62 -2.95 5 6 229
Irfan et al, 2020 -3.93 -5.81 -2.04 6 6 251
Kusumawati et al, 2020 0.4 -1.54 0.73 5 5 282
Owolabiet al, 2020 -12.50 -18.08 -6.91 5 5 1.08 —
Ezzatetal 2018 -21.02 -28.87 -13.17 7 7 0.67
Mohamed et al, 2019 -0.20 -1.04 064 10 10 290
Aju etal, 2019 -14.04 -19.75 -8.33 6 6 1.06 —
Othman etal, 2019 -21.94 -30.79 -13.10 5 6 0.56
Sunetal, 2019 -5.36 -7.44 -3.28 8 8 2.43 ——
Mapfumo etal, 2018 (1) -1.14 -1.97 -0.30 12 12 2.91 E ]
Mapfumo etal, 2018 (2) -0.97 -1.78 -0.15 12 12 2.91
Hidayati etal, 2018 -1.86 -3.25 -0.48 5 5 272
Jaja-Chimedza etal, 2018 -1.22 -2.07 038 12 12 290
Azevedo et al, 2018 -3.60 -5.38 -1.82 6 6 2.56 HIl-
Lopezetal, 2018 -0.67 -1.56 0.22 g 10 289
Villarrue|-Lopez et al, 2018 -1.81 -3.08 -0.54 6 6 297 -
Obohetal, 2018 -5.77 -7.97 -3.57 8 2 237
Bamagous et al, 2018 -6.20 -3.89 -3.51 6 6 214
Kamalrudin etal, 2018 -5.98 -8.83 -3.13 5 5 2.07
Onyenibe et al, 2018 -3.85 -12.68 -5.22 6 6 1.68 H—
Metwally et al, 2017 -2.32 -3.55 -1.08 8 8 2.78 E 3
Raafatetal 2017 -11.18 -15.45 -6.93 7 7 1.48 —
Aa et al, 2017 -22.35 -32.21 -12.48 5 5 0.46
Joung et al, 2017 -1.23 -2.20 -0.27 g 9 287 E 1§
Tang etal, 2017 -7.04 -9.65 -4.43 8 8 218 ——
Abd Eldaim etal, 2017 -4.80 -6.13 -366 20 20 278 E
Omedanisi etal, 2017 (1) -1.65 -2.585 -0.75 12 12 2.89
Omodanisi etal, 2017 (2) -1.98 -2.94 -1.03 12 12 287
Sholapuretal, 2017 -1.20 -2.35 -0.08 6 6 2.81
Irfan et al, 2017 -3.45 -5.18 -1.72 6 6 258 Hl-
Olurishe et al, 2016 1.13 0.06 2.18 7 7 284 Hl
Arise etal, 2016 -10.97 -15.90 -6.03 5 5 1.27 ——
Irfan et al, 2016 -4.58 -6.69 -2.47 6 6 2.41 —,
Olayaki et al, 2015 -15.43 -22.28 -8.57 5 5 0.82 l—
Al-Malki et al, 2015 -15.43 -20.28 -10.58 10 10 1.28
Watem an et al, 2015 -0.56 -1.35 023 12 12 292
Abd E | Latifet al, 2014 -1.47 276 017 5 5 276
Yassa etal 2014 -6.92 -9.22 -462 10 10 232 —
Osenietal, 2014 -4.03 -6.12 -1.94 5 5 242
Sholapuretal 2013 -0.26 -1.25 0.72 7 7 2.86
Kumar Gupta etal, 2013 -4.99 -6.24 374 20 20 277
Gupta et al, 2012 -1.88 -3.08 -0.62 7 7 279 g 3
Karetal 2003 -7.10 -10.40 -3.79 5 5 1.86
Total -3.82 -4.65 -3.19 349 350 100 <
7 -10.00 -5.00 0. 5.1 10.00
Heterogeneity: 1=4.591, ['=90.153%, Test of & =8 Negative Positive

Q(43)-436.67, p=0.00, Test of B=0: z=10 623, p=0.00

Figure 2. Meta-analysis of Hedges’ g of blood glucose levels in DM rodents with and with-
out treatment with MO. Summary estimates were analyzed using a random-effects model. CI,
confidence interval.
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2.3.2. Subgroup and Meta-Regression Analyses

To identify significant categorical covariates which explain the between-study hetero-
geneity in the meta-analysis, subgroup analyses were performed by DM models, sex, type
of rodents and of blood samples and MO parts. MO administration significantly reduced
blood glucose levels in chemical- and diet-induced DM rodents and db/db mice; however, it
showed little effect in dexa-induced DM models. Moreover, an effect of MO administra-
tion on glucose levels may be different among males, females, and both (p = 0.049). MO
parts (leaves, seeds, vs. others) (p = 0.82), types of rodent (rats vs. mice) (p = 0.75), and
blood samples (plasma, serum, vs. whole blood) (p = 0.42) were not significant covariates
(Table 2).

Table 2. Subgroup analyses of blood glucose levels.

Suberoups Effect Size Het ity () Test of Group
u n .
group No. of Studies g 95% CI p-Value SICTOBEREY Difference (p)
DM rodent models
Chemical 29 —4.65 —5.51 —3.78 <0.001 89.80
db/db 2 —6.15 —9.35 —2.95 <0.001 <0.001 0.00
Dexa 2 —0.73 —3.57 212 0.62 32.13 :
Diet 11 -2.13 —3.44 —0.82 0.001 84.82
Sex
Male 33 —4.33 —5.21 —3.46 <0.001 89.84
Females 4 -1.33 —3.58 0.92 0.25 42.56 0.05
Both 6 —4.27 —6.37 —2.16 <0.001 95.15
Parts
Leaves 30 —4.09 —5.00 —3.18 <0.001 90.69
Seeds 6 —3.38 —5.36 —1.39 0.001 91.12 0.82
Others 8 —3.98 —5.77 —-2.19 <0.001 87.62
Rodent type
mice 6 —3.66 —5.60 -1.72 <0.001 91.18 075
rats 38 —4.01 —4.81 —3.20 <0.001 90.66 )
Blood sample
Plasma 6 —4.67 —6.71 —2.63 <0.001 93.17
Serum 13 —4.71 —6.18 —3.24 <0.001 91.18 0.42
Whole blood 23 —3.64 —4.69 —2.59 <0.001 89.82

Meta-regression analyses were next performed to identify additional continuous
moderators which explain the between-study heterogeneity. The type of DM model was
found to be a significant covariate to explain approximately 15% of between-study variance
(R? = 0.15); the average blood glucose levels of the vehicle group were also responsible for
11% of the overall heterogeneity (R? =0.11) (Figure 3). However, MO dose, the treatment
period and the total MO dose administered during the study period did not affect the
variance. Taken together, the high heterogeneity of the 44 pooling studies is, at least
partially, due to the variety of rodent DM models and blood glucose levels of the vehicle-
treated DM group.
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10.00
5.00 |
-10.00 |

=15.00

-20.00 |

-25.00 |

-30.00

Hedges’s g

chemical db/db dexa diet 0 100 200 300 400 500 600 700
(a) DM models (b) Blood glucose levels of DM controls (mg/dL)

Figure 3. Meta-regression analyses for Hedges’ g of blood glucose levels and DM models (a) or
blood glucose levels of DM controls (mg/dL) (b). Summary estimates were analyzed using a
random-effects model.

2.3.3. Subgroup and Meta-Regression Analyses in Chemical-Induced DM Rodents

MO administration significantly reduced blood glucose levels in chemical-induced
DM rodents (Table 2). To examine significant covariates which influence the blood glucose
levels of chemical-induced DM models (alloxan- and STZ-induced DM models combined),
subgroup analyses were performed by sex, MO parts, and blood sample; none of them were
found to be significant covariates (sex (p = 0.06), MO parts (p = 0.15), and blood sample type
(p =0.71)) (Table 3). The meta-regression analyses were also performed in chemical-induced
DM models. MO dose, the treatment period, total MO dose administered during the study
period or the average blood glucose levels of the vehicle group did not affect the variance.
In sum, no additional significant covariates to type of DM rodent models found in the
original meta-analysis were identified in chemical-induced DM rodents.

Table 3. Subgroup analyses of blood glucose levels in chemical- and diet-induced DM rodent models.

Effect Size Test of Group
DM Type Subegroups Heterogeneity 1% .
yp group No. of Studies g 95% CI p-Value Difference (p)
Sex
Males 20 —5.78 —-7.12 —4.44 <0.001 86.71
Females 2 —0.93 —4.74 2.87 0.63 31.22 0.06
Both 6 —4.64 —-7.11 —-2.16 <0.001 95.15
Parts
Chemical-
induced Leaves 21 —446  —574 -3.17 <0.001 89.79
Seeds 3 —7.40 —11.06 —3.74 <0.001 96.35 0.15
Others 5 —6.76 —-9.61 —-3.90 <0.001 87.93
Blood
sample
Plasma 4 —5.74 —8.88 —2.60 <0.001 90.90
Serum 6 —6.37 —8.98 —3.66 <0.001 91.36 0.71
Whole blood 17 —5.05 —6.60 —3.49 <0.001 90.87
Sex
Males 9 —1.73 —2.77 —0.68 0.001 86.98 0.98
Females 2 —1.70 —3.68 0.28 0.09 59.05 :
Parts
Diet-induced Leaves 7 204  -332 ~0.76 0.002 90.16
Seeds 3 —1.11 —2.75 0.53 0.18 0.00 0.63
Others 1 —2.32 —5.30 0.65 0.13 0.00
Blood
sample
Serum 4 —3.15 —5.06 —1.24 0.001 94.47 0.10
Whole blood 7 -129  -236 —025 0.02 47.90 :
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Precision (1/Std Err)

2.3.4. Subgroup and Meta-Regression Analyses in Diet-Induced DM Rodents

MO treatment significantly reduced blood glucose levels in diet-induced DM rodents
(Table 2). Subgroup and meta-regression analyses were then performed in diet-induced
DM models. An effect of MO treatment on glucose levels may not be significantly different
between males and females (p = 0.98), MO parts (p = 0.63), or type of blood sample (p =
0.10) (Table 3). MO dose, the treatment period, total MO dose administered during the
study period, or the average blood glucose levels of the vehicle group did not affect the
variance. Taken together, no significant covariates were found in diet-induced DM rodents.

