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Abstract: The objective of this meta-analysis was to examine the impact of a low-ratio linoleic
acid/ o-linolenic acid (LA/ALA) diet on the glycemic profile of adults. A comprehensive search
was performed across four databases (Web of Science, Scopus, Embase, and PubMed) to evaluate
the influence of the low-ratio LA/ALA. Relevant references were screened up until February 2023.
Intervention effects were analyzed by calculating change values as weighted mean differences
(WMD) and 95% confidence intervals (CI) using fixed-effects models. Additionally, subgroup analysis
and meta-regression were employed to investigate potential sources of heterogeneity. Twenty-one
randomized controlled trials (RCTs) were included, and the low-ratio LA/ALA diet had no significant
effect on fasting blood sugar (FBS, WMD: 0.00 mmol/L, 95% CI: —0.06, 0.06, p = 0.989, 12 = 0.0%),
insulin levels (WMD: 0.20 pIU/mL, 95% CI: —0.23, 0.63, p = 0.360, 2= 3.2%), homeostatic model
assessment insulin resistance (HOMA-IR, WMD: 0.09, 95% CI: —0.06, 0.23, p = 0.243, 2= 0.0%),
and hemoglobin Alc (HbAlc, WMD: —0.01%, 95% CI: —0.07, 0.06, p = 0.836, 2= 0.0%). Based on
subgroup analyses, it was observed that the impact of a low-ratio LA/ALA diet on elevated plasma
insulin (WMD: 1.31 uIU/mL, 95% CI: 0.08, 2.54, p = 0.037, I? = 32.0%) and HOMA-IR (WMD: 0.47, 95%
CL: 0.10, 0.84, p = 0.012, I? = 0.0%) levels exhibited greater prominence in North America compared
to Asian and European countries. Publication bias was not detected for FBS, insulin, HOMA-IR,
and HbAIc levels according to the Begg and Egger tests. Furthermore, the conducted sensitivity
analyses indicated stability, as the effects of the low-ratio LA/ALA diet on various glycemic and
related metrics remained unchanged even after removing individual studies. Overall, based on the
available studies, it can be concluded that the low-ratio LA/ALA diet has limited impact on blood
glucose-related biomarker levels.

Keywords: linoleic acid/«-linolenic acid; glucose markers; insulin; meta-analysis; randomized
controlled trials

1. Introduction

Diabetes is a prevalent chronic disease characterized by abnormalities in glucose
metabolism, and its global incidence is on the rise. According to the International Diabetes
Federation (IDF), the global prevalence of diabetes was estimated to be 10.5% (537 million
individuals) in 2021, with projections indicating a rise to 12.2% (783 million individuals) by
2045 [1]. This alarming trend is not only evident in high-income countries, but the largest
increases are observed in middle-income countries [2]. As a significant non-communicable
disease, diabetes poses a substantial burden on public health [3]. Diabetes, associated
with elevated fasting blood sugar (FBS) and insulin levels, disrupts the normal biological
functioning, and significantly increases the risk of conditions such as retinopathy, coronary
heart disease, renal failure, neuropathy, and various types of cancer [4-7].
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Strategies such as dietary patterns, individual nutrients and lifestyle are effective in
the prevention and management of diabetes [8]. The quality of fats and carbohydrates
in the diet is more important than the quantity of these macronutrients. Polyunsatu-
rated fatty acids (PUFAs), specifically n-3 PUFAs, have a significant impact on alleviating
hyperglycemia and its associated complications [9-11]. These N-3 PUFAs comprise eicos-
apentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA)
derived from animal sources, as well as «-linolenic acid (ALA) sourced from plants. N-6
PUFAs, such as linoleic acid (LA), are derived from plants. Both ALA and LA are essential
fatty acids (EFAs) that the human body needs, with the differentiation being based on
the position of the initial double bond counted starting from the methyl end of the fatty
acid (FA) molecule. LA and ALA share the same desaturase enzyme and have a competi-
tive inhibitory relationship [12]. On the one hand, arachidonic acid (AA), a downstream
product of LA, increases the biosynthesis of pro-inflammatory eicosanoids [13]. On the
other hand, LA competes with ALA, inhibiting the conversion of ALA to n-3 long-chain
PUFA to exert its biological activity [14]. Thus, the accomplishment of a balanced ratio
of LA/ALA can help restoring the physiological equilibrium influenced by both genetic
and environmental factors. Over the past few years, animal and cell culture studies have
demonstrated that increasing ALA has beneficial effects on the prevention of type 2 diabetes
mellitus (T2DM) through a variety of mechanisms, including alteration of cell membrane
function, anti-inflammatory and antioxidant effects, insulin signaling, and control of glu-
cose metabolism gene expression [15-19]. Epidemiologic evidence suggests that increasing
ALA or decreasing LA dietary intake has a controlling effect on glucose and insulin levels.
Numerous human intervention studies have explored the impacts of diets with varying
LA/ALA ratios on factors such as FBS and insulin levels. However, the findings from these
studies have been inconsistent and inconclusive. Some conflicting research has indicated
that a low ration of LA/ALA: (a) was significantly associated with decreased levels of
FBS [20], insulin [21], and hemoglobin Alc (HbAlc) [22]; (b) was significantly correlated
with increased levels of FBS [23] and insulin [24]; and (c) did not have any significant effect
on the levels of FBS, insulin, homeostatic model assessment insulin resistance (HOMA-IR),
and HbA1lc [25,26]. These variations can be attributed to factors such as sample size, dura-
tion of the intervention, and the type of intervention employed, including aspects like total
energy intake, dietary intake of LA and ALA.

