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ABSTRACT

Introduction: Iron profiles in patients with type 2 diabetes (T2D) are inconsistent. In this study, we assessed the
levels of hepcidin, a regulatory protein involved in iron homoeostasis, in patients with T2D. We further evaluated
the surrogate markers of hepcidin action, particularly those associated with erythropoiesis.

Methods: This systematic review and meta-analysis was reported following the Meta-analysis Of Observational
Studies in Epidemiology (MOOSE) guidelines. We searched for relevant studies in electronic databases from
inception until 31 October 2020 without any language restriction. The random effects model was used to calculate
effect estimates, and outcomes were reported as either standardised mean difference (SMD) or mean differences
(MD), 95 percent confidence interval (95% CI).

Results: Eleven studies involving 2 620 participants were included in this study. Patients with T2D had a slight
increase in hepcidin levels when compared to controls SMD: 0.07 [95% CI: -0.30, 0.44]. The subgroup analysis
showed that studies involving patients with T2D who were overweight reported elevated hepcidin levels SMD:
0.35 [95% CI: 0.07, 0.62] whilst those with grade I obesity described reduced levels SMD: -0.42 [95% CI: -1.21,
0.38]. All T2D patients had low levels of haemoglobin MD: -0.23 g/dl [95% CI: -0.46, -0.01] irrespective of body
weight.

Conclusion: The levels of hepcidin are altered in patients with T2D and are disproportionately influenced by
weight. Moreover, patients with T2D present with subclinical anaemia despite elevated iron stores. The regulation
of hepcidin in patients with T2D is dependent on several factors and vary greatly, thus its sole use in clinical
settings may be less beneficial.

1. Introduction

relationships between poor glucose control and iron metabolism sparked
interest in investigating iron metabolism in T2D, particularity on the

Obesity is an independent risk-factor for several non-communicable
disease (NCD) which includes type 2 diabetes (T2D) [1]. An obese
state in patients with T2D is associated with exacerbated systemic
inflammation and an increased degree of insulin resistance [2, 3]. T2D is
also considered as a chronic inflammatory condition that is characterised
by insulin resistance and hyperglycaemia [4]. A growing body of evi-
dence linking dysregulated iron metabolism and T2D has been described
over the years [5, 6, 7]. Whereby, both conditions of iron deficiency
anaemia [8, 9] and in some instances iron overload [6, 10, 11] have been
widely reported in patients with T2D. The reported different
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modulators of iron intake, release, and transportation. One of these
regulators is hepcidin, an acute phase protein synthesised in the liver and
encoded by the HAMP gene, that inhibits iron release from macrophages
and uptake from intestinal cells through its interaction with ferroportin,
an iron importer protein [12, 13]. The synthesis of hepcidin is induced by
the janus kinase/signal transducer and activator of transcription (JAK/-
STAT) and bone morphogenetic protein/s-mothers against decap-
entaplegic (BMP/SMAD) signalling pathways mediated by interleukin
(IL)-6 and BMP-6 in response to inflammation and iron status, respec-
tively [14, 15].
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Hepcidin plays a pivotal role in regulating iron homeostasis and
indirectly modulates red cell production [16]. In that context, the release
of erythropoietin, a major regulator of erythropoiesis, blocks hepcidin
secretion via erythroferrone action leading to increased iron supply to the
bone marrow for erythropoiesis [16, 17]. Consequently, aberrant hep-
cidin levels are associated with anaemia of chronic disease (ACD), a
common feature of chronic inflammatory diseases such as T2D [17].
Interestingly, this mild to moderate ACD is attributed to increased release
of pro-inflammatory IL-6 which in addition to promoting hepcidin syn-
thesis, has anti-erythropoietic effects induced by inhibiting the prolifer-
ation of erythroid precursor cells and erythropoietin action [9, 14]. The
reduction in hepcidin expression may also cause ineffective erythropoi-
esis, leading to iron-loading anaemia deficiency as previously reported
elsewhere [18]. The dysregulation of hepcidin levels is also associated
with non-alcoholic fatty liver disease (NAFLD), a metabolic disorder that
is closely associated with hyperglycaemia and insulin resistance [19, 20].
The elevated levels of hepcidin in NALFD leads to the excessive accu-
mulation of hepatic iron stores coupled with a deficiency in serum levels
[21]. Notably, this increase in hepcidin levels is attributed to obesity [22]
and consequently, NALFD has become a growing complication of dia-
betes with a prevalence of 54% in T2D cases [23]. The resulting dys-
metabolic iron overload syndrome (DIOS) in NAFLD and T2D is driven by
insulin resistance and low-grade inflammation [21, 22, 24].