2.3.5. Assessment of Publication Bias

It was suggested that MO effects on blood glucose levels differ significantly among
chemical and diet-induced DM models; therefore, publication bias was assessed separately
by two DM models, chemical- and diet-induced, using the random-effects model. Signifi-
cant evidence of publication bias was observed in the analyses of the effect of MO extracts
on blood glucose levels as indicated by funnel plots (clear circles) in chemical-induced
DM models. Duval and Tweedie’s Trim and Fill analysis found eight imputed studies
(closed circles) whose adjusted g (95% Cls) was —3.43 (—4.52 to —2.35) (Figure 4a). No
significant publication bias was detected in diet-induced DM models (Figure 4b). The
number of studies for db/db and dexa-induced DM models was only two each; therefore, we
did not conduct the analysis for publication bias. Taken together, publication bias existed
in chemical-induced DM rodents; however, the findings that MO treatment had a positive
impact on blood glucose levels in both chemical- and diet-induced DM rodents stand even
after the trim and fill adjustment.

A I

* *

-50 40 =30 =20 -10 0 10 20 30 40 50 -50 40 -30 -20 -10 0 10 20 30 40 50
Hedges's g Hedges's g
(a) Chemical-induced (b) Diet-induced

Figure 4. Funnel plots of standard error by Hedges’ g of blood glucose levels in chemical- (a) and diet-induced (b) DM
rodents treated with or without MO. Open and closed diamonds indicate the imputed summary estimates before and
after Duval and Tweedie’s Trim and Fill adjustment, respectively, in random-effects models. Closed circles represent
imputed studies.

2.4. The Administration of MO Extracts Improved Diabetic Dyslipidemia in DM Rodent Models
2.4.1. Triglyceride (TG) Levels
Twenty-two studies from 20 articles enrolling 158 diabetic rodents treated with MO

extracts and 159 diabetic controls treated with vehicles reported serum or plasma TG levels
and were included in the meta-analysis (Figure 5).
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Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper Relative

error limit limit DM+MO DM weight
Owolabi et al, 2020 -4.706 1.197 -7.053 -2.359 5 5 457 —a—
Ezzat et al, 2019 -2.715 0717 -4.119 -1.310 7 7 547 -
Othman et al, 2019 -16.164 3.342 22715 -9.614 5} 6 1.66 3
Sun et al, 2019 -3.764 0.816 -5.363 -2.164 8 8 530 -
Mapfumo et al, 2019 (1) -2.015 0.490 -2.975 -1.065 12 12 582 . 3
Mapfumo et al, 2019 (2) -0.454 0.400 -1.237 0.329 12 12 593 _a
Hidayati et al, 2018 -0.751 0.585 -1.918 0.416 5 5 567
Lopez et al, 2018 -1.619 0.511 -2.622 -0.617 9 10 579 R o
Bamagous et al, 2018  -2.759 0.775 -4.279 -1.239 5} 6 537 —i
Onyenibe et al, 2018 -9.205 1.953  -13.033 -5.3717 5] 6 3.20 —
Olurishe et al, 2017 0.955 0.502 -0.029 1.939 8 8 580 HE-
Khan et al, 2017 (1) -10.221 2153  -14.442 -6.001 6 6 2.90 k—
Khan et al, 2017 (2) -13.052 2717 18377 -1.727 5] 6 220 —
Tang et al, 2017 -9.868 1.807 -13.410 -6.325 8 8 343 »—
Sholapur et al, 2017 -8.795 1.873  -12.485 -5.124 5] 6 332 i
Arise et al, 2016 -4.215 1.102 6.375 -2.055 5 5 475 ——
Ifan et al, 2016 -1.633 0.629 -2.865 -0.401 5] 6 562 -
Olayaki et al, 2015 -29.739 6.674 -42820 -16.657 5 5 052
Wateman et al, 2015 -0.464 0.400 -1.247 0.320 12 12 593 =
Abd El Latif et al, 2014  -2.058 0.734 -3.495 -0.620 5 5 544 -
Ahmed et al, 2014 -2.081 0.589 -3.255 -0.907 8 8 566 -
Sholapur et al, 2013 -1.803 0.605 -2.989 -0.616 7 7 565 -
Total -3.519 0.504 -4.506 -2.533 158 159 100 <
-10.00 -5.00 0.00 5.00 10.00

Heterogeneity: T°=4.11, °=89.04%, Test of 6 = 6; Negative Positive
Q(21)=191.52, p=0.00, Test of 8=0: z=-6.99, p=0.00

Figure 5. Meta-analysis of Hedges’ g of triglyceride levels in DM rodents with and without treatment with MO. Summary

estimates were analyzed using a random-effects model. CI, confidence interval.

Eighteen studies showed that treatment with MO extracts significantly reduced TG
levels in DM rodent models; four studies observed no significant effects. By pooling all
those studies using a random-effects model, results revealed that MO extracts reduce
blood TG levels (g = —3.52, 95% CI —4.51 to —2.53; 12 = 89.04%, p = 0.00) and that the
heterogeneity between studies is high (Figure 5). To test the influence of each study on
the overall result, the stability of results was next examined using a leave-one-out strategy.
Upon removal of each individual study, all the re-pooled summary estimates remained
unchanged compared with the primary estimates with the effect sizes ranging from —3.78
(—4.84 to —2.72) to —3.22 (—4.17 to —2.26).

Subgroup and meta-regression analyses were next performed by DM models, sex,
MO parts, MO dose, the treatment period, and total MO dose administered during the
study period. None of these factors were found to affect the variance. Publication bias
was then assessed using the random-effects model followed by Duval and Tweedie’s Trim
and Fill analysis. Significant evidence of publication bias was observed in the analysis of
the MO effect on serum/plasma TG levels. Moreover, three imputed studies were found;
the overall adjusted g was —2.99 (—4.03 to —1.95). Taken together, publication bias was
observed in DM rodents; however, the findings that MO treatment had a positive impact
on serum/plasma triglyceride levels in DM rodents seems to stand after the trim and
fill adjustment.

2.4.2. Total Cholesterol (TC) Levels

Twenty-two studies from 20 articles enrolling 156 diabetic rodents treated with MO
extracts and 157 diabetic controls treated with vehicles reported their serum/plasma TC
levels and were included in the meta-analysis (Figure 6).
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Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper Relative

g error limit limit DM+MO DM weight
Irfan et al, 2020 -0.797 0.611 -1.994 0.400 4] B 576
Owolabi et al, 2020 -3.681 1.232 -6.095 -1.266 5 5 411 —i—
Ezzat et al, 2019 5.726 1.592 -9.847 -3.606 7 7 328 |—t——
Othman et al, 2019 -15.295 3853 22847 -7.743 6 6 095 f—
Sunetal, 2019 -5.096 1.152 -7.353 -2.838 8 8 432 ——
Mapfumo etal, 2019 (1) -1.075 0.442 -1.942 -0.209 12 12 6.13
Mapfumo et al, 2019 (2) -2.483 0.566 -3.592 -1.374 12 12 5.86 L 3
Hidayati et al, 2018 -0.835 0.676 -2.181 0.490 5 5 559
Lopez et al, 2018 0.732 0.478 -0.206 1.669 9 10 6.06
Bamagous etal, 2018  -1.875 0.743 -3.33 -0.420 3] 6 542 -
Onyenibe et al, 2018 -1.565 0.697 -2.930 -0.200 6 6 5.54 -
Clurishe et al, 2017 0.061 0.500 -0.919 1.042 8 8 6.01
Khan et al, 2017 (1) -2.261 0.806 -3.841 -0.680 4] B 525 —
Khan et al, 2017 (2) -15.848 3980 -23667 -8.029 4] B 0.90 j—
Sholapur et al, 2017 -0.7113 0.604 -1.897 0471 6 B 577
Arise et al, 2016 -7.824 2335 12399 -3.248 5 5 208 ——
Irfan et al, 2016 -2.578 0.863 -4.270 -0.885 6 3] 5.09 -
Clayaki et al, 2015 -22.607 6.525 -35.385 -9.820 ] 5 037
Wateman et al, 2015 -1.539 0.475 -2.470 -0.607 12 12 6.07 E 3
Abd El Latif et al, 2014  -1.235 0.725 -2.656 0187 5 5 5.46
Ahmed et al, 2014 -4.834 1.104 -£.998 -2.670 g 8 4.44
Sholapur et al, 2013 -2 026 0.700 -3.397 -0.654 7 7 553 -
Total -2.348 0.406 -3.145 -1.852 156 157 100 <
-10.00 -5.00 5.00 10.00
Heterogeneity: 7'=2.50, [=82.32%, Test of 8 = 6; Negative  Positive

Q(20)=118.81, p=0.00, Test of 6=0: z=-5.78, p=0.00

Figure 6. Meta-analysis of Hedges’ g of TC levels in DM rodents with and without treatment with MO. Summary estimates

were analyzed using a random-effects model. CI, confidence interval.