Although LA and ALA are some of the most common forms of PUFA supplementation,
the complete metadata on the relationship between LA /ALA ratio and glycemia are still
lacking. Consequently, the objective of this study was to comprehensively assess and
compare the impacts of the low-ratio LA/ALA diet on FBS, insulin, HbAlc, and HOMA-IR
using randomized controlled trials (RCTs) as the basis.

2. Methods
2.1. Search Strategy

To ensure that the study was conducted and reported in a systematic manner, we
adhered to the guidelines outlined in the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement. A comprehensive search was performed on
four electronic databases, namely Web of Science, Scopus, Embase, and PubMed, up
until February 2023. The search strategy employed is elaborated upon in Supplementary
Table S1.

2.2. Inclusion Criteria

In order to be included in this review, studies had to meet specific criteria. These
criteria included (1) focusing on the impact of LA/ALA ratio (in the form of plant oil,
fat, and nuts) on various biological markers related to blood glucose control, such as FBS,
insulin, HOMA-IR, and HbAlc; (2) the study participants consisted of individuals aged
18 years or older; (3) the intervention duration lasted at least two weeks; (4) the primary
outcomes of articles reported sufficient information on baseline and final study; (5) the
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LA/ALA ratio was explicitly reported in the article, or it could be obtained by proper
calculation; (6) to isolate the specific impact of the LA/ALA ratio on glucose, the included
studies differentiated it from the influence of other dietary sources or interventions, such as
fish oil, and conjugated linoleic acid (CLA), and physical activity programs. This approach
allowed for a more focused analysis of the independent effects of the LA/ALA ratio on
blood glucose control, minimizing confounding factors that could potentially influence
the results.

2.3. Data Extraction

Two researchers independently conducted the data extraction based on the predefined
inclusion criteria. The Cochrane Risk of Bias tool was employed to assess the method-
ological quality of the included studies. In case of any disputes, the original literature
was re-evaluated to ensure accuracy and consistency. If there were any disagreements or
conflicts during the study selection, a third reviewer was consulted to establish a consensus
and resolve any discrepancies. The following data were extracted from each eligible study:
the first author’s name, publication year, country where the study was conducted, type
and duration of the intervention, total number of participants, participants characteristics
(including disease, age, BMI, smoking status, and gender), protein, carbohydrates, and
fat (saturated and monounsaturated FA, PUFA, LA, ALA) as percentage of total energy,
LA/ALA ratio, and the mean and standard deviation (SD) changes in blood-glucose-
related biomarkers at pre-treatment and post-treatment. In cases where multiple articles
reported the same outcomes, preference was given to the article with the largest number of
participants and longest duration for inclusion in the review.

2.4. Statistical Methods

Endnote software (Endnote X9.1) was employed to process the article, eliminating any
duplicate entries. Subsequently, the screening and full text review were conducted using
Microsoft Excel software (Microsoft Excel 16.0). To conduct the primary analysis, sensitivity
analyses, and assess publication bias, we utilized STATA software (version 14.0, Stata Corp.,
College Station, TX, USA). Mean (SD) were extracted to perform a combined effect size
analysis. Conversion formulas were utilized to calculate SD in situations where they were
not directly provided [27]. If the standard deviation (SD) of the change was not provided
in the trials, it was calculated using the formula: SD ¢ange = square root [(SD pre—treatment)2
+ (SD 1:>ost—treatment)2 - (2R x SD pre-treatment X SD post—treatmen’t)] (R = 0'5)' Moreover, when
data were solely presented graphically, the relevant information was digitally extracted
and quantified using the GetData Graph Digitizer software (GetData 2.25). The statistical
significance of net changes was assessed using the weighted mean difference (WMD) with
a 95% confidence interval (CI). The level of heterogeneity was classified as low (1% < 50%)
or high (50% < 12), accordingly. Sensitivity analysis was conducted to investigate potential
sources of heterogeneity, where each study was individually excluded to assess the impact
of any specific study on the overall validity of the effect size. We utilized Begg's tests,
Egger regression tests, and visual calculations using funnel plots to evaluate possible
publication bias. Furthermore, predetermined subgroup analyses were conducted to
examine association between different subgroups and glucose. A p value below 0.05 was
used to assess the statistical significance.

3. Results and Discussion
3.1. Study Selection and Description

A total of 12,184 publications were initially searched from four databases, and 8769 ar-
ticles were retained after eliminating duplicates. Subsequently, 217 articles were selected
for full-text examination based on the titles and abstracts. Ultimately, 21 articles were
included in this meta-analysis [22-24,28-45]. The screening process is depicted in Figure 1.
Among the 21 articles that met the eligibility criteria, the effects of LA/ALA ratio on FBS
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were investigated in all 21 studies. Insulin was assessed in 17 studies, HOMA-IR in 10
studies, and HbAlc in 7 studies.

