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Islet transplantation is a valuable therapy for selected type 1 diabetes mellitus (T1DM)
patients, especially those with recurrent severe hypoglycemia, glycemic variability, or
impaired hypoglycemia awareness. It improves glycemic control and protects against
hypoglycemic episodes. Beyond glucose regulation, islet transplantation may mitigate
diabetes-related microvascular and macrovascular complications. We conducted a
systematic review to assess its impact on vascular outcomes in T1DM, focusing on
islet transplantation alone (ITA) and islet-after-kidney transplantation (IAK). We included
studies that quantitatively assessed vascular complications after ITA or IAK in adults with
T1DM. Eligible studies compared pre-and post-transplant outcomes or posttransplant
outcomes with control groups receiving standard treatment. Twenty-five studies
(1,373 patients) evaluated microvascular and macrovascular outcomes using eGFR,
ophthalmic e xams, and nerve conduction studies. Islet transplantation was associated
with stabilization or improvement in most microvascular complications and longterm renal
function preservation. While macrovascular data were less frequent, improvements in
vascular health markers such as reduced procoagulant states and atherosclerosis
progression were reported, suggesting possible reductions in cardiovascular events
and mortality, though data remain limited. Islet transplantation shows clear benefits for
microvascular complications and potential advantages for macrovascular outcomes,
alongside its established role in improving glycemic stability and quality of life.

Systematic Review Registration: PROSPERO |dentifier CRD420251036400.
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Islet Transplantation and T1D Complications

a systematic review

Impact of islet transplantation on type 1 diabetes-related complications:

« Systematic review of impact on
microvascular and macrovascular
complications: 1373 patients included
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INTRODUCTION

The landmark Diabetes Control and Complications Trial
(DCCT) established that intensive glucose management in
individuals with type 1 diabetes mellitus (T1DM) significantly
reduces the incidence of microvascular complications. The
subsequent Epidemiology of Diabetes Interventions and
Complications (EDIC) study, which extended the follow-up of
DCCT participants, further demonstrated that sustained
glycaemic control confers long-term protection not only
against microvascular complications but also against
macrovascular complication events, including myocardial
infarction, stroke, and cardiovascular (CV) mortality [1].

Islet transplantation (ITx) has emerged as a valuable treatment
option for patients with unstable TIDM. Over the past three
decades, substantial progresses have been made in elucidating the
mechanisms underlying the loss of functional islet mass, as well as
in developing strategies to preserve and enhance islet survival
[2-5]. ITx provides significant benefits, particularly for patients
with problematic glycaemic profile instability [6, 7]. Recent long-
term outcome data have yielded encouraging results. At 1-year
post-transplantation, approximately 60% of recipients achieved
insulin independence. This proportion declined to around 30% at
5 years and to approximately 20% by 10 years [8]. Nevertheless,
even partial islet function may have beneficial effects on diabetes-
related complications compared to complete loss of
graft function.

In the Edmonton single-centre cohort of 255 patients followed
for up to 20 years after ITx [8], 70% achieved sustained graft
survival, with a median graft survival of 5.9 years and insulin
independence rates of 61% at 1 year and 8% at 20 years.
Prolonged graft survival was significantly associated with older
recipient age, longer diabetes duration, lower baseline insulin
requirements, the combined use of anakinra and etanercept
(adjusted odds ratio 7.5), and a BETA-2 score of 15 or higher
at 6-12 months after transplantation (adjusted odds ratio 4.1).

Nevertheless, a considerable number of patients who resumed
insulin therapy retained partial graft function, resulting in
improved glycaemic control and a marked reduction in the
frequency and severity of hypoglycaemic episodes. These
findings underscore the potential of ITx to provide durable
metabolic benefits and to the long-term potential of ITx to
enhance metabolic stability and quality of life for
patients with TIDM.