Twenty two studies showed that treatment with MO extracts significantly reduced
TC levels in DM rodent models; five studies observe no significant effects. The analysis
using a random-effects model showed that MO extracts reduce TC levels (g = —2.35, 95%
CI —3.15 to —1.55; I? = 82.32%, p = 0.00) and that the heterogeneity between studies is
relatively high (Figure 6). A leave-one-out strategy was used to determine the influence of
each study on the overall result. After removing each individual study;, all the re-pooled
summary estimates remained unchanged in comparison to the primary estimates with the
effect sizes ranging from —2.51 (—3.34 to —1.68) to —2.16 (—2.94 to —1.38).

Subgroup analyses by DM models, sex, and MO parts and meta-regression analyses
by daily MO dose, the treatment period, and total MO dose administered did not find any
factors responsible for the heterogeneity. Publication bias was assessed using the random-
effects model followed by Duval and Tweedie’s Trim and Fill analysis. Significant evidence
of publication bias was observed in the analysis of the MO effect on serum/plasma TC
levels. Three imputed studies suggested the overall adjusted g —2.07 (—2.94 to —1.20).
Taken together, MO treatment significantly reduces serum/plasma total cholesterol levels
in DM rodents even after adjusting the small study effects caused by publication bias.

2.4.3. High-Density Lipoprotein Cholesterol (HDL-C) Levels

Fourteen studies from 13 articles enrolling 87 diabetic rodents treated with MO extracts
and 87 treated with vehicles reported their serum or plasma HDL-C levels and were
included in the meta-analysis (Figure 7).
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Study name

Statistics for each study Hedges's g and 85% CI

Hedges'sStandard Lower Upper Relative
g error limit limit DM+MCDM weight
Owolabi et al, 2020 1025 0698 -0343 2392 5 5 767 Hi-
Ezzat et al, 2019 1000 0579 -0135 2135 7 7 8.16 Hl-
Othman et al, 2019 4157 1186 1834 6481 6 6 563 ——
Sun et al, 2019 4975 1130 2761 7190 8 8 585 ——
Hidayati et al, 2018 0654 0660 -1947 0639 5 5 783 . B
Bamagous et al, 2018 1.250 0656 -0036 2535 6 6 7.84 Hl-
Onyenibe et al, 2018 1190 0649 -0082 2462 6 6 787 HEl-
Olurishe etal, 2017 -0.358 03505 -1348 0632 8 8 8.44
Khanetal 2017 (1) 1885 0744 0427 3344 6 6 747 —i-
Khanetal 2017 (2) 0633 03598 -0540 1806 6 6 8.08
Arise et al, 2016 -1.083 0705 -2464 0299 5 5 764 -
Irfan et al, 2016 1592 0700 0219 2964 6 6 766 -
Olayaki et al, 2015 5291 1646 2065 8518 5 5 409
Ahmed et al, 2014 5077 1148 2826 7328 8 8 578 ﬁ:
Total 1536 0441 0672 2401 &7 87 100 [
-10.00 -5.00 0.00 5.00 10.00
Heterogeneity: 1°=2.05, I’=79.64%, Test of 8 = 6; Negative  Positive

Q(13)=63.85, p=0.00, Test of 8=0: z=-3.48, p=0.00

Figure 7. Meta-analysis of Hedges’ g of HDL-C levels in DM rodents with and without treatment with MO. Summary

estimates were analyzed using a random-effects model. CI, confidence interval.

By pooling all those studies using a random-effects model, results revealed that MO
extracts increase HDL-C levels (g = 1.54, 95% CI 0.68 to 2.40; 2 =79.6%, p = 0.00) and
that the heterogeneity between studies is relatively high (Figure 7). Upon removal of each
individual study, all the re-pooled summary estimates varied compared with the primary
estimates with the effect sizes ranging from —1.08 (—2.46 to 0.30) to 5.29 (2.07 to 8.52).

Subgroup analyses were performed by DM models, sex, and MO parts. MO treatment
significantly increased HDL-C levels in diet-induced DM rodents but not in chemical-
induced DM models (Table 4). Sex and MO parts were not significant covariates.

Table 4. Subgroup analyses of HDL-C levels.

Effect Size
Subgroups Heterogeneity (%) Te‘sftf of Group
No. of Studies g 95% CI p-Value Difference (p)
DM rodent models
Chemical 9 0.85 —0.11 1.82 0.084 71.63
db/db 1 4.98 1.64 8.31 0.003 0.00 0.03
Diet 4 2.33 0.82 3.84 0.002 82.86
Sex
Males 9 1.63 0.48 2.78 0.005 81.02
Females 3 2.30 0.33 4.26 0.022 83.18 042
Both 2 0.30 —-1.97 2.58 0.794 61.19
MO parts
Leaves 11 1.60 0.59 2.61 0.00 76.47 ND
Others 3 1.39 —0.56 3.34 0.16 90.53

Univariate meta-regression analyses were performed next. Type of DM models was
found to be a significant covariate to explain approximately 21% of between-study variance
(R? = 0.21). Moreover, the treatment period, MO dose, and total MO dose administered
during the study period were 29, 2, and 24%, respectively, responsible for the variance.
Taken together, the high heterogeneity of the 14 pooling studies was apparently, at least, in
part due to the variety of rodent DM models, MO dose, duration, and the total administered
MO dose.

To further examine significant covariates which influence HDL-C levels in diet-
induced DM rodents, subgroup analyses were performed by sex and MO parts. Neither
factor exhibited the significant differences between the groups treated with and without
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MO (sex; p = 0.93. MO parts; p = 0.06). The experimental period and total MO doses
administered during the period were found to be significant covariates, which explain
91 and 68% of the between study-variance, respectively, in diet-induced DM rodents in
meta-regression analyses. Publication bias was then assessed using the random-effects
model followed by Duval and Tweedie’s Trim and Fill analysis in diet-induced DM animals.
Significant evidence of publication bias was observed in the analysis of the MO effect on
serum/plasma HDL-C levels; one imputed study eliminated the MO'’s significant effect on
HDL-C levels (adjusted g 1.71 (—0.19 to 3.61)). Thus, MO administration apparently in-
creases HDL-C levels of diet-induced DM models dependently on the treatment period and
MO doses; however, this finding is likely due to publication bias. In sum, MO treatment
does not affect HDL-C levels in DM rodents.

Few clinical trials have been conducted to elucidate an effect of MO treatment on lipid
profiles in patients with DM. Kumari et al. reported that diabetic patients treated with
MO at a daily dose of 8 g for 40 days show significantly reduced serum TG and TC levels
without altering HDL-C levels [58]; our meta-analyses on diabetic dyslipidemia in DM
rodent models supports the result of the clinical study. Moreover, it might further suggest
a possibility that MO administration could play a critical role in normalizing glucose and
lipid profiles and consequently delaying the onset and progress of serious cardiovascular
diseases in patients with DM.

3. Discussion
3.1. Main Findings

This study would be the first meta-analysis that summarizes the evidence that MO
treatment reduces blood glucose, serum/plasma triglyceride, and the total cholesterol
levels of DM rodent models. We showed that elevated blood glucose levels of DM rodents
are significantly reduced by daily oral gavage of MO extracts compared with those of DM
controls. This association was, at least partially, influenced by the type of DM models
and the glucose levels of the DM control group. No significant covariates were found,
which influenced the effects of MO on DM-mediated hypertriglyceridemia and hyperc-
holesterolemia. Publication bias was found in every meta-analysis, which suggests that
manuscripts which suggest no beneficial effects of MO on those parameters might have
been less likely to be published in DM rodent models.

3.2. Interpretation
3.2.1. Nutritional Characteristics of MO

Various parts of MO, and leaves in particular, have played a critical role as a source of
essential nutrients and medicine for undernourished individuals. USDA FoodData Central
has shown that 100 g of raw leaves, for example, containing carbohydrate (=8.28 g),
protein (9.4 g), lipid (~1.4 g), vitamins (A equiv., =378 ug; various Bs; C, ~51.7 mg;
folate, ~40 pug), minerals (potassium, ~337 mg; calcium, ~185 mg; magnesium, ~42 mg;
iron, ~4 mg), and dietary fiber (=2 g) [59]. The analysis of dried MO demonstrated that
leaves are a rich source of omega-3 and omega-6 polyunsaturated fatty acids and various
phytochemicals [58,60]. The relatively wide range of variability in nutritional data was also
reported, mainly due to genetic background, soil, climate, season, and plant; the use of
different procedures of processing and storage and analytical techniques may also increase
the variations [61-64].

3.2.2. Pharmacological Properties of MO Extracts

MO presents a wide variety of biological activities. The leaf is the most commonly
used plant part for therapeutic purposes and its main phytochemicals include gluco-
sides (glucosinolates), phenolics (phenolic acids and flavonoids), and carotenoids (f3-
carotene) [18,29,65,66]. The structures of different classes of major phytochemicals present
in the MO leave extracts are shown in Figure 8 [67,68].