12,184 articles identified through PubMed, Embase, Scopus, and Web
of Science

3415 articles after duplicates removed

v

8769 articles screened |

8552 articles excluded based on title
and abstract

\4

217 full-text articles examined for eligibility 196 full-text articles excluded
*Not relevant outcome measures
*Not LA/ALA ratio

__»| *Not controls

*Data were not adequate for statistical
analysis

*Reviews, comment paper, reports
*Not human study

21 articles were included in meta-analysis

Figure 1. Screening flowchart of this study.

A detailed summary of the characteristics of the eligible trials is provided in Table 1,
presenting the relevant information. The articles spanned from 1996 to 2020 in terms of
publication dates. The study was conducted in several countries, including Iran, Nether-
lands, China, Denmark, UK, USA, Japan, Greece, Germany, Canada, India, Poland, Finland,
Sweden. Among these, 6 studies were carried out in North America, 13 studies in Eu-
rope, 8 studies in Asia. A total of 17 articles used a parallel design and 4 articles used a
crossover design. Sample sizes in the included studies ranged from 11 [38] to 243 [30]. The
intervention duration ranged from 3 [23] to 48 [30] weeks. The eligible studies included
participants of various ages, with an average age range within 22.8 [36] to 61.8 [38] years.
The BMI of the participants ranged from 21.9 [35] to 39.6 [23]. The publications that met
the eligibility criteria included participants of both genders, with two studies involving
only women [22,44] and two only men [31,34]. Among the included trials, 11 studies specif-
ically enrolled non-smoking subjects, whereas 7 included a combination of smoking and
non-smoking subjects. Eligible study participants suffered from dyslipidemia [30,32,43,45],
obesity [23,40], type 2 diabetes [24,37,38,42], metabolic syndrome [28,29], polycystic ovary
syndrome [22,44], and non-alcoholic fatty liver [41], while healthy individuals were also
included [31,33-36,39].

Supplementary Table S2 provides comprehensive details on dietary energy intake.
The total energy intake, fat, protein, and carbohydrate supplementation (as a percentage
of total energy) remained consistent. There was a significant difference in the total energy
consumed by subjects in one study [32], a significant difference in the macronutrients
consumed as a percentage of total energy by subjects in one study [42], and a significant
difference in the fat consumed as a percentage of total energy by subjects in two stud-
ies [22,37]. Among the 21 studies analyzed, significant differences in PUFA were observed
in 6 studies [28,31,33,37,40,42], MUFA and PUFA in 3 studies [35,36,39], and SFA, MUFA
and PUFA in 2 studies [22,43]. Supplementation with flaxseed, canola oil, caper oil, hemp
seed o0il, and walnut can decrease the LA /ALA ratio. The low-ratio LA/ALA varied from
0.14 [28] to 9 [39], and the high-ratio LA/ALA varied from 4.3 [42] to 228.2 [41]. The range
of dietary intake of LA ranged between 2.1% [28] and 18.1% [36] of total energy per day,
while the ALA intake ranged from 0.21% [30] and 15.2% [28] of total energy per day.
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Table 1. Characteristics of the included studies.

Participant . . . Low High
Reference Country Information Age BMI Smoking No. M/F Duration Design LA/ALA LAJALA
Akrami2018 [28]  Iran Metabolic 486 NR  Nonsmoker 52  33/19  7W P 0.14 19.1
syndrome
Baxheinrich Metabolic .
2012 [29] Netherlands (004 = 0 541 298  Mixed 163 79/84 104 W P 47 29.1
Chen 2020 [30] China Dyslipidaemia 545 232  Mixed 243 92/151 48 W P 7.1 30,20
Damsgaard .
2008 [31] Denmark Healthy 25 232 Mixed 33 33/0 8W P 47 7.72
56‘(‘)13‘8[%*2‘? UK Dyslipidaemia 537 261  Non-smoker 60 35/25 24W P 36 15.5
545 262 59 35/24 14 15.5
Griffin 2006 [33] UK Healthy 59 263 Mixed 97 62/35 24W P 4.64 14
Kalgaonkar Polycystic ovary -
2010 2] USA syndrome 335 352  Non-smoker 31 0/31 6W P 4.62 22.06
Kawakami .
2015 [34] Japan Healthy 445 25.1 Mixed 15 15/0 12W CcO 1.34 9.8
I;(;’lr;t‘[’%?“m Greece Healthy 26 21.9 NR 37 8/29 6W lele) 14 8.3
Kratz 2002 [36] Germany Healthy 28.9 23.8 Non-smoker 30 30/0 4W P 7.5 60
28 221 25 0/25 7.5 60
289 238 30 30/0 2.56 60
28 221 25 0/25 2.56 60
Lee 2014 [24] USA Type 2 diabetes 58.6 345 Non-smoker 43 18/25 8W P 0.95 66
Ma 2010 [37] USA Type 2 diabetes 58.1 325 Non-smoker 24 10/14 8W p 4.48 7.75
?g;lg/[;ré‘]ls Canada Type 2 diabetes 618 278  NR 11 8/3 12W co 0.25 14.45
Minihane .
2005 [39] India Healthy 48 26 Non-smoker 29 NR 6W P 9 16
Moszak 2020 [23]  Poland Oog’:;welght or 487 396  Nonsmoker 52  20/32  3W P 1.88 415
Nelson 2007 [40] ~ USA Overweight or 385 303  Non-smoker 57  11/46  8W P 13 102
obese subjects
Rezaei 2020 [41]  Iran {iﬁ’e‘:almh"h‘: ftty 435 209 Mixed 68  33/35 12W P 0.36 282
Schwab 2018 [42]  Finland Type 2 diabetes 58.9 29.2 NR 79 40/39 12W P 1.1 43
gggfrﬁ;“ Sweden Dyslipidaemia 50 245  Mixed 19 13/6 aw co 3 10
Vargas 2011 [44]  USA Polycystic ovary 292 341 Non-smoker 34 0/34 6W P 1.38 9
syndrome
Zhou 2019 [45] China Dyslipidaemia 527 26 Mixed 75 39/36 12W P 3.8,2.05 16.04