T1DM is associated with a range of long-term complications,
including microvascular diseases such as diabetic retinopathy,
neuropathy, and nephropathy, as well as cardiovascular diseases
(CVD). After approximately a decade of disease progression,
microvascular complications are observed in around 50% of
individuals, while approximately 6% experience macrovascular
involvement [9]. Although hyperglycaemia may be managed
through exogenous insulin therapy, this does not fully
replicate the endogenous, finely tuned regulation of blood
glucose. ITx provides an established therapeutic approach
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aimed at restoring insulin secretion, thereby facilitating improved
glycaemic control. This approach holds the potential not only to
mitigate, but in some cases to prevent, the progression of
diabetes-related complications.

Considering this, we undertook a systematic review of the
literature to assess the impact of ITx on both micro- and
macrovascular complications associated with TIDM.

METHODS

Data Sources and Searches

The approach for search strategy, study selection, and data
extraction and analysis was guided by a pre-defined protocol
registered with the International Prospective Register of
Systematic Reviews (PROSPERO, CRD420251036400). This
systematic review adhered to the Meta-analysis of
Observational ~ Studies  in  Epidemiology =~ (MOOSE)
guidelines [10].

We systematically identified all studies providing a
quantitative assessment of diabetes-related complications after
islet transplant alone (ITA) or islet-after-kidney (IAK). The
literature search encompasses Medline records from 1966 to
April 2025. A comprehensive search strategy was conducted
using the following combination of keywords and MeSH
terms: (islet OR TAK OR ITA) AND (graft OR allograft OR
transplant*) AND (microvascular OR macrovascular OR
microvascular complication* OR macrovascular complication*
OR chronic complication* diabet* complication* OR diabetic
nephropathy OR  nephropathy OR albuminuria OR
microalbuminuria OR macroalbuminuria OR diabetic kidney
disease OR kidney disease OR renal disease OR maculopathy
OR retinopathy OR diabetic retinopathy OR neuropathy OR
diabetic peripheral neuropathy OR diabetic neuropathy OR
peripheral neuropathy OR sensory neuropathy OR peripheral
arterial disease OR Peripheral Vascular Diseases OR diabetic foot
OR foot ulcer OR amputation OR atherothrombo* OR stroke OR
CVD OR myocardial infarction OR ischaemic heart disease).

No restriction was placed on publication date or language
during the literature search. In addition, the reference lists of all
retrieved articles were manually screened to identify further
relevant  studies. Two investigators (KG and AP)
independently assessed titles, abstracts, and full-text articles.
Discrepancy regarding study inclusion were resolved through
discussion between the two reviewers, with the involvement of a
third author (TB) when consensus could not be reached.

Eligibility Criteria

We included observational, prospective studies that investigated
the progression of diabetes-related complications after
transplantation in adults with TIDM who had undergone IAK
or ITA. Diabetes-related complications were defined as the
occurrence  of nephropathy, retinopathy, neuropathy,
peripheral arterial disease, lower-limb amputations, foot ulcers,
stroke and myocardial infarction. Studies were excluded if they
were case reports, letters to the editor, or investigations conducted
on animal models.

Islet Transplantation and T1D Complications

Data Extraction
Data extraction was performed by KG in accordance with

predefined criteria and independently verified for accuracy by
AP. Extracted data included demographic and clinical
characteristics of the study population (such as mean age, sex,
study design, and time elapsed since transplantation), study
characteristics (including country of origin, study design,
sample size, and duration of follow-up. Outcomes of interest
were defined as diabetes-related complications.

Data Synthesis and Methodological
Quality Rating

Owing to substantial heterogeneity in the methodologies
employed to assess diabetes-related complications—ranging
from generic to disease-specific measures—as well as marked
variability in study designs and the limited number of studies
evaluating certain complications, neither meta-analysis nor direct
comparison of outcomes was undertaken.