Although it is apparent that hepcidin is an important regulator of iron
metabolism, its levels together with its surrogate in patients with T2D
remain elusive. For instance, elevated [5, 6, 7, 25] and comparable [10,
26, 27, 28] levels of hepcidin between patients with T2D and healthy
controls have been previously shown [10, 11, 27, 29, 30]. Whilst others
have reported a marked reduction in the levels of hepcidin in patients
with T2D [11, 29, 30]. Therefore, these findings suggest the presence of
other underlying factors besides poor glucose control in these patients
that may influence hepcidin levels. These include the severity of obesity
(which is associated with increased insulin resistance and IL-6 levels [27,
31]) and DIOS, but also the presence of hemochromatosis and
beta-thalassemia major (which is associated with increased beta-cell
damage and impaired insulin synthesis and action) [22, 32, 33]. There-
fore, inferences on the levels of hepcidin in poor glucose control will be
important in the risk stratification of T2D and the development of its
associated complications that are mediated by altered iron metabolism.
In this systematic review and meta-analysis, we comprehensively
assessed available literature reporting on the expression of hepcidin in
patients with T2D and further explored how obesity impacts these levels.
Lastly, we assessed the levels of surrogate markers of iron metabolism
influenced by hepcidin action.

2. Methods

This systematic review and meta-analysis was reported following the
Meta-analysis Of Observational Studies in Epidemiology (MOOSE)
guidelines [34]. A detailed MOOSE checklist is provided in Table 1S. A
protocol was designed for this study and was agreed upon by all authors
before conducting the qualitative and quantitative synthesis. However, it
was not registered and therefore the protocol does not have a registration
number.

2.1. Information sources and search strategy

A comprehensive search strategy was designed by two independent
reviewers (FN and PVD) with the help of an experienced librarian. The
MEDLINE electronic database, and Google Scholar as well as grey liter-
ature including preprints, were searched from inception until 31 October
2020. The reviewers used the following Medical Subject-Heading
(MeSH) terms and text words to retrieve relevant studies; “hepcidin”
AND ‘type 2 diabetes mellitus’. The reference lists of included studies
were further scanned for additional relevant studies. No language re-
strictions were applied, and a detailed MEDLINE search strategy using
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PubMed search engine is shown in Table 2S. We retrieved studies to
address the following research questions;

1. Are there differences in the levels of regulatory proteins involved in
iron homoeostasis in patients with T2D?

2. Does the degree of obesity in these patients influence the levels of iron
regulatory proteins?

2.2. Eligibility criteria and study selection

Studies were independently screened and selected by two reviewers
(FN and BBN) using a pre-defined inclusion and exclusion criteria. In
cases of disagreements, third reviewer (TMN) was consulted for arbi-
tration. We included experimental and observational studies that re-
ported on hepcidin levels in patients with T2D irrespective of the age. We
excluded reviews, case studies, letters to the editor and animal studies.

2.2.1. Participants
Patients living with T2D and individuals with normal glucose control
(normoglycaemics).

2.2.2. Intervention and comparator
No intervention was considered in this study and the comparators
included normoglycaemics (controls).

2.2.3. Outcomes

The primary outcome of this study was to determines the level of
regulatory proteins involved in iron homoeostasis. The secondary
outcome involved iron profiles modulated by iron regulatory proteins.

2.3. Data extraction and management

Two independent reviewers (FN and TMN) extracted detailed study
information and characteristics using a predefined data extraction form
adapted from the Cochrane Consumers and Communication Review
Group data extraction for included studies template [35]. The following
data were extracted from each study, author's name and year of publi-
cation, country, number of participants, number of males, age and body
mass index (BMI) as well as effect measures (levels of hepcidin, iron,
haemoglobin, ferritin and hepcidin:ferritin ratio) and main findings.
Discrepancies in the extracted data items were resolved through discus-
sions or consultating the third reviewer (BBN).

2.4. Risk of bias and confidence in the cumulative evidence

The risk of bias in the included studies was assessed by two inde-
pendent reviewers (FN and EPN) using the modified Newcastle-Ottawa
scale, adapted for observational studies [36]. Briefly, a star system was
used to appraise studies based on three domains (selection, compara-
bility, and outcome ascertainment). A study was rated unsatisfactory if
the score was between 0-4, satisfactory if 5-6, good if 7-8 and very good
if 9-10. Inconsistencies in the scores were resolved by consulting the
third reviewer (TMN). The quality of the included studies was assessed
used the Grading of Recommendations Assessment, development, and
Evaluation (GRADE) approach to evaluate cumulative evidence quality
[37].