Abbreviations: BMI, body mass index; NR, not reported; No., number of included participants; M, male; F, female;
W, weeks; P, parallel; CO, crossover; LA/ALA, linoleic acid/alpha-linolenic acid.

The Cochrane Collaboration Risk of Bias Tool was utilized for the quality assessment
of the included studies (Supplementary Table S3). Ten articles described randomized
controlled methods. Ten articles had detailed methods describing allocation concealment.
Most studies used single-blind or double-blind studies and concealed supplement alloca-
tion, except for 2 articles. Observational bias was not identified in most studies. Selective
bias reporting was not described in most trails. There were no additional sources of bias
identified across all studies.

3.2. Meta-Analysis Results

The forest plot of FBS is shown in Figure 2; 27 trials including 1415 participants (cases =
714, controls = 701) reported FBS as an outcome measure. According to the overall analysis
from the fixed-effects models, the low-ratio LA/ALA diet did not lead to significant change
on FBS (WMD: 0.00 mmol/L, 95% CI: —0.06, 0.06, p = 0.989). The 2 test indicated no
statistically significant heterogeneity among the included studies (I> = 0.0%, p = 0.843).
Figure 3 displays the results for insulin, involving 22 trials with a total of 1096 participants
(549 cases and 547 controls). Based on the pooled results from fixed-effects models, there
was no significant change in insulin level following interventions with low-ratio LA/ALA
diet (WMD: 0.20 pIU/mL, 95% CI: —0.23, 0.63, p = 0.360). The included trials exhibited
non-significant heterogeneity (I = 3.2%, p = 0.417). Figure 4 illustrates the effect of low-ratio
LA/ALA diet on HOMA-IR, involving eleven trials with a total of 736 participants (373
cases and 363 controls). The pooled findings indicated no significant decrease in HOMA-
IR after consuming low-ratio LA/ALA diet (WMD: 0.09, 95% CI: —0.06, 0.23, p = 0.243).
Heterogeneity was not significant, as indicated by the I? value (I = 0.0%, p = 0.480). The
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forest plot of HbAlc is shown in Figure 5, 11 trails including 257 participants (cases =
129, controls = 128) examined the impact of low-ratio LA/ALA diet on the HbAlc. Our
findings show no significant reduction in HbA1lc levels after the low-ratio LA/ALA dietary
intervention (WMD: —0.01%, 95% CI: —0.07, 0.06, p = 0.836). Additionally, no substantial
heterogeneity among the included trials was observed (I? = 0.0%, p = 0.465).

Study %
ID WMD (95% CI) Weight
Akrami2018 + { -0.28 (-0.99,0.43)  0.78
Baxheinrich2012 —_—— -0.05 (-0.52,0.42) 1.82
Chen2020 — -0.01 (-0.23,0.21) 8.13
Chen2020 —— -0.08 (-0.30,0.14)  7.87
Damsgaard2008 —_— 0.04 (-0.17,0.25)  8.87
Finnegan2003 —_—— -0.29 (-0.65,0.07)  3.10
Finnegan2003 e n -0.13 (-0.51, 0.25) 2.77
Griffin2006 —_— 0.14 (-0.27,0.55)  2.40
Kalgaonkar2011 . e om— 0.14 (-0.34,0.62)  1.69
Kawakami2015 _— 0.01 (-0.33,0.35) 3.38
Kontogianni2013 T 0.03 (-0.14,0.20)  13.13
Kratz2002 e —— 0.20 (-0.13,0.53)  3.55
Kratz2002 —_—— 0.00 (-0.27,0.27)  5.45
Kratz2002 —_—t— 0.10 (-0.25,0.45) 3.22
Kratz2002 —_— 0.00 (-0.32,0.32)  3.77
Lee2014 —_—— -0.21 (-0.54,0.13) 3.52
Ma2010 g 0.39 (-0.56, 1.35)  0.43
McManus1996 - 0.30(-0.29,0.89)  1.13
Minihane2005 —_— 0.14 (-0.32,0.60)  1.89
Moszak2020 * 0.39 (-0.19,0.96)  1.20
Nelson2007 —- 0.19 (-0.29,0.67) 1.73
Rezaei2020 -+- -0.40 (-1.16,0.36)  0.69
Schwab2018 —_—— -0.04 (-0.41,0.33) 2.84
Sodergren2001 —O—f' -0.17 (-0.37,0.03)  9.66
Vargas2011 —_— 0.06 (-0.31,0.43) 2.94
Zhou2019 —_— 0.18 (-0.30,0.65)  1.76
Zhou2019 —_—— 0.28 (-0.14,0.70)  2.26
Overall (I-squared = 0.0%, p = 0.843) <> 0.00 (-0.06, 0.06)  100.00
| I
-1.35 0 1.35

Figure 2. The effect of low-ratio LA/ALA on FBS. Refs. [22-24,28-45].