Molecules 2021, 26, 3513

12 of 18

(a) OH o
0 |
S\’\%O - R—N=C=S Isothiocyanates

H 2 })’
OH —N O R—C=N Nitriles
Glucosinolates

R—S=C=N Thiocyanates

R
O+_OH HO CO,H
(b) L 0
i OH
HO™ ™ ojv/\@ HO™ N
HO OH OH OH on
OH OH

Gallic acid Chlorogenic acids Caffeic acid

Quercetin: R;=OH, R,=OH, R,=0H, R,=0H
Kaempferol: R,=OH, R,=OH, R,=OH
Myricetin: R,=OH, R,=0OH, R,=0H, R,=0H, R,=0H

Figure 8. Structures of major phytochemicals of MO leaf extracts. (a) glucosinolates, (b) phenolic
acids, and (c) flavonoids.

Glucosinolates are bioactive after being hydrolyzed by the endogenous enzyme my-
rosinase to thiocyanates, isothiocyanates, and nitriles, which are the active molecules with
hypoglycemic effects [49,69,70]. Antioxidant activity can protect organs such as the pan-
creas, liver, and adipose tissues from hyperglycemia-mediated oxidative stress [38,51,71-73].
This capacity is attributed to a high concentration of polyphenolics, including phenolic
acids (gallic acid, chlorogenic acid, and caffeic acid) and flavonoids (quercetin, kaempferol,
and myricetin) [44,64,74].

Several anti-diabetic pharmacological mechanisms have been suggested in MO ex-
tracts. First, pancreatic x-amylase catalyzes the breakdown of polysaccharides into dis-
accharides and oligosaccharides [75]. Second, a-glucosidase is a carbohydrate-hydrolase
which acts on the terminal « (1 — 4) bonds of starch and disaccharides to release a-glucose
in the brush border of the small intestine. Several mono-glucosides of quercetin and
kaempferol in MO extracts were shown to have strong binding abilities to ax-amylase and
a-glucosidase; this suggests the potential capacities of the glucosides to inhibit these enzy-
matic activities [76,77]. The inhibitory effects of gallic acid on x-amylase and o-glucosidase
activities are approximately 50% of those of a potent x-glucosidase inhibitor, acarbose [78].
Both chlorogenic and caffeic acids also demonstrate the inhibition of both enzymes (caffeic
acid > chlorogenic acid) [79]. Third, sodium-glucose linked transporter 1 (SGLT1) in the
mucosa of the small intestine facilitates the transport of D-glucose from the brush-border
membrane of the small intestine into cells [80]. The flavonoids, quercetin and kaempferol,
and the phenolic acid, chlorogenic acid, are reported to act as competitive inhibitors of the
SGLT1 in the small intestine and reduce the absorption of glucose from the intestine [81-83].
Therefore, the inhibition of these three enzymatic activities could improve postprandial
hyperglycemia in diabetic subjects. Fourth, hexokinase (HK) is an enzyme which phos-
phorylates glucose to yield glucose 6-phosphate in the first step of glycolysis and glucose
6-phosphate dehydrogenase (G6PD) participates in the pentose phosphate pathway, a
metabolic pathway which supplies nicotinamide adenine dinucleotide phosphate and
pentose [84,85]. MO is shown to restore the activities of those two glucose metaboliz-
ing enzymes and facilitate glycolysis and glucose utilization by the pentose phosphate
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pathway [32]. Fifth, MO contains dietary fibers in a range of 20~28%, suggesting that
those fibers might reduce glucose absorption from the intestine [58,61,86]. Finally, it is
also reported that MO increases the expression of insulin receptor and insulin receptor
substrate 1 in the liver and glucose transporter 4 in the liver and muscles, to increase insulin
sensitivity and glucose uptake into cells, respectively [19,24].

Increased lipid and protein peroxidation and mRNA expression of fatty acid synthase
(FAS) and 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase in the liver
have been reported in DM models [13,18,21,30,32]. Those modifications may play a role in
the development of diabetic dyslipidemia. FAS is an enzyme which mainly catalyzes fatty
acid synthesis of palmitate from acetyl-CoA and malonyl-CoA [87]. HMG-CoA reductase
is the rate-limiting enzyme which catalyzes the conversion of HMG-CoA to mevalonic
acid, an essential step in the biosynthesis of cholesterol [88,89]. MO administration reduces
oxidative stress and fatty acid and cholesterol synthesis, resulting in the normalization
of lipid profiles [13,18,21,30,32]. Moreover, in adipose tissues, MO was shown to nor-
malize increased mRNA levels of leptin and resistin, and decreased those of adiponectin,
melanocortin receptor-4, and peroxisome proliferator-activated receptors « and y; those
changes could also lead to the normalization of body composition and insulin sensitivity
of DM rodents [14,18,33].

3.2.3. Strength and Limitations

The primary strength of this meta-analysis is the inclusion of a relatively large number
of DM mouse and rat models and a focus on the effect of MO on their blood glucose,
TG, TC, and HDL-C levels. We also systematically assessed various cofounding factors
and publication biases. This meta-analysis also has several limitations. First, although a
broad literature search was applied using two electronic databases, the number of articles
assessing an effect of MO in db/db mice and dexa-induced diabetic models was quite
small and the language restriction and the exclusion of ambiguous literature might further
increase the risk of publication bias. Second, substantial evidence of heterogeneity existed
in our meta-analyses and this could not be fully explained by the pre-specified variables.
This heterogeneity may potentially weaken the robustness of our findings. One of the
possible reasons for the unexplained heterogeneity could be the relatively wide range
of variability in the nutritional content of MO extracts; the nutritional data uniquely
vary depending on the genetic background, soil, climate, season, and the use of different
procedures of processing and storage [61-64]. Third, the included studies mostly used male
rodents and the outcome could be different when more studies include females or both
sexes. Fourth, dexa-induced insulin-resistant rodent models were generated by injection
simultaneously during dietary modulation with or without MO in two included studies;
thus, there is at least a slight possibility that the investigators’ technical skill for chemical
injection could directly or indirectly have influenced the experimental outcome of blood
glucose levels [43,54].

4. Materials and Methods
4.1. Data Sources and Search Strategies

A comprehensive literature search of electronic data bases, PubMed and Embase,
was conducted using text words of (“Moringa oleifera” and (glucose, diabetes or “insulin
resistance”)) up to 30 April 2021. In addition, the reference lists of the retrieved articles
were manually searched to ensure that no relevant articles had been missed.

4.2. Inclusion and Exclusion Criteria

Peer-reviewed articles in the English language were eligible for inclusion when they
fulfilled the following inclusion criteria: (i) studies used diabetic rodent models with or
without treatment with MO for longer than 3 days; (ii) they also reported the blood glucose,
triglyceride, total cholesterol, or high-density lipoprotein cholesterol levels of the DM
rodents at the end of the treatment period. Studies were excluded if they were reviews,
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commentaries, editorials, letters, conference abstracts, duplicates, were not in English,
or were not studied with the treatment for a period shorter than 3 days in rodent DM
models. Unpublished research was not sought. Some authors were contacted by email to
collect additional information. This meta-analysis was strictly conducted according to the
PRISMA guidelines (Table S2).

4.3. Data Extraction and Quality Assessment

Titles and abstracts of the retrieved publications were screened initially for potentially
eligible studies, which were subsequently evaluated by a full-text review. Data were
collected by 3 authors (S.W., H.O., and M.S.) in an independent manner using a pre-
designed standardized data extraction form, which includes dose, method, and period of
administration, blood glucose and lipid (TG, TC, and HDL-C) levels, baseline age, sex, type
of rodent DM models and their relevant controls.

Study quality was assessed by the Cochrane Collaboration “Risk of Bias” Tool [90].
The risk of bias for each quality variable in each criterion was assessed by 2 authors in
an independent manner, and were judged as “low”, “unclear”, “high”, or “not applicable
(N/A)” based on its description in each included study. Any disagreements in any phase
were resolved by discussion until a consensus was achieved.

4.4. Data Synthesis and Analysis

Continuous variables were presented as means & standard deviation (SD). For studies
reporting the standard errors of means (SEs), the corresponding SDs were calculated
by multiplying by the square root of the respective sample size. For studies providing
glucose levels in mmol/L, these levels were converted into mg/dL using the conversion
table offered by Joslin Diabetic Center at http:/ /www.joslin.org/info/conversion_table_
for_blood_glucose_monitoring.html (accessed on 5 January 2021). In studies providing
serum/plasma TG, TC, and HDL-C levels in mmol/L, these levels were converted into
mg/dL using the omni calculator offered at https://www.omnicalculator.com/health/
cholesterol-units (accessed on 5 January 2021). For those studies with more than 1 measure
of blood glucose, serum/plasma TG, TC, and HDL-C levels, the levels after the longest
period of treatment with MO extracts, and at the treatment dose which gave the most
robust difference in blood glucose levels between the two DM rodent groups were selected
and included in the primary meta-analyses.

A standardized mean difference (Hedges’ g) transformation was used to calculate the
related statistics, including variance and 95% Cls of each study and the summary effect
size generated in the meta-analyses and publication bias assessment. The random-effects
model was chosen in this study because it is more conservative and incorporates better
between-study variability. Heterogeneity was assessed using I statistics with its value >
75% interpreted as evidence of substantial heterogeneity.