2.5. Statistical analysis

The random-effects model was used to estimate the effect size and the
2 was used to test for statistical heterogeneity. The effect estimates were
reported as the standardised mean difference (SMD) or mean differences
(MD), 95 percent confidence interval (95% CI) depending on the re-
ported effect measure and units of measurement, and the Cohen's
d method was used to interpret the calculated pooled estimates [38]. We
performed a subgroup-analysis based on the reported BMI (overweight
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vs. obesity), which may have an influence on hepcidin levels [25]. We
further conducted a sensitivity analysis to explore the sources of unex-
plained statistical heterogeneity amongst the included studies and to
evaluate the robustness of the reported overall effect estimates. The
Cohen's Kappa (k) was used to assess inter-rate reliability on study se-
lection and risk of bias assessment [39]. A p-value<0.05 was considered
statistically significant whilst a p-value of less than 0.1 was considered
statistically significant in the subgroup analysis [40]. Publication bias
was assessed using visual inspection of funnel plots. All statistical anal-
ysis was performed using Review Manager (RevMan V.5.3) software.

3. Results
3.1. Selected studies

We identified a total of 37 citations, of which thirty-five were
retrieved from PubMed (n = 35) and two from other sources (n = 2).
After the abstract screening phase, we excluded twenty studies (n = 20)
as these were not relevant to the topic of interest. Furthermore, six ci-
tations (n = 6) were excluded upon the full-text screening phase due to
not reporting on suitable control group or hepcidin levels (n = 3) or not
reporting adequate study-level data (n = 3). Therefore, only 11 studies
met the inclusion criteria and had enough data for the qualitative and
quantitaive synthesis (Figure 1).

3.2. Characteristics of included studies

All included studies [5, 6, 7, 10, 11, 25, 26, 27, 28, 29, 30] were
observational studies published between 2011 and 2018, and were from
Egypt [5], Colombia [30], Germany [11], Chile [25], Finland [29], Israel
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[28] and the rest from China (n = 4) [6, 7, 10, 26]. However, one study
by Vela and colleagues [27] did not indicate the country where the study
was conducted. This systematic review and meta-analysis included a total
of 2 620 participants, of which 1276 (49%) had T2D and a mean age of
60.49 + 10.93 years. The remaining 1344 (51%) were healthy in-
dividuals, with a mean age of 54.03 + 12.24 years, and a male to female
ratio of 0.98. Amongst the T2D group, 899 individuals were overweight
(BMI>25 but less than 30 kg/mz) and were reported in 5 of the included
studies [6, 7, 10, 26, 27] whilst 337 individuals had grade I obesity
(BMI>30 but less than 35 kg/mz) and were reported in 4 of the included
studies [11, 28, 29, 30]. One study reported both overweight and obese
T2D patients [25] while the other did not specify the degree of obesity
[5] (Table 1).

3.3. Study quality and publication bias

The quality assessment for included studies was rated using the
Newcastle-Ottawa scale (Table 3S). The median score range of included
studies was 7 (5-9) out of total 10 scores. Four of the studies were rated
as satisfactory [5, 25, 27, 29] and 6 as good [6, 7, 11, 26, 28, 30] with
only one study as very good [10]. Briefly, the selection domain for
included studies had a median of 3 (2-4) out of 5 overall score (overall
agreement 86.36%, kappa = 0.73), comparability median of 1 (1-2) out
of 2 maximum stars (overall agreement 54.55%, kappa = 0.09) and
outcome median of 2 (2-3) out of 3 possible stars (overall agreement
95.46%, kappa = 0.91) Table 2S. Visual assessment of funnel plots
indicated no potential publication bias (Figure 1S).
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Figure 1. PRISMA flow diagram showing the study selection process.




Table 1. Characteristics of included studies reporting on hepcidin levels and iron profiles in patients with type 2 diabetes (T2D) (n

Study Country Study size Male, n (%) Age (years) Reported effect measures of iron Main findings

BMI [kg/mz] metabolism in serum
Jiang et al., China 64 participants 35 (55%) T2D Hepcidin, haemoglobin, The levels of hepcidin, ferritin and
2011 [6] (34 T2D and 30 controls) (60.88 + 10.99) ferritin and erythropoietin erythropoietin were elevated in

[25.72 + 3.28] T2D patients, whilst haemoglobin

Control levels were lower than in healthy

(60.19 + 6.74) controls.

[22.52 + 2.44] The levels of hepcidin positively
correlated with ferritin levels
among T2D individuals and the
controls.

Zheng et al., China 238 participants 77 (32%) T2D Hepcidin, iron, Levels of hepcidin and iron were
2011 [10] (168 T2D and 70 controls) (62.7 + 8.7) haemoglobin, and ferritin comparable between T2D patients

[25.4 + 3.65] and controls. However, the levels

Control of ferritin and haemoglobin were

(52.94 £ 8.03) elevated in patients with T2D.