3.3. Sensitivity Analysis, Subgroup Analysis and Meta-Regression

To assess the influence of individual studies on the overall effect size, we conducted
sensitivity analyses by sequentially excluding each trial from the analysis. The pooled effect
size for the remaining studies, excluding the current study, is indicated by the circles in
Supplementary Figures 51-54. Sensitivity analyses revealed that the effects of the low-ratio
LA/ALA diet on FBS, insulin, HOMA-IR, and HbA1c levels remained consistent regardless
of the exclusion of any individual study. Upon examining Supplementary Figures S5-S8,
we were visually examined to detect potential publication bias. The Begg’s test indicated
no publication bias for FBS (p = 0.058), insulin (p = 0.844), HOMA-IR (p = 0.815), and HbAlc
(p = 0.371). Similarly, the Egger’s test showed no publication bias for FBS (p = 0.149), insulin
(p = 0.669), HOMA-IR (p = 0.841), and HbAlc (p = 0.523).
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Study %
ID WMD (95% CI) Weight
Iy
Baxheinrich2012 _— 0.20 (-3.21,3.61) 1.61
Chen2020 —— 0.60 (-0.63, 1.83)  12.29
Chen2020 =—— 0.49 (-0.72, 1.70)  12.81
Damsgaard2008 Ny -0.50 (-2.60, 1.59) 4.24
Finnegan2003 —- -1.23(-3.33,0.86) 4.23
Finnegan2003 N 0.36 (-1.62,2.33) 4.78
Kalgaonkar2011 T 5.03 (-0.89, 10.94) 0.53
Kawakami2015 —_— 0.50 (-3.15,4.15) 1.40
Kratz2002 = = 0.57 (-1.22,2.37) 5.80
Kratz2002 — -1.15 (-4.08, 1.79) 2.17
Kratz2002 —— 1.44 (-1.27,4.14) 254
Kratz2002 — -3.02 (-6.37,0.34) 1.65
Lee2014 —— 1.90 (0.20, 3.60)  6.42
Ma2010 - * 7.00 (-0.63, 14.63) 0.32
McManus1996 — -1.29 (-4.38,1.80) 1.96
Minihane2005 —— -1.41 (-3.54,0.73) 4.08
{
Moszak2020 : -0.20 (-6.69, 6.29) 0.44
Nelson2007 —_—— -0.28 (-5.60, 5.04)  0.66
Rezaei2020 - -0.08 (-0.93, 0.77) 25.79
Schwab2018 e 0.58 (-2.87,4.03) 1.57
Sodergren2001 — 1.08 (-1.80,3.96) 2.25
Vargas2011 —r— 0.72 (-2.04,3.47) 2.46
Overall (I-squared =3.2%, p = 0.417) D 0.20 (-0.23,0.63)  100.00
i
T | T
-14.6 0 14.6

Figure 3. The effect of low-ratio LA/ALA on insulin. Refs. [22-24,29-32,34,36-44].

Study
ID
Chen2020 — —
Chen2020 —_—
Griffin2006 —_——
Kalgaonkar2011 :
Lee2014 .E—.—
Ma2010 _i_._

|
Minihane2005 _o—-i—
Moszak2020 E
Rezaei2020 —_——
Schwab2018 —0—.5_
Vargas2011 —.e_._
Overall (I-squared = 0.0%, p = 0.480) ®

|

'

1

1

L

T

WMD (95% CI)

0.09 (-0.20, 0.38)
0.06 (-0.21, 0.33)
0.19 (-0.29, 0.67)
0.13 (-1.64, 1.90)
0.57 (-0.02, 1.16)
0.40 (-0.26, 1.06)
-0.34 (-1.02, 0.34)
-0.60 (-2.54, 1.34)
-0.07 (-0.44, 0.30)
0.67 (-1.67, 0.33)
0.47 (-0.27, 1.21)

0.09 (-0.06, 0.23)

%

Weight

25.57
27:55
9.22
0.66
6.02
4.74
4.44
0.55
1537
2.07
3.81

100.00

-2.54

Figure 4. The effect of low-ratio LA/ALA on HOMA-IR. Refs. [22-24,30,33,37,39,41,42,44].

2.54
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Study %
D WMD (95% CI) Weight
i
Kalgaonkar2011 _— E -0.14 (-0.27,-0.01) 24.85
Kawakami2015 : 0.00 (-0.28, 0.28) 5.09
1
Kratz2002 : 0.03 (-0.23, 0.29) 573
Kratz2002 i 0.01 (-0.22, 0.24) 7.50
1
Kratz2002 v: -0.01 (-0.27, 0.25) 5.92
Kratz2002 + i -0.07 (-0.34, 0.20) 5.30
1
Lee2014 : -+ 0.17 (-0.02, 0.36) 10.85
Ma2010 : 0.00 (-0.25, 0.25) 6.50
1
McManus1996 —+—+— 0.05 (-0.08, 0.18) 23.16
Vargas2011 : 0.00 (-0.28, 0.28) 5.09
1
Overall (I-squared = 0.0%, p = 0.465) <> -0.01 (-0.07, 0.06) 100.00
T
1
1
1
T : T
-0.36 0 0.36

Figure 5. The effect of low-ratio LA/ALA on HbAlc. Refs. [22,24,34,36-38,44].