In some subgroup analyses, STZ- and alloxan-induced DM models are combined as
chemical-induced models because both chemicals are used to induce DM by destructing
pancreatic (3 cells in animals [91]. Subgroup and meta-regression analyses were performed
based on the types of DM models (chemical-, dexa-, or diet-induced and db/db mice), MO
parts, blood samples, and rodents (mice vs. rats), sex, MO dose, treatment period, total
MO dose administered during the experimental period, blood glucose levels of DM control
rodents to examine their influence to the outcome estimates. Sensitivity analyses were used
to evaluate the robustness of the outcome estimates mainly by removing one study at a
time with a repeat of the primary meta-analyses. Publication bias was assessed by funnel
plots with Duval and Tweedie’s Trim and Fill analysis (random-effects model). All the
statistical analyses were carried out using Comprehensive Meta-Analysis 3.0 (Biostat Inc.,
Englewood, NJ, USA) and STATA16 (StataCorp, College Station, TX, USA) software.
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5. Conclusions

The present meta-analyses demonstrated that blood glucose, TG, and TC levels were
significantly reduced in diabetic rodent models treated with MO extracts. The outcome of
animal studies might not be immediately translated into the human condition because of
the biophysiological diversity between species. However, our analyses could shed light
on a future more practical use of the MO for the prevention and treatment of DM and
its associated dyslipidemia in humans. Finally, it could have a profound impact on an
increasing number of pre-diabetic patients worldwide, in particular, if herbal extracts such
as MO could be developed as natural nutraceuticals for prevention, delayed onset, or
progress of DM.

Supplementary Materials: The following are available online. Table S1: Risk of Bias; Table S2:
PRISMA checklist.

Author Contributions: SW., H.O. and M.S. designed the research content, collected and reviewed
the literature, and analyzed the data; S.W., H.O., S.Y. and M.S. discussed the data. S.W. and M.S.
wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Sagami Women'’s University (the special research fund (A))
and was partially supported by JSPS (Kaken-K09870) to M.S.

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

References

1.  International Diabetes Federation. IDF Diabetes Atlas, 9th ed.; International Diabetes Federation: Brussels, Belgium, 2019.

2. Balunas, M.J,; Kinghorn, A.D. Drug discovery from medicinal plants. Life Sci. 2005, 78, 431-441. [CrossRef] [PubMed]

3. Moringa oleifera. Available online: https://npgsweb.ars-grin.gov/gringlobal /taxon/taxonomydetail?id=24597 (accessed on 3
May 2021).

4. Promkum, C.; Kupradinun, P; Tuntipopipat, S.; Butryee, C. Nutritive evaluation and effect of Moringa oleifera pod on clastogenic
potential in the mouse. Asian Pac. . Cancer Prev. 2010, 11, 627-632. [PubMed]

5. Mena, P;; Angelino, D. Plant Food, Nutrition, and Human Health. Nutrients 2020, 12, 2157. [CrossRef]

6. Dhakad, A K, Ikram, M.; Sharma, S.; Khan, S.; Pandey, V.V,; Singh, A. Biological, nutritional, and therapeutic significance of
Moringa oleifera Lam. Phytother. Res. 2019, 33, 2870-2903. [CrossRef] [PubMed]

7. Kou, X,; Li, B,; Olayanju, ].B.; Drake, ]. M.; Chen, N. Nutraceutical or Pharmacological Potential of Moringa oleifera Lam. Nutrients
2018, 10, 343. [CrossRef]

8.  Nova, E.; Redondo-Useros, N.; Martinez-Garcia, R.M.; Gomez-Martinez, S.; Diaz-Prieto, L.E.; Marcos, A. Potential of Moringa
oleifera to Improve Glucose Control for the Prevention of Diabetes and Related Metabolic Alterations: A Systematic Review of
Animal and Human Studies. Nutrients 2020, 12, 2050. [CrossRef]

9. Leone, A.; Bertoli, S.; Di Lello, S.; Bassoli, A.; Ravasenghi, S.; Borgonovo, G.; Forlani, F.; Battezzati, A. Effect of Moringa oleifera
Leaf Powder on Postprandial Blood Glucose Response: In Vivo Study on Saharawi People Living in Refugee Camps. Nutrients
2018, 10, 1494. [CrossRef] [PubMed]

10. Taweerutchana, R.; Lumlerdkij, N.; Vannasaeng, S.; Akarasereenont, P.; Sriwijitkamol, A. Effect of Moringa oleifera Leaf Capsules
on Glycemic Control in Therapy-Naive Type 2 Diabetes Patients: A Randomized Placebo Controlled Study. Evid. Based Complement
Alternat. Med. 2017, 2017, 6581390. [CrossRef] [PubMed]

11. Ngamukote, S.; Khannongpho, T.; Siriwatanapaiboon, M.; Sirikwanpong, S.; Dahlan, W.; Adisakwattana, S. Moringa oleifera
leaf extract increases plasma antioxidant status associated with reduced plasma malondialdehyde concentration without
hypoglycemia in fasting healthy volunteers. Chin. J. Integr. Med. 2016. [CrossRef]

12.  Kushwabha, S.; Chawla, P; Kochhar, A. Effect of supplementation of drumstick (Moringa oleifera) and amaranth (Amaranthus
tricolor) leaves powder on antioxidant profile and oxidative status among postmenopausal women. J. Food Sci. Technol. 2014, 51,
3464-3469. [CrossRef]

13. Oldoni, T.L.C.; Merlin, N.; Bicas, T.C.; Prasniewski, A.; Carpes, S.T.; Ascari, ]J.; de Alencar, S.M.; Massarioli, A.P.; Bagatini, M.D.;
Morales, R.; et al. Antihyperglycemic activity of crude extract and isolation of phenolic compounds with antioxidant activity
from Moringa oleifera Lam. leaves grown in Southern Brazil. Food Res. Int. 2021, 141, 110082. [CrossRef]

14. Anwer, T.; Sathi, M.M.; Makeen, H.A.; Alshahrani, S.; Siddiqui, R.; Sivakumar, S.M.; Shaheen, E.S.; Alam, M.F. Antidiabetic
potential of Moringa oleifera Lam. leaf extract in type 2 diabetic rats, and its mechanism of action. Trop. ]. Pharm. Res. 2021, 20,
97-104.

15. Irfan, HM.; Khan, N.A K.; Asmawi, M.Z. Moringa oleifera Lam. leaf extracts reverse metabolic syndrome in Sprague Dawley rats

fed high-fructose high fat diet for 60-days. Arch. Physiol. Biochem. 2020. [CrossRef]


http://doi.org/10.1016/j.lfs.2005.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16198377
https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomydetail?id=24597
http://www.ncbi.nlm.nih.gov/pubmed/21039028
http://doi.org/10.3390/nu12072157
http://doi.org/10.1002/ptr.6475
http://www.ncbi.nlm.nih.gov/pubmed/31453658
http://doi.org/10.3390/nu10030343
http://doi.org/10.3390/nu12072050
http://doi.org/10.3390/nu10101494
http://www.ncbi.nlm.nih.gov/pubmed/30322091
http://doi.org/10.1155/2017/6581390
http://www.ncbi.nlm.nih.gov/pubmed/29317895
http://doi.org/10.1007/s11655-016-2515-0
http://doi.org/10.1007/s13197-012-0859-9
http://doi.org/10.1016/j.foodres.2020.110082
http://doi.org/10.1080/13813455.2020.1762661

Molecules 2021, 26, 3513 16 of 18

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kusumawati, E.; Sri Hidayati, L.; Lusiana, N.; Purnamasari, R.; Hadi, M.I.; Kosvianti, E. Analysis of the Moringa oleifera seed oil
extract on insulin level in alloxan-induced diabetic rat (Rattus norvegicus). Indian ]. Med. Forensic Med. Toxicol. 2020, 14, 1852-1857.
Owolabi, M.A.; Ogah, C.O.; Adebayo, K.O.; Soremi, E.M. Evaluation of antidiabetic potential and biochemical parameters of
aqueous pod extract of Moringa oleifera in alloxan diabetic rats. Trop. . Nat. Prod. Res. 2020, 4, 50-57. [CrossRef]

Ezzat, S.M.; El Bishbishy, M.H.; Aborehab, N.M.; Salama, M.M.; Hasheesh, A.; Motaal, A.A.; Rashad, H.; Metwally, EM.
Upregulation of MC4R and PPAR-alpha expression mediates the anti-obesity activity of Moringa oleifera Lam. in high-fat
diet-induced obesity in rats. J. Ethnopharmacol 2020, 251, 112541. [CrossRef] [PubMed]

Mohamed, M.A.; Ahmed, M.A.; El Sayed, R.A. Molecular effects of Moringa leaf extract on insulin resistance and reproductive
function in hyperinsulinemic male rats. J. Diabetes Metab. Disord. 2019, 18, 487-494. [CrossRef] [PubMed]

Aju, B.Y.; Rajalakshmi, R.; Mini, S. Protective role of Moringa oleifera leaf extract on cardiac antioxidant status and lipid peroxidation
in streptozotocin induced diabetic rats. Heliyon 2019, 5, €02935. [CrossRef]

Othman, A.I; Amer, M.A.; Basos, A.S.; El-Missiry, M.A. Moringa oleifera leaf extract ameliorated high-fat diet-induced obesity,
oxidative stress and disrupted metabolic hormones. Clin. Phytosci. 2019, 5, 48. [CrossRef]

Sun, W.; Liu, J.; Wu, L.; Guo, X.; Zhang, L.; Fan, Y.; Yang, L.; Guo, X.; Hou, Y.; Mu, X; et al. Transcriptome analysis of the effects of
Moringa oleifera leaf extract in db/db mice with type 2 diabetes mellitus. Int. J. Clin. Exp. Med. 2019, 12, 6643-6658.