[24.28 + 1.25]

Guo et al., China 1259 participants 422 (34%) T2D Hepcidin, The levels of hepcidin were
2013 [26] (555 T2D and 704 controls) (64.45 £ 9.16) ferritin and haemoglobin comparable between patients with

[25.3 + 3.49] T2D versus controls. However, the

Control levels of ferritin and haemoglobin

(58.55 + 9.56) were elevated in the T2D group.

[24.46 + 3.33] A significant positive correlation
was found between hepcidin and
haemoglobin levels in patients
with T2D.

Sam et al., Finland 66 participants 46 (70%) T2D Hepcidin, ferritin, Patients with T2D had lower levels
2013 [29] (33T2D and 33 controls) (53.34 £ 3.69) hepcidin: ferritin ratio, of hepcidin, hepcidin:ferritin ratio

Andrews et al.,
2015 [25]

Suarez-
Ortegon et al.,
2015 [30]

Vela et al.,
2017 [27]

Chile 312 participants
(166 T2D and 146 controls)

Colombia 304 participants
(65 T2D and 239 controls)

Not indicated

312 (100%)

148 (49%)

57 (71%)

[32.23 + 1.09]
Control

(49.63 =+ 6.50)
[31.03 + 1.82]

T2D"

(59.38 £ 9.04)
[29.23 + 3.73]
Control

(51.4 £ 15.7)
[24.6 + 2.2]

T2D

(53.1 £8.3)
[30.4 + 5.4]
Control
(45.5 £7.7)
[26.0 + 3.6]
T2D

(55.6 + 6.1)

haemoglobin

Hepcidin, iron,
ferritin and haemoglobin

Hepcidin, hepcidin:
ferritin ratio, ferritin

Hepcidin, hepcidin:
ferritin ratio, ferritin,

and haemoglobin levels when
compared to controls. On the
other hand, ferritin levels were
increased in T2D patients when
compared to controls.

Increased levels of hepcidin, iron
and ferritin levels were reported in
T2D patients in comparison to
controls. These increments were
further exacerbated by the
presence of obesity in T2D
patients. Haemoglobin levels were
decreased in T2D patients
compared to controls.

Notably, increased hepcidin levels
were associated with iron and
increased risk of developing T2D
independent of weight.

Hepcidin levels and hepcidin:
ferritin ratio were significantly
decreased in patients with T2D in
comparison to controls. However,
ferritin levels were comparable
between T2D and control.
Hepcidin and hepcidin:ferritin
ratios were comparable between

(continued on next page)
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Table 1 (continued)

Study Country Study size Male, n (%) Age (years) Reported effect measures of iron Main findings
BMI [kg/mz] metabolism in serum
80 [28.4 + 3.7] iron, haemoglobin, T2D patients and control group.
participants Control haematocrit, and However, ferritin and iron levels
(60 T2D and 20 controls) (58.1 £ 9.3) red blood cell count were increased in T2D patients
[27.2 + 3.4] whilst the levels of haemoglobin,
haematocrit and red blood cells
count were decreased.
There was no significant
association between hepcidin
levels and glucose or
haematological parameters.
Altamura et al., Germany 155 113 (73%) T2D Hepcidin, iron, Patients with T2D had reduced
2017 [11] Participants (60.2 £+ 6.9) ferritin and haemoglobin hepcidin levels when compared to
(115 T2D and40 Controls) [33.1 + 5.5] and haematocrit. control group. However, the levels
Control of iron and ferritin were increased
(579 +£11.7) in T2D patients whilst
[28.0 + 4.4] haemoglobin and haematocrit
levels were comparable.
Notably, a significant positive
association was found between
iron and ferritin levels among
patients with T2D.
Atyia et al., Egypt 60 participants Not reported T2D Hepcidin, ferritin, Hepcidin and ferritin levels were
2018 [5] (40 T2D and 20 controls) (49.23 + 5.62) iron and hepcidin: elevated in patients with T2D
[Not reported] ferritin ratio. when compared to controls, whilst
Control iron levels were comparable
(48.55 £ 7.76) between T2D and control group
[Not reported] with T2D patients exhibiting
lower hepcidin: ferritin ratio.
Elevated iron levels were
associated with high risk of T2D.
Guo et al., China 44 participants 29 (73%) T2D Hepcidin, Hepcidin and ferritin levels were
2018 [7] (22 T2D and 22 Controls) (56.45 + 11.80) ferritin and hepcidin: elevated whilst hepcidin: ferritin
[25.48 + 3.45] ferritin ratio ratio was decreased in T2D
Control patients in comparison to the
(52.45 + 10.01) controls.
[24.43 + 2.33]
Shalitin et al., Israel 38 participants 25 (66%) T2D Hepcidin. There were no differences in
2018 [28] (18 T2D and 20 controls) (15.1 £ 3.1) hepcidin levels between T2D the
[2.45 + 0.43]" control group.
Control
(13.1 + 3.0)
[2.39 £ 0.36]