Subsequently, we conducted subgroup analyses to stratify the studies based on
LA/ALA ratio (<1, 1-5, and >5), region, health status, age (<25, 25-30, and >30), BMI
(<12 and >12 weeks), smoking, and duration (<12 and >12 weeks), as indicated in Table 2.
The subgroup analyses specifically focused on the impacts of low-ratio LA/ALA diet on
lowering FBS, and no significant changes were observed. These analyses showed that
low-ratio LA/ALA supplementation had a significant increase on the insulin level in North
America (WMD: 1.31 ulU/mL, 95% CI: 0.08, 2.54, p = 0.037, I? = 32.0%). However, low-
ratio LA/ALA supplementation had no significant effect on insulin level in Asia (WMD:
0.12 pIU/mL, 95% CI: —0.46, 0.69, p = 0.693, 1? = 0.0%) and Europe (WMD: —0.08 ulU/mL,
95% CI: —0.85, 0.69, p = 0.835, I? = 0.0%). Studies stratified by health status showed a
combined effect, showing significantly lower HbAlc level in subjects with polycystic ovary
syndrome (WMD: —0.12%, 95% CI: —0.23, —0.00, p = 0.046, I? = 0.0%). When the trials
were categorized by region, the comprehensive analysis revealed a significant increase on
HOMA-IR among subjects in North America (WMD: 0.47, 95% CI: 0.10, 0.84, p = 0.012,
I2 = 0.0%) and an increase, but not a significant one, among subjects in Europe (WMD:
0.00, 95% CI: —0.42, 0.42, p = 0.260, I? = 25.8%) and Asia (WMD: 0.02, 95% CI: —0.15, 0.19,
p = 0.658, 12 = 0.0%).

To evaluate possible linear associations between the combined effect and continuous
confounding factors (intervention duration, LA/ALA ratio, age, and BMI), we conducted
meta-regressions. Our analysis revealed no significant linear relationships between FBS and
intervention duration, LA/ALA ratio, age, and BMI in the included studies (intervention
duration: p = 0.386; LA/ALA ratio: p =0.781; age: p = 0.214; BMI: p = 0.732). Similar findings
were observed in the meta-regressions analyzing insulin and its continuous confounders
(intervention duration: p = 0.534; LA/ALA ratio: p = 0.973; age: p = 0.233; BMI: p = 0.193),
as well as in the meta-regressions examining HOMA-IR and its continuous confounders
(intervention duration: p = 0.869; LA/ALA ratio: p = 0.683; age: p = 0.713; BML: p = 0.338).
However, due to the limited number of included studies (less than 10), a meta-regression
for HbAlc was not conducted.
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Table 2. Subgroup analysis of low-ratio LA/ALA on FBS, Insulin, HbAlc, and HOMA-IR.
FBS Insulin HbA1lc HOMA-IR
Subgroup N WMD (95% CI) *% N WMD (95% CI) *% N WMD (95% CI) ?% N WMD (95% CI)  I*%
Low-ratio LA/ALA
<1 3 —0.06 (—0.45, 0.33) 21.9 2 —0.17 (—0.99, 0.65) 0.0
1-5 19 —0.00 (—0.08, 0.07) 0.0 15 0.46 (—0.27,1.18) 13.3 7 —0.03 (—0.11, 0.05) 19.6 7 0.27 (—0.01,0.54) 0.0
>5 5 0.01 (—0.11, 0.13) 0.0 4 0.24 (—0.47,0.94) 0.0 2 0.02 (—0.15,0.19) 0.0 3 0.04 (—0.15,0.23) 0.0
Region
North America 6 —0.05 (—0.14, 0.02) 0.0 6 1.31 (0.08, 2.54) 32.0 5 —0.01 (—0.08, 0.07) 52.3 4 0.47 (0.10, 0.84) 0.0
Europe 13 —0.01 (—0.09, 0.07) 0.0 11 —0.08 (—0.85, 0.69) 0.0 4 —0.01 (—0.13,0.12) 0.0 3 0.00(—0.42,0.42) 25.8
Asia 8 0.00 (—0.12,0.12) 0.0 5 0.12 (—0.46, 0.69) 0.0 4 0.02(—0.15,0.19) 0.0
Health status
Health 9 0.05 (—0.04, 0.15) 0.0 13 —0.35 (—1.28,0.57) 8.6 5 —0.01 (—0.12,0.11) 0.0 2 0.02(—0.37,0.41) 35.6
Dyslipidaemia 7 —0.08 (—0.18, 0.03) 74 17 0.35 (—0.37, 1.06) 0.0 2 0.07 (—0.12,0.27) 0.0
Type 2 diabetes 4 —0.04 (—0.26,0.18) 0.2 4 1.25 (—0.01, 2.60) 45.3 3 0.07 (—0.02,0.17) 0.0 3 0.31(-0.10,0.71) 554
Overweight or obese 2 0.27 (—0.10, 0.64) 0.0 2 —0.25 (—4.36, 3.87) 0.0
Metabolic syndrome 3 —0.18 (—0.52,0.17) 0.0 —0.06 (—0.89, 0.76) 40.2
Polycystic ovary 2 0.09 (—0.20, 0.38) 0.0 4 1.49 (—1.01, 3.98) 3.2 2 —0.12 (-0.23, —0.00) 0.0 2 042 (—-0.26,1.10) 0.0
syndrome
Age
<45 11 0.05 (—0.04, 0.14) 0.0 10 0.01 (—0.62,0.63) 0.0 6 —0.06 (—0.14, 0.02) 0.0 3 0.04 (—0.28,0.36) 0.0
>45 15 —0.05 (—0.14, 0.04) 0.0 11 0.4 (—0.17,1.05) 11.5 2 0.11 (—0.04, 0.26) 13.2 7 0.10 (—0.06,0.26) 10.4
BMI
<25 9 —0.01 (—0.09, 0.07) 0.0 8 0.31 (—0.35,0.96) 0.0 4 —0.01 (—0.13,0.12) 0.0 2 0.07 (—0.12,0.27) 0.0
25-30 8 0.03 (—0.12,0.18) 2.1 4 —0.34 (—1.62,0.95) 41.1 3 0.02 (—0.07,0.14) 0.0 2 0.26 (—0.13,0.65) 0.0
>30 9 0.02 (—0.13, 0.16) 0.0 10 —0.23 (—0.41, 0.88) 2.3 3 —0.04 (—0.14, 0.06) 72.3 7 0.03(—0.22,0.28) 27.6
Smoking
Non-smoker 14 0.01 (—0.10,0.11) 0.0 13 0.19 (—0.52, 0.89) 24.3 7 —0.03 (—0.11, 0.05) 21.9 5 0.22(—0.14,0.59) 21.0
Mixed 9 —0.02 (—0.12, 0.08) 0.0 6 0.21 (—0.35,0.78) 0.0 4 0.06 (—0.10,0.22) 0.0
NR 4 0.05 (—0.11, 0.20) 0.0 3 0.16 (—2.04,2.37) 49.9 2 0.04 (—0.08, 0.15) 0.0 2 0.07 (—0.48,0.63) 67.1
Duration
<12W 15 0.01 (—0.07, 0.09) 0.0 13 0.38 (—0.37,1.12) 32.0 7 —0.03 (—0.10, 0.05) 94 6 0.26 (—0.06,0.59) 5.2
>12W 12 —0.02 (—0.12, 0.08) 0.0 9 0.11 (—0.42,0.64) 0.0 2 0.04 (—0.08, 0.15) 0.0 5 0.04 (—0.12,0.20) 0.0