The methodological quality of the included studies was appraised
using the Newcastle-Ottawa Scale (NOS) [11]. This scale evaluates
three key domains: selection of study participants (up to four points),
comparability of study groups (up to two points), and ascertainment
and reporting of outcomes (up to three points), with a maximum
total score of nine. Based on total score, studies were classified as
poor (0-3), fair (4-6), or good (7-9). Studies scoring <3, indicating
significant methodological limitations were excluded from further
analysis. Scoring was performed by KG and independently verified
for accuracy by AP. The findings were therefore synthesised
narratively, without the generation of pooled estimates for
diabetes-related complications.

RESULTS

Characteristics of Included Studies,

Methodological Quality

Our search strategy yielded 2,034 unique records, of which
1,968 following title and abstracts screening. A total of 66 full-
text articles were assessed for eligibility. Upon detailed evaluation,
30 studies met the predefined inclusion criteria. Five articles were
excluded due to overlapping patient populations and smaller
sample sizes relative to included studies. Finally, 25 studies,
encompassing a cumulative total of 1,373 patients, were
included in this systematic review. [12-34]. The study
selection process is summarized in Figure 1.

Among the included studies, 13 were conducted in Europe,
10 in North America and 3 in Oceania. In terms of study design,
14 were prospective cohort studies, 8 were retrospective analyses,
and 2 were cross-sectional studies. Detailed characteristics of the
included studies, along with the diagnostic methodologies
employed, are described in Table 1.

Study Quality

According to the NOS scale performed for a critical appraisal, the
overall methodological quality of the studies was deemed to be
satisfactory, with an average NOS score of 7.0 out of a maximum
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Records identified with initial search

Studies included in
quantitative synthesis
(meta-analysis)
(n=25)

FIGURE 1 | Flow-chart of study selection.

(n=2034)
Records excluded after
evaluating titles and
abstracts
(n=1968)
A 4
Full-text articles
For eligibility
(n=66)
Full-text articles
> excluded
(n=41)
A 4

of 9, indicating a generally robust standard of reporting and
design across the included literature. Specifically, 7 study
achieved a score of 8, reflecting a high level of methodological
rigour, 11 studies received a score of 7, denoting good quality with
minor limitations, while 7 studies scored 6, suggesting moderate
quality with some potential risk of bias in one or more domains.
Importantly, no study was excluded on the basis of
methodological weakness, as none score below the exclusion
threshold of 2 points. This overall quality distribution
supports the reliability of the findings synthesised in the
review and lends confidence to the narrative interpretation of
the reported outcomes (Table 1).

Impact on Microvascular Complications
Diabetic Nephropathy

13 studies evaluating the progression of renal function and
diabetic nephropathy following ITx were identified. The
sample size across studies varied substantially, ranging from
4 to 677 participants, as did the duration of follow-up, which
spanned from 1 to 13 years (Table 1). Renal function at the end of
the follow-up assessed either in comparison to the pre-transplant

baseline measurements or to various control groups, including
individuals managed with intensive insulin therapy (basal-bolus
regimens), recipients of kidney transplantation alone (KTA),
recipients of pancreas transplantation, or individuals in whom
ITx was unsuccessful. Among studies comparing renal function
before and after transplantation, with follow-up periods ranging
from 1 to over 9 years, a decline in renal function was consistently
observed (Figure 2). This decline appeared to be more
pronounced during the first post-transplant year, with
reductions in eGFR reaching up to 10 mL/min, followed by
stabilization in the subsequent years [26, 28, 35].

To reduce the potential confounding impact of
immunosuppressive therapy on renal outcomes, one study
compared 40 T1D transplant recipients who received IAK
with 80 individuals who underwent kidney transplant alone
(KTA). The IAK group demonstrated a significantly slower
rate of renal function decline relative to the KTA group [25].

Furthermore, a separate study comparing 45 IAK and 61 ITA
recipients reported a significant lower incidence of dialysis
initiation among the IAK cohort, thereby reinforcing the
evidence of the renal protective effect of IAK over ITA [27].
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TABLE 1 | Main characteristics of the included studies.