# T2D group comprised of lean [Age: 61.3 + 10.0; BMI: 25.4 + 2.1] and obese [Age: 58.3 + 8.3; BMI: 31.4 + 2.5] groups.

" : BMIZ scores.
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T2D Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI v, 95% CI
Overweight T2D
Andrews 2015 234 106 60 19 87 146 9.7% 0.471[017,0.78] El
Guo 2013 3444 2698 555 3234 2275 704 104% 0.08 [-0.03, 0.20] r
Guo 2018 197.92 103.04 22 179.37 7986 22 8.0% 0.20 [-0.39,0.79] T
Jiang 2011 778.91 17522 34 513.44 28173 30 8.4% 1.13[0.60,1.67] s
Vela 2017 18.4 79 60 14.4 6.7 20 8.5% 0.521[0.01,1.03] —
Zheng 2011 901 97.75 168 90.28 106.11 70 9.8% -0.00[-0.28,0.28] T
Subtotal (95% CI) 899 992 54.8% 0.35[0.07,0.62] >
Heterogeneity: Tau®= 0.08; Chi*= 21.90, df= 5 (P = 0.0005); F=77%
Test for overall effect: Z= 2.47 (P = 0.01)
Obese T2D
Altamura 2017 10.9 59 115 202 147 40 93% -1.03 [-1.41,-0.65] =
Andrews 2015 252 108 106 19 87 146 9.9% 0.64 [0.38, 0.90] e s
Sam 2013 2275 8.96 33 3451 1038 33 8.4% -1.20 [1.73,-0.67] -
Shalitin 2018 10.78 2 18 1025 143 20 77% 0.30[-0.34, 0.94] T
Su‘arez-Orteg’on 2015 59 3.4 65 99 54 239 9.8% -0.79[-1.07,-0.51] o
Subtotal (95% CI) 337 478 452% -0.42[-1.21,0.38] . _d
Heterogeneity: Tau®= 0.77, Chi*=92.17, df= 4 (P < 0.00001); F= 96%
Test for overall effect: Z=1.03 (P=0.31)
Total (95% CI) 1236 1470 100.0% 0.02[-0.33,0.37]

Heterogeneity: Tau®= 0.30; Chi*= 135.58, df= 10 (P < 0.00001); F= 93%
Test for overall effect: Z=0.13 (P = 0.90)
Test for subgroup differences: Chi*= 3.16, df=1 (P = 0.08), F= 68.3%

. S

I T
Decreasedin T2D Increasedin T2D

Figure 2. A subgroup analysis of hepcidin levels in type 2 diabetes (T2D) patients based on degree of obesity, between overweight T2D (BMI >25 but less than 30 kg/
m?) and grade I obese T2D (BMI>30 but less than 35 kg/m?). Hepcidin levels were significantly increased in overweight T2D when compared to patients with grade

1 obesity.

3.4. Data synthesis

3.4.1. Reported metabolic parameters in included studies

Fasting blood glucose levels were reported in 9 (82%) of the included
studies [5, 6, 7, 10, 11, 26, 27, 28, 30]. Overall, the pooled effect esti-
mates of fasting blood glucose levels, showed a large effect size between
patients with T2D and controls (SMD: 2.19 [95% CIL: 1.41, 2.98]; P=
97%, pH<0.00001) (Figure 2aS). A total of 4 (36%) studies reported on
insulin levels [10, 27, 28, 30] and pooled effect showed increased insulin
levels in patients with T2D when compared to controls (SMD: 1.34 [ 95%
CI: 0.07, 2.601; ¥ = 97%, p''<0.00001) (Figure 2bS). Glycated haemo-
globin levels were reported in 8 (73%) of the included studies [5, 6, 10,
11, 26, 27, 28, 29] and were increased in patients with T2D when
compared to controls (MD: 2.30% [95% CIL: 1.82, 2.77]; P = 97%,
p1<0.00001) (Figure 2cS.

3.4.2. Primary findings on hepcidin levels in patients with T2D

A total of 11 (100%) studies reported on hepcidin levels in T2D pa-
tients. The qualitative synthesis of 4 included studies (36%) [5, 6, 7, 25]
showed elevated levels of hepcidin in T2D when compared to controls,
whilst 3 studies (27%) [11, 29, 30] described decreased hepcidin levels
in T2D patients in comparison to controls. In contrast, the other 4 studies

(36%) [10, 26, 27, 28] reported on comparable hepcidin levels between
T2D and control groups (Table 1). Nonetheless, the pooled effect esti-
mates showed a slight increase in hepcidin levels between patients with
T2D and controls (SMD: 0.07 [95% CI -0.30, 0.44]; P = 93%,
p1<0.00001) (Figure 3S).