Mapfumo, M.; Lembede, B.W.; Ndhlala, A.R.; Chivandj, E. Effect of crude Moringa oleifera Lam. seed extract on the blood markers
of metabolic syndrome in high-fructose diet-fed growing Sprague-Dawley rats. J. Complement. Integr. Med. 2019, 17. [CrossRef]
Hidayati, S.; Sulistyawati, R.; Nurani, L.H. Regulation of ethyl acetate fraction from Moringa oleifera leaves to improve lipid
metabolism and insulin sensitivity in type 2 diabetes. Int. ]. Pharm. Pharm. Sci. 2018, 10, 78-82. [CrossRef]

Jaja-Chimedza, A.; Zhang, L.; Wolff, K.; Graf, B.L.; Kuhn, P.; Moskal, K.; Carmouche, R.; Newman, S.; Salbaum, ].M.; Raskin, L.
A dietary isothiocyanate-enriched moringa (Moringa oleifera) seed extract improves glucose tolerance in a high-fat-diet mouse
model and modulates the gut microbiome. J. Funct. Foods 2018, 47, 376-385. [CrossRef]

Azevedo, I.M.; Araujo-Filho, I; Teixeira, M.M.A.; Moreira, M.; Medeiros, A.C. Wound healing of diabetic rats treated with
Moringa oleifera extract. Acta Cir. Bras. 2018, 33, 799-805. [CrossRef] [PubMed]

Loépez, M.; Rios-Silva, M.; Huerta, M.; Cérdenas, Y.; Bricio-Barrios, J.A.; Diaz-Reval, M.I,; Urzua, Z.; Huerta-Trujillo, M.; Lopez-
Quezada, K.; Trujillo, X. Effects of Moringa oleifera leaf powder on metabolic syndrome induced in male Wistar rats: A preliminary
study. . Int. Med. Res. 2018, 46, 3327-3336. [CrossRef]

Villarruel-Lopez, A.; Lopez-de la Mora, D.A.; Vazquez-Paulino, O.D.; Puebla-Mora, A.G.; Torres-Vitela, M.R.; Guerrero-Quiroz,
L.A.; Nuno, K. Effect of Moringa oleifera consumption on diabetic rats. BMC Complement. Altern. Med. 2018, 18, 127. [CrossRef]
[PubMed]

Oboh, G.; Oyeleye, S.I; Akintemi, O.A.; Olasehinde, T.A. Moringa oleifera supplemented diet modulates nootropic-related
biomolecules in the brain of STZ-induced diabetic rats treated with acarbose. Metab. Brain Dis. 2018, 33, 457-466. [CrossRef]
[PubMed]

Bamagous, G.A.; Al Ghamdj, 5.S.; Ibrahim, I.A.A.; Mahfoz, A.M.; Afify, M.A.; Alsugoor, M.H.M.; Shammah, A.A.; Arulselvan, P.;
Rengarajan, T. Antidiabetic and antioxidant activity of ethyl acetate extract fraction of Moringa oleifera leaves in streptozotocin-
induced diabetes rats via inhibition of inflammatory mediators. Asian Pac. ]. Trop. Biomed. 2018, 8, 320-327. [CrossRef]
Kamalrudin, A.; Jasamai, M.; Noor, M.M. Ameliorative effect of Moringa oleifera fruit extract on reproductive parameters in
diabetic-induced male rats. Pharmacogn. J. 2018, 10, S54-S58. [CrossRef]

Onyenibe, N.S.; Isreal, F.; Babatunji, O. Moringa oleifera leaves modulate blood glucose concentration, lipid profile and carbohy-
drate metabolizing enzymes in streptozotocin diabetic rats. World Heart J. 2018, 10, 213-222.

Metwally, EM.; Rashad, H.M.; Ahmed, H.H.; Mahmoud, A.A.; Abdol Raouf, E.R.; Abdalla, A.M. Molecular mechanisms of the
anti-obesity potential effect of Moringa oleifera in the experimental model. Asian Pac. ]. Trop. Biomed. 2017, 7, 214-221. [CrossRef]
Olurishe, C.O.; Kwanashie, H.O.; Zezi, A.U.; Danjuma, N.M.; Mohammed, B. Sitagliptin-Moringa oleifera coadministration did not
delay the progression nor ameliorated functional and morphological anomalies in alloxan-induced diabetic nephropathy. Indian J.
Pharm. 2017, 49, 366-373.

Raafat, K.; Hdaib, F. Neuroprotective effects of Moringa oleifera: Bio-guided GC-MS identification of active compounds in diabetic
neuropathic pain model. Chin. . Integr. Med. 2017. [CrossRef]

Aa, AB,;Om,].;Ts, E,; Ga, A. Preliminary phytochemical screening, antioxidant and antihyperglycaemic activity of Moringa
oleifera leaf extracts. Pak. J. Pharm. Sci. 2017, 30, 2217-2222. [PubMed]

Khan, W.; Parveen, R.; Chester, K,; Parveen, S.; Ahmad, S. Hypoglycemic Potential of Aqueous Extract of Moringa oleifera Leaf
and In Vivo GC-MS Metabolomics. Front. Pharmacol. 2017, 8, 577. [CrossRef]

Joung, H.; Kim, B.; Park, H.; Lee, K.; Kim, H.H.; Sim, H.C.; Do, H.J.; Hyun, C.K,; Do, M.S. Fermented Moringa oleifera Decreases
Hepatic Adiposity and Ameliorates Glucose Intolerance in High-Fat Diet-Induced Obese Mice. ]. Med. Food 2017, 20, 439-447.
[CrossRef] [PubMed]

Tang, Y.; Choi, E.J.; Han, W.C.; Oh, M,; Kim, J.; Hwang, J.Y.; Park, PJ.; Moon, S.H.; Kim, Y.S.; Kim, E.K. Moringa oleifera from
Cambodia Ameliorates Oxidative Stress, Hyperglycemia, and Kidney Dysfunction in Type 2 Diabetic Mice. ]. Med. Food 2017, 20,
502-510. [CrossRef] [PubMed]

Abd Eldaim, M.A.; Shaban Abd Elrasoul, A.; Abd Elaziz, S.A. An aqueous extract from Moringa oleifera leaves ameliorates
hepatotoxicity in alloxan-induced diabetic rats. Biochem. Cell Biol. 2017, 95, 524-530. [CrossRef]


http://doi.org/10.26538/tjnpr/v4i2.5
http://doi.org/10.1016/j.jep.2020.112541
http://www.ncbi.nlm.nih.gov/pubmed/31911179
http://doi.org/10.1007/s40200-019-00454-7
http://www.ncbi.nlm.nih.gov/pubmed/31890674
http://doi.org/10.1016/j.heliyon.2019.e02935
http://doi.org/10.1186/s40816-019-0140-0
http://doi.org/10.1515/jcim-2019-0045
http://doi.org/10.22159/ijpps.2018v10i10.27845
http://doi.org/10.1016/j.jff.2018.05.056
http://doi.org/10.1590/s0102-865020180090000008
http://www.ncbi.nlm.nih.gov/pubmed/30328912
http://doi.org/10.1177/0300060518781726
http://doi.org/10.1186/s12906-018-2180-2
http://www.ncbi.nlm.nih.gov/pubmed/29636032
http://doi.org/10.1007/s11011-018-0198-2
http://www.ncbi.nlm.nih.gov/pubmed/29435808
http://doi.org/10.4103/2221-1691.235327
http://doi.org/10.5530/pj.2018.6s.10
http://doi.org/10.1016/j.apjtb.2016.12.007
http://doi.org/10.1007/s11655-017-2758-4
http://www.ncbi.nlm.nih.gov/pubmed/29175792
http://doi.org/10.3389/fphar.2017.00577
http://doi.org/10.1089/jmf.2016.3860
http://www.ncbi.nlm.nih.gov/pubmed/28504910
http://doi.org/10.1089/jmf.2016.3792
http://www.ncbi.nlm.nih.gov/pubmed/28467233
http://doi.org/10.1139/bcb-2016-0256

Molecules 2021, 26, 3513 17 of 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Omodanisi, E.I,; Aboua, Y.G.; Chegou, N.N.; Oguntibeju, O.O. Hepatoprotective, Antihyperlipidemic, and Anti-inflammatory
Activity of Moringa oleifera in Diabetic-induced Damage in Male Wistar Rats. Pharm. Res. 2017, 9, 182-187.

Omodanisi, E.I.; Aboua, Y.G.; Oguntibeju, O.O. Assessment of the Anti-Hyperglycaemic, Anti-Inflammatory and Antioxidant
Activities of the Methanol Extract of Moringa oleifera in Diabetes-Induced Nephrotoxic Male Wistar Rats. Molecules 2017, 22, 439.
[CrossRef]

Sholapur, H.N.; Patil, B.M. Effect of fractions of alcoholic extract of Moringa oleifera lam. Bark on dexamethasone induced insulin
resistance in rats. J. Young Pharm. 2017, 9, 410-416. [CrossRef]

Irfan, H.M.; Asmawi, M.Z.; Khan, N.A K.; Sadikun, A.; Mordi, M.N. Anti-diabetic activity-guided screening of aqueous-ethanol
Moringa oleifera extracts and fractions: Identification of marker compounds. Trop. J. Pharm. Res. 2017, 16, 543-552. [CrossRef]
Arise, R.O.; Aburo, O.R.; Farohunbi, S.T.; Adewale, A.A. Antidiabetic and Antioxidant Activities of Ethanolic Extract of Dried
Flowers of Moringa oleifera in Streptozotocin-induced Diabetic Rats. Acta Fac. Med. Naissensis 2016, 33, 259-272. [CrossRef]
Irfan, HM.; Asmawi, M.Z.; Khan, N.A K.; Sadikun, A. Effect of ethanolic extract of Moringa oleifera lam. Leaves on body weight
and hyperglycemia of diabetic rats. Pak. J. Nutr. 2016, 15, 112-117. [CrossRef]