Author,
year

Alhaidar [12]
Andres [13]

Barton [14]

D’Addio [15]

Danielson
[16]
Del
Carro [17]

Deshmukh
(8]

Fensom [19]
Fiorina [20]

Fiorina [21]

Fiorina [22]

Hering [35]
Lee [23]

Lehmann
[24]
Maanaoui
[29]

Nijhoff [34]
O’Connell
[26]

Palmer [36]

Perrier [27]

Design

R

Crossectional
P

Country

USA
Switzerland

USA, Canada,
France,
Switzerland,
ltaly, Australia
Italy

USA

[taly

Australia

Canada

[taly

[taly

ltaly

Canada
and USA
USA
Switzerland

France

Netherlands
Australia

Australia

France

Type of
transplantation

ITA
ITA and IAK

ITA (85%) and
IAK/SIK (15%)

ITA

IAK

IAK

ITA

ITA

ITA

IAK

IAK

ITA
ITA
SIKNAK
IAK

IAK
ITA

ITA

ITA, IAK

Time assessmeent
after tx

75 months
12 months

5 years

15 months

12 months

53 months

4 years

74 months

7 years

7 years

3 years

24 months
12 months
13 years
10 years

24 months
12 months

4.7 years

11.7 years

Transplanted
individuals (N)

13
5 ITA and 5 IAK

677

30
24

37

17 1AK 25 KTA

48

38
40

13
17

16

61 ITA and
45 1AK

Age
(years)

445
43

44.3

36.9

49

41.8

NA

44

41.9

41.8

48.6

48.4

NA

46.1

50.9
49.8

NA

48

Female
(%)

69
50

59.2

67

87

56

NA

NA

NA

45.2

60

NA

50

43

38
82

NA

443

Diabetes
duration
before (tx)

NA
NA

28.8

23.3

30.1

26.3

NA

29

27.2

271

31

28.5
NA
37
NA

35,5

NA

32

Complication assessed

Diabetic neuropathy
Diabetic nephropathy

Diabetic nephropathy

Prothrombotic factors,
platelet function and
ultrastructure

Carotid intima-media
thickness

Diabetic neuropathy

Cardiac autonomic
neuropathy (CAN)
Diabetic neuropathy
Diabetic nephropathy

Cardiovascular death,
endothelial injury and
atherothrombotic profile
Carotid intima-media
thickness

Left ventricular function
Diabetic nephropathy

Diabetic neuropathy and
diabetic retinopathy
Diabetic nephropathy

Diabetic nephropathy

Diabetic nephropathy
Diabetic nephropathy

Cardiovascular autonomic
neuropathy

First occurrence of a
composite criterion
composed of mortality,
transient ischemic stroke,
nonfatal stroke, nonfatal

Comparison group

Before ITA
Combined groups
(ITA and 1AK) before
transplantation
Combined groups
(ITA, IAK, SIK) before
transplantation

Type 1 diabetic
patients and healthy
control individuals
Before IAK

Kidney
transplantation alone
and before IAK
Type 1 diabetes
individuals

Medical therapy
T1D individuals with
unsuccessful islet
transplantation

T1D patients still on
hemodialysis

Before IAK

Before ITA
Before ITA

Combined SPK/PAK
after transplantation
Kidney
transplantation alone
Before ITx

Before ITA

Before ITA
T1D control patients

for ITA and T1D +
KTA for IAK.

NOS
score

(Continued on following page)
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TABLE 1 | (Continued) Main characteristics of the included studies.

Author,
year

Rickels [28]

Ryan [29]

Tekin [30]

Thompson

(31]

Vantyghem
(32]

Venturini
[33]

C, cross-sectional study; CAN, cardiac autonomic neuropathy; IAK, islet after kidney; ITA, islet transplant alone; NA, non-available; P, prospective study; PAK, pancreas after kidney transplant; R, retrospective study; SIK, simultaneous islet-

Design

R

Crossectinal

Country

USA, Canada

Canada

USA

Canada

France

Italy

Type of
transplantation

ITA and IAK

ITA

ITA

ITA

ITA, IAK

ITA

kidney transplantation; SPK, simultaneous pancreas-kidney transplant.