To investigate sources of heterogeneity amongst the 11 studies, we
performed a subgroup analysis based on the classification of weight
status by BMI. Normal weight is considered as BMI<25 kg/m?, over-
weight as BMI >25 but less than 30 kg/m? whilst class I, II and III obesity
as BMI >30 but less than 35 kg/m?, BMI >35 but less than 40 kg/m? and
BMI >40 kg/m?, respectively. In this subgroup analysis, we included 10
studies [6, 7, 10, 11, 25, 26, 27, 28, 29, 30] and we omitted the study by
Atyia and colleagues [5] as they did not specify the degree of obesity
amongst the included participants. Subsequently, the test for subgroup
differences showed a significant subgroup effect (p = 0.08) [40]. Thus,
the overall classification of body weights based on the reported BMI
modified the overall effect of hepcidin levels. Studies that reported on
T2D patients who were overweight showed significantly elevated hep-
cidin levels in comparison to controls (SMD: 0.35 [95% CI: 0.07, 0.62]; P
=77%, pH = 0.0005) (Figure 2). In contrast, studies that involved T2D
patients with grade I obesity described reduced levels of hepcidin (SMD:
-0.42 [95% CI: -1.21, 0.38]; I = 96%, p'<0.00001) (Figure 2). Notably,

Table 2. Pooled effect estimates of surrogate markers of hepcidin in patents with type 2 diabetes (T2D).

Effect Measure Number of Studies

Number of participants Effect Estimate

Model MD SMD 95% CI P, p-value Z, p-value
Iron levels Overall 5 [10,11,25,27] 931 RE 0.06 -0.26to 0.39 80%, pH =0.0005 0.38, p =0.70
Overweight T2D 3 [10,25,27] 524 -0.11 -0.57t00.36 81%, p' = 0.005 0.46, p = 0.65
Obese T2D 2 [11,25] 407 0.30 -0.30t00.90 86%, p' = 0.007 0.98, p = 0.33
Haemoglobin levels Overall 8 [6,10,11,25,26,27,29] 2320 RE -0.23 - -0.46 to -0.01  85%, p™ <0.00001 2.02, p = 0.04
Overweight T2D 5 [6,10,25-27] 1847 -0.43 - -0.94t00.07  87%, p" <0.00001 1.68, p = 0.09
Obese T2D 3 [11,25,29] 473 -0.15 - -0.27 t0 -0.03 0%, p = 0.37 2.44,p = 0.01
Ferritin levels Overall 10 [6,7,10,11,25,26,27,29,30] 2668 RE 0.60 0.32t00.88  88%, p™ <0.00001 4.15, p < 0.00001
Overweight T2D 6 [6,7,10,25,26,27] 1891 0.57 0.31 to 0.83 74%, p = 0.02 4.28, p < 0.0001
Obese T2D 4 [11,25,29,30] 777 0.65 -0.08t01.37 95%, p' <0.00001 1.75, p = 0.08
Hepcidin:ferritin ratio  Overall 4 [7,27,29,30] 494 RE -0.19 - -0.46 to 0.08 96%, pH<0.00001 1.35, p = 0.18
Overweight 2 [7,27] 124 0.01 - -0.08 t0 0.09 0%, p™ = 0.91 0.16, p = 0.87
T2D Obese T2D 2 [29,30]) 370 -0.37 - -0.70 to -0.05  96%, p" <0.00001  2.23. p = 0.03

T2D groups were compared to heathy controls.
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Table 3. Summary of findings table.

Type 2 diabetes compared to healthy controls

Patient or population and Exposure: Individuals with T2D
Comparison: Healthy controls (normoglycaemics)
Outcome: Hepcidin levels and iron overload

Outcomes Absolute effects* (95% CI) Relative effect (95% CI) N2 of participants Certainty of the evidence Comments
tudi GRADE

Risk with control Risk in T2D patients (studies) ( )
Iron regulator proteins The standardised MD in 2 620 (11 observational 00
Measured by the levels of the exposure group was studies) LOW
hepcidin 0.07 higher (-0.30 to

0.44)

Iron profiles The mean level in the 2 320 (8 observational 00
Measured by exposure group was -0.23 studies) LOW

haemoglobin levels mg/dl lower (-0.46 to

-0.01)

CI: Confidence interval; MD: Mean difference; OR: Odds ratio; NE: Not estimable.

GRADE Working Group grades of evidence.

High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is

substantially different.

Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect.
" The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the

intervention (and its 95% CI).

the sources of heterogeneity remained high in the subgroup analysis. To
further investigate sources of heterogeneity and the robustness of our
results, we performed a sensitivity analysis based on treatment, age and
C-reactive protein levels which are known to influence hepcidin levels.
The SMDs did not change direction nor the magnitude of our effect size
and the levels of heterogeneity remained substantial (Table 4S).

3.4.3. Surrogate markers of hepcidin

3.4.3.1. Serum iron levels. Overall, 45% of the included studies (n = 5)
reported on iron levels [5, 10, 11, 25, 27]. Of these, 3 studies [5, 10, 41]
reported comparable iron levels between T2D and controls. The other 2
studies [11, 25] described elevated levels in T2D when compared to
controls (Table 1). However, pooled effect estimates showed a slight
increase in iron levels in patients with T2D when compared to controls
(SMD: 0.06 [95% CI: -0.26, 0.391; P= 80%, pH = 0.0005) (Table 2).
Although the test for subgroup differences was not significant (p = 0.29),
it is important to note that in the overweight T2D, the iron levels were
lower than healthy controls.

3.4.3.2. Haemoglobin levels. A total of 8 of the included studies reported
on haemoglobin levels. Two citations [10, 26] reported increased hae-
moglobin levels in T2D when compared to the control group, whilst the
other 5 studies described decreased [6, 25, 27, 29] and comparable [11]
haemoglobin levels (Table 1). The pooled estimates showed, significantly
decreased levels of haemoglobin in patients with T2D when compared to
healthy controls (MD: -0.23 g/dl [95% CI: -0.46, -0.01]; P = 85%,
pH<0.00001) (Table 2). Although the test for subgroup differences was
nonsignificant (p = 0.28), the reduction of haemoglobin levels in the
obese subgroup was suggestive of subclinical anaemia in these patients (p
= 0.01).

3.4.3.3. Ferritin levels. Approximately 91% of the included studies (n =
10) reported on ferritin levels, with 9 of these [5, 6, 7, 10, 11, 25, 26, 27,
29] showing elevated levels of ferritin in T2D when compared to con-
trols, whilst one study described comparable levels [30]. The pooled
effect estimates showed significantly increased ferritin levels in patients
with T2D when compared to healthy controls (SMD: 0.60 [95% CI: 0.32,
0.88]; P= 88%), pH<O.00001) (Table 2). The test for subgroup analysis

was insignificant (p = 0.85), thus iron stores were not influenced by body
weight.

3.4.3.4. Hepcidin:ferritin ratio. A total of 5 of the included studies re-
ported on the hepcidin: ferritin ratio. The hepcidin:ferritin ratio was
increased in patients with T2D compared to controls [5, 7]. Whilst the
other 3 studies described decreased [29, 30] and comparable [27] ratios
(Table 1). The meta-analysis revealed a slight decrease in the hepci-
din:ferritin ratio in patients with T2D when compared to healthy controls
(SMD: -0.19 [95% CI: -0.46, 0.88]; P= 96%, pH<O.00001) (Table 2). The
test for subgroup differences was significant (0.03) and we therefore
performed a subgroup analysis based on weights. The overweight T2D
subgroup had comparable hepcidin:ferritin ratios whilst it was signifi-
cantly decreased in the obese group (p = 0.03).

4. Discussion

Patients with T2D are known to have altered liver function, which
impacts on the synthesis of regulator proteins involved in iron meta-
bolism. As a consequence, dysregulated iron metabolism may lead to
ACD or iron-loading anaemia deficiency [42, 43]. In this study, we aimed
at evaluating the levels of hepcidin in patients with T2D as well as the
surrogate markers of iron synthesis that are influenced by hepcidin ac-
tion, particularly those that are associated with erythropoiesis. Overall,
hepcidin levels were slightly elevated in T2D patients and this was
concomitant with a modest reduction in haemoglobin levels and a slight
increase in iron and ferritin levels. Interestingly, the levels of hepcidin
were dependent on body weight, such that overweight was associated
with elevated levels whilst class I obesity was characterised by a reduc-
tion in its concentration. The decrease in haemoglobin levels were in-
dependent of hepcidin levels, thus patients with T2D present with
subclinical anaemia. A summary of findings is provided in Table 3.