Abbreviations: CI, confidential interval; N, number of included studies; LA/ALA, linoleic acid/alpha-linolenic acid; BMI, body mass index; NR, not reported; W, weeks.
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3.4. Discussion

Despite the compelling evidence indicating the association between ALA and reduced
cardiovascular disease (CVD) risk [46], as well as the lipid-lowering effects of ALA intake
in hyperglycemic patients [47], the findings from meta-analyses investigating the impact of
dietary ALA intake on T2DM events and glycemic control markers are inconclusive [48-50].
LA and ALA have the same desaturase and compete for inhibition in metabolic path-
ways, making the LA/ALA ratio more important than the absolute intake of both. The
present systematic review and meta-analysis incorporated data from 21 RCTs encompassing
1415 participants. Our findings revealed that the administration of low-ratio LA/ALA diet
did not yield any significant impact on FBS, insulin, HbAlc, and HOMA-IR. The findings
were robust across the different studies included and analyzed and were not affected by
sensitivity analysis.

Several studies have reported that after dietary intake of low-ratio LA/ALA, FBS
decreases [32,43,51,52] or remains unchanged [30,34], and plasma insulin increases [24,37]
or remains unchanged [23,29]. When conducting subgroup analysis, it was observed that
individuals following a low-ratio LA/ALA diet in North America exhibited significantly
higher plasma insulin and HOMA-IR levels compared to their counterparts in Asia and
Europe regions. There was a trend toward lower FBS in North America and Europe,
while the opposite was observed in Asia. Due to the very low quality of evidence, the
meta-analysis of the trials suggests that the impact of ALA on the diagnosis of diabetes is
uncertain [49]. A meta-analysis of RCTs in diabetic patients showed little effect of dietary
intake of ALA on the measurement of glucose-related biomarkers [53]. A meta-analysis of
low evidence suggests that ALA elevates fasting insulin levels. Higher erythrocyte ALA
levels were negatively associated with T2DM risk in participants with a low genetic risk for
T2DM, whereas high genetic risk eliminated the association between ALA and T2DM [54].
The variation in the response to low-ratio LA/ALA observed between Asian and Western
populations could be attributed to the strong influence of genetic factors and environmental
factors, including dietary habits, on the development of diabetes [55].