Time assessmeent
after tx

4.55 years of follow-
up in the ITA group
and 3.43 years of

follow-up in the ITA

group
5 years

9.2 years

66 months

5 years

12 months

Transplanted
individuals (N)

48 ITA and
24 1AK

65

29

21

Age

(years)

48.6

42.9

443

NA

NA

38

Female

(%)

57

75

NA

NA

NA

Diabetes
duration
before (tx)

33

271

30

NA

NA

24.9

Complication assessed

myocardial infarction,
amputation or dialysis.
Diabetic nephropathy

Diabetic nephropathy,
diabetic neuropathy and
diabetic retinopathy
Diabetic nephropathy,
diabetic neuropathy, and
diabetic retinopathy
Diabetic nephropathy,
diabetic neuropathy and
diabetic retinopathy
Diabetic neuropathy
and CAN

Diabetic retinopathy

Comparison group

Before ITA for

individuals with ITA
and before IAK for
individuals with IAK

Before ITA

Before ITA

DT1 individuals
intensively medically
treated

Combined groups
(ITAIAK) before
transplantation
Before ITA and

DT1 patients on
waiting list for
transplantation
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Patients with unsuccessful ITx exhibited a higher incidence of
renal graft loss and a more pronounced increase in the
microalbuminuria index compared to individuals in the IAK
group who maintained functioning grafts [20]. Finally, when
compared with a cohort of 8 TIDM patients treated with
intensive insulin therapy, 29 recipients of IT showed an
attenuated decline in eGFR [31].

Diabetic Retinopathy

Data on diabetic retinopathy progression was reported in 5 studies,
including a total of 116 patients (Figure 3). All studies exclusively
included patient who had undergone ITA, with baseline prevalence
of diabetic retinopathy ranging from 50% to 80%. Retinopathy
assessment methods included fundoscopic examination or colour
Doppler imaging of the central retinal arteries and veins. In
longitudinal analyses comparing retinopathy status before and
after ITA, 2 studies reported no progression of diabetic
retinopathy, indicating clinical stability over follow-up periods
ranging from 1 to 9 years [23, 30]. Another study, with a 5-year
follow-up, showed that, among 65 patients, 4 required treatments
with laser photocoagulation or vitrectomy [29]. A comparative study
involving a cohort of 29 individuals evaluated retinopathy
progression in ITA recipients versus those receiving medical
treatment alone and demonstrated a significantly greater
progression of retinopathy in the medically treated group (p <
0.01) [31]. In a separate study using colour Doppler imaging to assess
retinal vasculature, a significant improvement in blood flow
velocities both in the central retinal artery and vein was observed
at 12 months post-ITA in 10 recipients. This finding suggests a
potential stabilising or protective effect of ITA on the progression of
diabetic retinopathy. In contrast, among patients with T1DM
followed for 1 year, no change was observed in the central retinal
artery, while a trend towards reduced flow velocity was noted in the
central retinal vein, possibly indicative of disease progression [33].
The precise clinical significance of these haemodynamic changes,
however, remains to be determined.

Diabetic Neuropathy

A total of 10 studies assessing the progression of diabetic
neuropathy after ITx were identified. Of these, 8 focused
specifically on peripheral diabetic neuropathy, 2 addressed
cardiac autonomic neuropathy (CAN), and 1 investigated
both conditions. Follow-up duration ranged from
12 months to over 9 years. Assessment of diabetic
peripheral  polyneuropathy employed a variety of
methodologies  including  clinical  scoring  systems,
neurothesiometry, and nerve conduction studies (NCS)
(Figure 4). Across these studies, a general trend towards
stabilization of diabetic peripheral neuropathy after
transplantation was observed, with some patients showing
improvements in conduction parameters.

Notably, two studies comparing the progression of neuropathy
in TIDM patients undergoing ITx versus those receiving
intensive insulin therapy (IIT) reported differing outcomes:
while neuropathy tended to improve in the IIT group, a
worsening was observed in the non-transplanted T1DM
controls [19, 31].