The accumulation of visceral fat in obesity promotes insulin resis-
tance and the secretion of pro-inflammatory cytokines from the adipose
tissues, such as IL-6 and TNF-a [44, 45]. In addition to inhibiting the
proliferation of erythroid precursor cells, these cytokines can inhibit
renal erythropoietin synthesis, which is essential for erythropoiesis [9,
14, 46]. On the other hand, IL-6 via the JAK/STAT signalling pathway
may induce hepatic hepcidin synthesis [41, 47] which promotes iron
supply to the bone marrow for erythropoiesis. Therefore, a tight
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regulation is essential in maintaining a fine balance between hepcidin
synthesis and erythropoiesis. However, the alteration in the cytokine
milieu in T2D dysregulates this balance. The reduced levels of hepcidin in
the obese group may be attributed to modulatory effects of insulin on
STAT signalling and hepcidin synthesis [41, 48]. Since the relationship
between circulating iron levels and hepcidin levels is directly propor-
tional, an elevation in iron levels is expected to induce hepcidin synthesis
via the BMP/SMAD signalling pathway. However, this mechanism seems
to be altered in patients with T2D. This may be ascribed to increased
PI3K/AKT activation, a regulator of glucose metabolism, which out-
weighs BMP/SMAD signalling as previously reported [11]. Moreover, the
decreased levels of hepcidin may also be attributed to the suppression of
hepcidin synthesis through nutrient-dependent mechanistic target of
rapamycin (mTOR) signalling, which is well-established to be elevated in
both obesity and T2D [49, 50]. The suppression of hepatic glucose pro-
duction through the activation of adenosine-monophosphate-activated
protein kinase (AMPK) renders metformin its anti-hyperglycaemic ef-
fects [51]. Notably, the phosphorylation of AMPK mediates the sup-
pression of STAT3 signalling and hepcidin synthesis [52]. On the other
hand, the use of insulin therapy is an effective strategy to improve
glucose control in older patients with T2D, who mostly present with poor
insulin secretion capacity and are usually lean [53]. Interestingly, this
therapy is closely associated with hypoglycaemia and hyperinsulinemia
[53, 541, with the latter known to directly promote and induce hepcidin
synthesis [27, 48]. Therefore, different treatment strategies may be a
contributing factor to the variation in hepcidin levels in patients with
T2D.

Anaemia, is common in T2D patients and is directly associated with
the development of microvascular complications [55].
Normocytic-normochromic ACD, that is characterised by decreased
levels of haemoglobin and haematocrit has been reported in patients with
T2D [9]. Our study showed a reduction in haemoglobin levels in the T2D
group in comparison to healthy individuals. Although this reduction did
not constitute overt anaemia, it was suggestive of subclinical anaemia. In
fact, the reduction in haemoglobin levels was more pronounced in the
obese subgroup. In patients with ACD, elevated ferritin levels are ex-
pected due to increased iron retention in the reticuloendothelial cells and
inflammation-induced production [42]. Our study showed that included
patients with T2D presenting with subclinical anaemia had elevated
ferritin levels, irrespective of body weights. This increment is responsible
for a lower hepcidin:ferritin ratio in patients with T2D.

Our systematic review and meta-analysis had a few limitations.
Firstly, there were substantial levels of unexplained statistical heteroge-
neity in the included studies. Moreover, most studies did not control for
confounders such as inflammation and obesity which have an impact on
hepcidin levels. Most of the included studies did not report on the
treatment that these patients were on which could have modified the
hepcidin levels. For instance, metformin, the standard drug used in obese
T2D cases is known to cause anaemia due to vitamin B12 deficiency [56].
Lastly, the quality of cumulative evidence in this study was low due to the
observational nature of the included studies which are associated with a
high risk of selection bias due to lack of randomisation. Therefore,
caution should be taken when extrapolating these findings. Nonetheless,
our current study has significant strengths. A previous systematic review
and meta-analysis by Karamzad and colleagues demonstrated a slight
increase in hepcidin levels in patients with T2D [57]. In agreement with
this finding, our current meta-analysis further explored the impact body
weight on hepcidin levels. Other strengths included the robustness of our
results and the methods used as indicated by the sensitivity analysis and
high inter-rate reliability, respectively. Lastly, this study showed that
hepcidin regulation in poor glucose control is a complex phenomenon
that is influenced by several factors. Therefore, its sole diagnostic and
clinical utility in overweight or obese cases of T2D may lead to variable
patient outcomes. However, its use in the hepcidin:ferritin ratio is a
reliable and better maker for T2D risk stratification [57].
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5. Conclusion

Patients with T2D present with iron overload which is congruent with
impaired metabolic function and elevated levels of hepcidin. While
hepcidin levels were elevated in overweight patients, they were
decreased in patients with grade I obesity, suggesting that the degree of
obesity can greatly impact iron metabolism in patients with T2D. Despite
the body weights, patients with T2D generally present with subclinical
anaemia marked by a reduction in haemoglobin levels despite an in-
crease in iron stores. Overall, the synthesis of hepcidin and its impact on
iron metabolism in patients with T2D is a quite complex relationship that
is depended on multifactorial factors.
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