In the subgroup with polycystic ovary syndrome (POS), the low-ratio LA/ALA sup-
plementation had a significant effect on the reduction of HbAlc level. Kalgaonkar’s study
showed that 31 patients with POS received a diet containing 31 g of total fat per day with
walnuts or almonds for 6 weeks. The walnut group reduced the low-ratio LA/ALA in the
ration and plasma phospholipids, increasing insulin by 36 pmol /1 and reducing HbAlc
by 0.2% [22]. Another study by Vargas did not show effects on HbAlc and FBS, among
others [44]. Caution should be given in interpreting these findings as the limited literature
and small sample size may limit generalizability. Within this subgroup, there were only
two studies, and the findings from Kalgaonkar’s study had a notable impact on the overall
reliability of the pooled results.

No significant differences were observed in the outcomes across the subgroups when
grouping was based on the LA/ALA ratio. In the subgroups with low-ratio LA/ALA
greater than 5, results were worse for all markers of glycemic control. In the range of
LA /ALA ratio less than 1, levels of FBS and Insulin were decreased but not significantly.
In the subgroups with the low-ratio LA/ALA greater than 1 less than 5, levels of FBS and
HbA1lc were decreased but not significantly. This suggests that the high-ratio LA/ ALA may
have a negative impact on diabetes. These findings align with a prior systematic review,
which also found that the subgroup with a n—6/n—3 PUFA ratio of less than 5 exhibited
tendencies towards improvements in FBS, insulin levels, and insulin resistance [56].

When the intervention duration extended beyond 12 weeks, there was a tendency for
a decrease in FBS, albeit not statistically significant. Conversely, when the intervention
duration <12 weeks, the results showed the opposite trend. Despite the lack of statistical
significance, it appeared that the low-ratio LA/ALA diet had a tendency to improve FBS
level as compared to the high-ratio LA/ALA. This suggests that long-term treatment may
have a stronger positive effect. Dietary intake of 9.5 g ALA for 6 months improved glycemic
and lipid-related markers [32]. Data from 25 hypercholesterolemic menopausal women
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subjects suggest that a sustained long-term intake of low-ratio LA/ALA improves mild
menopausal symptoms, reduces FBS and insulin levels, and facilitates changes in markers
associated with cardiovascular health [52]. Dietary intake of 40 g of flaxseed for 12 weeks
reduced thiobarbituric acid reactive substances (TBARS) and HOMA-IR [57]. ALA has been
found to exert effects on specific diseases, which could potentially be associated with its
influence on the absorption and metabolism pathways of PUFA within the body. The low-
ratio LA/ALA diet initiates a cascade of beneficial effects starting with the enhancement of
lipid metabolism. This improvement in lipid metabolism subsequently leads to a reduction
in insulin resistance. Over a prolonged period of intervention, the low-ratio LA/ALA
diet gradually contributes to the amelioration of blood glucose levels. However, given the
limited amount of literature and small sample size, these findings should be interpreted
with caution. Further studies in the form of large-scale, high-quality, and long-term RCTs
are required to validate these results.

Most of the existing meta-analyses are mostly limited to analyzing the effect of ALA
on diabetes risk and blood glucose. The current study represents a novel contribution
by systematically investigating the correlation between plant-derived LA /ALA ratio and
various glucose-related biomarkers. Notably, this study included high-quality summary
statistics derived from a substantial sample size of 1415 subjects enrolled in 21 indepen-
dent RCTs across 13 different countries. Furthermore, the robustness of the findings was
supported by sensitivity analyses, and the absence of significant publication bias was
demonstrated by Begg’s test and Egger’s test. However, it is important to acknowledge
the limitations and shortcomings of our meta-analysis. Firstly, all the trials included in our
analysis were conducted for relatively short durations, generally not exceeding 6 months.
Therefore, the long-term impacts of dietary fat of the low-ratio LA/ALA on blood glucose
level remain a topic that warrants further exploration in future research. Additionally, it
should be noted that energy expenditure and the proportions of different types of FA were
not constant across all the intervention periods in the included trials. These factors could
potentially introduce variability and influence the outcomes of our analysis. It is worth
noting that the FA compositions and other bioactive components can vary among different
sources of LA and ALA. Thus, it remains necessary to investigate whether these factors
mentioned above have an influence on the impacts of the LA/ALA ratio. Additionally, a
significant proportion of the studies considered in our analysis consisted of limited sample
sizes, frequently comprising less than 100 participants. Furthermore, the use of crossover
(CO) designs in certain trials to bolster the effective sample size may have introduced
certain complexities that could have impacted the overall outcomes. Insufficient data and
imprecise categorization in certain studies might have compromised the subgroup analyses.

4. Conclusions

The types of FA in the diet are complex, and rarely are LA or ALA ingested singly.
This systematic review and meta-analysis pooled 21 RCTs of low-ratio LA/ALA diet, en-
compassing 1415 subjects in 13 countries. The results found no effect of low-ratio LA/ALA
diet on FBS, insulin, HOMA-IR, and HbA1lc. Plasma insulin and HOMA-IR levels were
significantly higher in North American patients on a low-ratio LA/ALA diet, compared
to Asian and European regions. To comprehensively assess the prolonged impacts of
low-ratio LA/ALA diet, it is imperative to incorporate additional RCTs encompassing
diverse geographical regions and ethnicities.
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