Olayaki, L.A; Irekpita, ].E.; Yakubu, M.T.; Ojo, O.O. Methanolic extract of Moringa oleifera leaves improves glucose tolerance,
glycogen synthesis and lipid metabolism in alloxan-induced diabetic rats. J. Basic Clin. Physiol. Pharmacol. 2015, 26, 585-593.
[CrossRef] [PubMed]

Al-Malki, A.L.; El Rabey, H.A. The antidiabetic effect of low doses of Moringa oleifera lam. Seeds on streptozotocin induced
diabetes and diabetic nephropathy in male rats. BioMed Res. Int. 2015, 2015, 381040. [CrossRef] [PubMed]

Waterman, C.; Rojas-Silva, P.; Tumer, T.B.; Kuhn, P; Richard, A.J.; Wicks, S.; Stephens, ] M.; Wang, Z.; Mynatt, R.; Cefalu, W.; et al.
Isothiocyanate-rich Moringa oleifera extract reduces weight gain, insulin resistance, and hepatic gluconeogenesis in mice. Mol.
Nutr. Food Res. 2015, 59, 1013-1024. [CrossRef]

Abd El Latif, A.; El Bialy Bel, S.; Mahboub, H.D.; Abd Eldaim, M.A. Moringa oleifera leaf extract ameliorates alloxan-induced
diabetes in rats by regeneration of beta cells and reduction of pyruvate carboxylase expression. Biochem. Cell Biol. 2014, 92,
413-419. [CrossRef]

Yassa, H.D.; Tohamy, A.F. Extract of Moringa oleifera leaves ameliorates streptozotocin-induced Diabetes mellitus in adult rats.
Acta Histochem. 2014, 116, 844-854. [CrossRef]

Ahmed, H.H.; Metwally, EM.; Rashad, H.; Zaazaa, A.M.; Ezzat, S.M.; Salama, M.M. Moringa oleifera offers a multi-mechanistic
approach for management of obesity in rats. Int. ]. Pharm. Sci. Rev. Res. 2014, 29, 98-106.

Oseni, O.A.; Idowu, A.S.K. Inhibitory activity of aqueous extracts of horseradiash Moringa oleifera (Lam) and nutmeg Myristica
fragrans (Houtt) on oxidative stress in alloxan induced diabetic male wistar albino rats. Am. J. Biochem. Mol. Biol. 2014, 4, 64-75.
[CrossRef]

Sholapur, H.N.; Patil, B.M. Effect of Moringa oleifera bark extracts on dexamethasone-induced insulin resistance in rats. Drug Res.
2013, 63, 527-531. [CrossRef] [PubMed]

Kumar Gupta, S.; Kumar, B.; Srinivasan, B.P.; Nag, T.C.; Srivastava, S.; Saxena, R.; Aggarwal, A. Retinoprotective effects of
Moringa oleifera via antioxidant, anti-inflammatory, and anti-angiogenic mechanisms in streptozotocin-induced diabetic rats. J.
Ocul. Pharm. Ther. 2013, 29, 419-426. [CrossRef] [PubMed]

Gupta, R.; Mathur, M.; Bajaj, V.K.; Katariya, P; Yadav, S.; Kamal, R.; Gupta, R.S. Evaluation of antidiabetic and antioxidant activity
of Moringa oleifera in experimental diabetes. |. Diabetes 2012, 4, 164-171. [CrossRef]

Kar, A.; Choudhary, B.K.; Bandyopadhyay, N.G. Comparative evaluation of hypoglycaemic activity of some Indian medicinal
plants in alloxan diabetic rats. J. Ethnopharmacol. 2003, 84, 105-108. [CrossRef]

Moyo, B.; Masika, PJ.; Hugo, A.; Muchenje, V. Nutritional characterization of Moringa (Moringa oleifera Lam.) leaves. Afr. ].
Biotechnol. 2011, 10, 12925-12933.

FoodData Central: Moringa oleifera. US Department of Agriculture. Available online: https:/ /fdc.nal.usda.gov/fdc-app.html#
/food-details /168416 /nutrients (accessed on 15 May 2021).

Trigo, C.; Castello, M.L.; Ortola, M.D.; Garcia-Mares, FJ.; Desamparados Soriano, M. Moringa oleifera: An Unknown Crop in
Developed Countries with Great Potential for Industry and Adapted to Climate Change. Foods 2020, 10, 31. [CrossRef]

The Nutrient Content of Moringa oleifera Leaves. ECHO Research Note no. 1. 2013. Available online: https://miracletrees.org/
moringa-doc/nutrient-content-of-moringa-oleifera-leaves.pdf (accessed on 15 May 2021).

Olson, M.E; Sankaran, R.P;; Fahey, ] W.; Grusak, M.A.; Odee, D.; Nouman, W. Leaf Protein and Mineral Concentrations across the
“Miracle Tree” Genus Moringa. PLoS ONE 2016, 11, e0159782. [CrossRef]

Leone, A; Spada, A.; Battezzati, A.; Schiraldi, A.; Aristil, J.; Bertoli, S. Cultivation, Genetic, Ethnopharmacology, Phytochemistry
and Pharmacology of Moringa oleifera Leaves: An Overview. Int. J. Mol. Sci. 2015, 16, 12791-12835. [CrossRef]

Leone, A.; Fiorillo, G.; Criscuoli, F.; Ravasenghi, S.; Santagostini, L.; Fico, G.; Spadafranca, A.; Battezzati, A.; Schiraldi, A.; Pozzi,
E; et al. Nutritional Characterization and Phenolic Profiling of Moringa oleifera Leaves Grown in Chad, Sahrawi Refugee Camps,
and Haiti. Int. J. Mol. Sci. 2015, 16, 18923-18937. [CrossRef]

Bennett, RN.; Mellon, EA ; Foidl, N.; Pratt, ]. H.; Dupont, M.S.; Perkins, L.; Kroon, P.A. Profiling glucosinolates and phenolics in
vegetative and reproductive tissues of the multi-purpose trees Moringa oleifera L. (horseradish tree) and Moringa stenopetala L. ].
Agric. Food Chem. 2003, 51, 3546-3553. [CrossRef] [PubMed]


http://doi.org/10.3390/molecules22040439
http://doi.org/10.5530/jyp.2017.9.81
http://doi.org/10.4314/tjpr.v16i3.7
http://doi.org/10.1515/afmnai-2016-0028
http://doi.org/10.3923/pjn.2016.112.117
http://doi.org/10.1515/jbcpp-2014-0129
http://www.ncbi.nlm.nih.gov/pubmed/26124050
http://doi.org/10.1155/2015/381040
http://www.ncbi.nlm.nih.gov/pubmed/25629046
http://doi.org/10.1002/mnfr.201400679
http://doi.org/10.1139/bcb-2014-0081
http://doi.org/10.1016/j.acthis.2014.02.002
http://doi.org/10.3923/ajbmb.2014.64.75
http://doi.org/10.1055/s-0033-1347238
http://www.ncbi.nlm.nih.gov/pubmed/23780503
http://doi.org/10.1089/jop.2012.0089
http://www.ncbi.nlm.nih.gov/pubmed/23215831
http://doi.org/10.1111/j.1753-0407.2011.00173.x
http://doi.org/10.1016/S0378-8741(02)00144-7
https://fdc.nal.usda.gov/fdc-app.html#/food-details/168416/nutrients
https://fdc.nal.usda.gov/fdc-app.html#/food-details/168416/nutrients
http://doi.org/10.3390/foods10010031
https://miracletrees.org/moringa-doc/nutrient-content-of-moringa-oleifera-leaves.pdf
https://miracletrees.org/moringa-doc/nutrient-content-of-moringa-oleifera-leaves.pdf
http://doi.org/10.1371/journal.pone.0159782
http://doi.org/10.3390/ijms160612791
http://doi.org/10.3390/ijms160818923
http://doi.org/10.1021/jf0211480
http://www.ncbi.nlm.nih.gov/pubmed/12769522

Molecules 2021, 26, 3513 18 of 18

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Siddhuraju, P.; Becker, K. Antioxidant properties of various solvent extracts of total phenolic constituents from three different
agroclimatic origins of drumstick tree (Moringa oleifera Lam.) leaves. ]J. Agric. Food Chem. 2003, 51, 2144-2155. [CrossRef]
[PubMed]

Safe, S.; Jayaraman, A.; Chapkin, R.S.; Howard, M.; Mohankumar, K.; Shrestha, R. Flavonoids: Structure-function and mechanisms
of action and opportunities for drug development. Toxicol. Res. 2021, 37, 147-162. [CrossRef]

Glucosinolate Metabolism.  Available online: https://homepage.ruhr-uni-bochum.de/markus.piotrowski/Research_
Glucosinolate.html (accessed on 16 May 2021).

Fahey, ].W.; Wade, K.L.; Stephenson, K.K.; Shi, Y.; Liu, H.; Panjwani, A.A.; Warrick, C.R.; Olson, M.E. A Strategy to Deliver Precise
Oral Doses of the Glucosinolates or Isothiocyanates from Moringa oleifera Leaves for Use in Clinical Studies. Nutrients 2019, 11,
1547. [CrossRef]

Waterman, C.; Cheng, D.M.; Rojas-Silva, P.; Poulev, A ; Dreifus, J.; Lila, M. A ; Raskin, I. Stable, water extractable isothiocyanates
from Moringa oleifera leaves attenuate inflammation in vitro. Phytochemistry 2014, 103, 114-122. [CrossRef] [PubMed]

Singh, D.; Arya, P.V.; Aggarwal, V.P,; Gupta, R.S. Evaluation of Antioxidant and Hepatoprotective Activities of Moringa oleifera
Lam. Leaves in Carbon Tetrachloride-Intoxicated Rats. Antioxidants 2014, 3, 569-591. [CrossRef]

Verma, A.R.; Vijayakumar, M.; Mathela, C.S.; Rao, C.V. In vitro and in vivo antioxidant properties of different fractions of Moringa
oleifera leaves. Food Chem. Toxicol. 2009, 47, 2196-2201. [CrossRef]

Coskun, O.; Kanter, M.; Korkmaz, A.; Oter, S. Quercetin, a flavonoid antioxidant, prevents and protects streptozotocin-induced
oxidative stress and beta-cell damage in rat pancreas. Pharmacol. Res. 2005, 51, 117-123. [CrossRef] [PubMed]

Jimoh, T.O. Enzymes inhibitory and radical scavenging potentials of two selected tropical vegetable (Moringa oleifera and Telfairia
occidentalis) leaves relevant to type 2 diabetes mellitus. Rev. Bras. Farmacogn. 2018, 28, 73-79. [CrossRef]

Perry, G.H.; Dominy, N.J.; Claw, K.G.; Lee, A.S.; Fiegler, H.; Redon, R.; Werner, J.; Villanea, F.A.; Mountain, J.L.; Misra, R.; et al.
Diet and the evolution of human amylase gene copy number variation. Nat. Genet. 2007, 39, 1256-1260. [CrossRef]

Chen, G.L.; Xu, Y.B.; Wu, ].L.; Li, N.; Guo, M.Q. Hypoglycemic and hypolipidemic effects of Moringa oleifera leaves and their
functional chemical constituents. Food Chem. 2020, 333, 127478. [CrossRef] [PubMed]

Tadera, K.; Minami, Y.; Takamatsu, K.; Matsuoka, T. Inhibition of alpha-glucosidase and alpha-amylase by flavonoids. J. Nutr. Sci.
Vitaminol. 2006, 52, 149-153. [CrossRef]

Oboh, G.; Ogunbadejo, M.D.; Ogunsuyi, O.B.; Oyeleye, S.I. Can gallic acid potentiate the antihyperglycemic effect of acarbose and
metformin? Evidence from streptozotocin-induced diabetic rat model. Arch. Physiol. Biochem. 2020, 1-9. [CrossRef] [PubMed]
Oboh, G.; Agunloye, O.M.; Adefegha, S.A.; Akinyemi, A.].; Ademiluyi, A.O. Caffeic and chlorogenic acids inhibit key enzymes
linked to type 2 diabetes (in vitro): A comparative study. J. Basic Clin. Physiol. Pharmacol. 2015, 26, 165-170. [CrossRef]

Turk, E.; Zabel, B.; Mundlos, S.; Dyer, J.; Wright, E.M. Glucose/galactose malabsorption caused by a defect in the Na+/glucose
cotransporter. Nature 1991, 350, 354-356. [CrossRef]

Ndong, M.; Uehara, M.; Katsumata, S.I.; Suzuki, K. Effects of oral administration of Moringa oleifera Lam on glucose tolerance in
Goto-Kakizaki and wistar rats. J. Clin. Biochem. Nutr. 2007, 40, 229-233. [CrossRef]

Wright, E.M.; Hirayama, B.A.; Loo, D.F. Active sugar transport in health and disease. |. Intern. Med. 2007, 261, 32—43. [CrossRef]
[PubMed]

Dyer, J.; Wood, LS.; Palejwala, A.; Ellis, A.; Shirazi-Beechey, S.P. Expression of monosaccharide transporters in intestine of diabetic
humans. Am. J. Physiol. Gastrointest Liver Physiol. 2002, 282, G241-G248. [CrossRef]

Alfarouk, K.O.; Ahmed, S.B.M,; Elliott, R.L.; Benoit, A.; Alqahtani, S.S.; Ibrahim, M.E.; Bashir, A.H.H.; Alhoufie, S.T.S.; Elhassan,
G.O.; Wales, C.C;; et al. The Pentose Phosphate Pathway Dynamics in Cancer and Its Dependency on Intracellular pH. Metabolites
2020, 10, 285. [CrossRef]

Mathupala, S.P; Ko, Y.H.; Pedersen, P.L. Hexokinase II: Cancer’s double-edged sword acting as both facilitator and gatekeeper of
malignancy when bound to mitochondria. Oncogene 2006, 25, 4777-4786. [CrossRef] [PubMed]

Weickert, M.O.; Pfeiffer, A.F.H. Impact of Dietary Fiber Consumption on Insulin Resistance and the Prevention of Type 2 Diabetes.
J. Nutr. 2018, 148, 7-12. [CrossRef] [PubMed]

Entrez Gene: FASN Fatty Acid Synthase. Available online: https://www.ncbinlm.nih.gov/gene?Db=gene&Cmd=
ShowDetail View&TermToSearch=2194 (accessed on 10 May 2021).

Entrez Gene: HMGCR 3-Hydroxy-3-methylglutaryl-Coenzyme a Reductase. Available online: https:/ /www.ncbi.nlm.nih.gov/
gene?Db=gene&Cmd=ShowDetail View& TermToSearch=3156 (accessed on 10 May 2021).

Goldstein, J.L.; Brown, M.S.; Krieger, M.; Anderson, R.G.; Mintz, B. Demonstration of low density lipoprotein receptors in mouse
teratocarcinoma stem cells and description of a method for producing receptor-deficient mutant mice. Proc. Natl. Acad. Sci. USA
1979, 76, 2843-2847. [CrossRef] [PubMed]

Cochrane Handbook for Systematic Reviews of Interventions Version 6.2 (Updated February 2021). Available online: www.
training.cochrane.org/handbook (accessed on 30 April 2021).

Hoftiezer, V.; Carpenter, A.M. Comparison of streptozotocin and alloxan-induced diabetes in the rat, including volumetric
quantitation of the pancreatic islets. Diabetologia 1973, 9, 178-184. [CrossRef] [PubMed]


http://doi.org/10.1021/jf020444+
http://www.ncbi.nlm.nih.gov/pubmed/12670148
http://doi.org/10.1007/s43188-020-00080-z
https://homepage.ruhr-uni-bochum.de/markus.piotrowski/Research_Glucosinolate.html
https://homepage.ruhr-uni-bochum.de/markus.piotrowski/Research_Glucosinolate.html
http://doi.org/10.3390/nu11071547
http://doi.org/10.1016/j.phytochem.2014.03.028
http://www.ncbi.nlm.nih.gov/pubmed/24731259
http://doi.org/10.3390/antiox3030569
http://doi.org/10.1016/j.fct.2009.06.005
http://doi.org/10.1016/j.phrs.2004.06.002
http://www.ncbi.nlm.nih.gov/pubmed/15629256
http://doi.org/10.1016/j.bjp.2017.04.003
http://doi.org/10.1038/ng2123
http://doi.org/10.1016/j.foodchem.2020.127478
http://www.ncbi.nlm.nih.gov/pubmed/32663752
http://doi.org/10.3177/jnsv.52.149
http://doi.org/10.1080/13813455.2020.1716014
http://www.ncbi.nlm.nih.gov/pubmed/31979987
http://doi.org/10.1515/jbcpp-2013-0141
http://doi.org/10.1038/350354a0
http://doi.org/10.3164/jcbn.40.229
http://doi.org/10.1111/j.1365-2796.2006.01746.x
http://www.ncbi.nlm.nih.gov/pubmed/17222166
http://doi.org/10.1152/ajpgi.00310.2001
http://doi.org/10.3390/metabo10070285
http://doi.org/10.1038/sj.onc.1209603
http://www.ncbi.nlm.nih.gov/pubmed/16892090
http://doi.org/10.1093/jn/nxx008
http://www.ncbi.nlm.nih.gov/pubmed/29378044
https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=ShowDetailView&TermToSearch=2194
https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=ShowDetailView&TermToSearch=2194
https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=ShowDetailView&TermToSearch=3156
https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=ShowDetailView&TermToSearch=3156
http://doi.org/10.1073/pnas.76.6.2843
http://www.ncbi.nlm.nih.gov/pubmed/223161
www.training.cochrane.org/handbook
www.training.cochrane.org/handbook
http://doi.org/10.1007/BF01219780
http://www.ncbi.nlm.nih.gov/pubmed/4268550

	Introduction 
	Results 
	Search Results 
	Study Characteristics and Quality Assessment 
	MO Extracts Reduced Blood Glucose Levels in Some DM Rodent Models 
	Forestplot Analysis 
	Subgroup and Meta-Regression Analyses 
	Subgroup and Meta-Regression Analyses in Chemical-Induced DM Rodents 
	Subgroup and Meta-Regression Analyses in Diet-Induced DM Rodents 
	Assessment of Publication Bias 

	The Administration of MO Extracts Improved Diabetic Dyslipidemia in DM Rodent Models 
	Triglyceride (TG) Levels 
	Total Cholesterol (TC) Levels 
	High-Density Lipoprotein Cholesterol (HDL-C) Levels 


	Discussion 
	Main Findings 
	Interpretation 
	Nutritional Characteristics of MO 
	Pharmacological Properties of MO Extracts 
	Strength and Limitations 


	Materials and Methods 
	Data Sources and Search Strategies 
	Inclusion and Exclusion Criteria 
	Data Extraction and Quality Assessment 
	Data Synthesis and Analysis 

	Conclusions 
	References