Islet Transplantation and T1D Complications

In the study comparing the progression of diabetic
neuropathy between 18 ITx patients and 9 undergoing
KTA, the aim was to mitigate the potential confounding
influence of immunosuppressive therapy, known for its
possible neurotoxic effects. Diabetic neuropathy was present
in all participants at baseline, prior to transplantation.
Neuropathy progression was assessed using NCS scores,
sensory action potentials (SAP), and compound motor
action potential (CMAP) amplitudes. The ITx group
showed an improvement in the NCS score over time,
whereas no significant change was observed in the KTA
group after 53 months of follow-up.

Furthermore, improvements in SAP and CMAP amplitudes
were observed in the ITx group, while both parameters declined
in the group undergoing KTA [17].

Regarding the type of neuropathic involvement, sensory
neuropathy showed a tendency to improve relative to the pre-
transplant baseline values, while motor function remained stable
[12, 32]. Moreover, when compared with control groups
consisting of patients receiving either medical treatment or
KTA, patients undergoing ITx demonstrated significantly more
favorable outcomes [17, 19].

CAN was assessed in three studies. In a study evaluating heart
rate variability via a 24-h Holter monitor, no significant
difference was observed between a group of patients 4 years
after ITA and a control group of T1IDM patients [18].

Two additional studies examined CAN in patients both before
and after ITx. In a cohort of 16 subjects, a significant reduction in
resting heart rate was observed nearly 5 years following ITA,
compared to baseline values prior to transplantation, thus
suggesting an improvement in CAN [36]. In contrast, another
study involving 21 subjects, no significant difference in CAN was
observed 5 years post-transplantation [32].

Macrovascular and Coagulation Parameters

Five studies have explored the impact of ITx on outcomes related
to mortality, CVD, atherosclerosis development, left ventricular
function, prothrombotic status, and endothelial injury. A
multicentre study comparing 61 ITA recipients with
propensity score-matched 610 TIDM patients reported no
significant differences in the incidence of major macrovascular
events, such as myocardial infarction, stroke, transient ischemic
attack, or lower-limb amputation. Interestingly, data from the
same study suggested a higher risk of myocardial infarction in the
45 TAK individuals (Figure 5) [27].

In another study involving 15 patients, a reduction in carotid
intima-media thickness (CIMT) was observed 12 months post-
transplantation, as assessed by arterial ultrasound, compared to
pre-transplant measurements. Among the seven patients re-
evaluated at 50 months, both common and internal CIMT
remained significantly lower than at baseline [16]. A separate
study compared changes in CIMT and left ventricular function
between patients undergoing 17 IAK and 25 KTA recipients,
from baseline to 3 years post-transplant. Results indicated that
CIMT remained stable over the 3-year period in the IAK group,
whereas the KTA group experienced a significant progression in
CIMT. From a cardiological perspective, patients in the TAK
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13 STUDIES

¢ Study population ranging
from 4 to 677 patients

Islets Transplantation

Follow-Up Duration

12 Months to Over 13 years

Pre-transplant Patients on
baseline intensive
measurements || insulin therapy

Patients Patients
underwent KTA underwent
or pancreas unsuccessfull
transplantation islet
transplantation

Renal function

I o w [=]
o o o IS

eGFR mVmin1.23m*

[N
o

1 2 3 <
Post-transplant year(s)

¢ A consistent decline in renal
function was observed

e The decline was most marked in
the first post-transplant year,
followed by stabilization
thereafter.

post-transplantation, followed by stabilization in subsequent years.

FIGURE 2 | Summary of 13 studies with follow-up durations ranging from 12 months to 13 years, showing an initial decline in renal function during the first year

group showed significant improvements in left ventricular
function, as evidenced by an increased left ventricular ejection
fraction, an enhanced mean peak filling rate, and a reduction in
B-type natriuretic peptide (BNP) levels. In contrast, no significant
changes were observed in the KTA group, indicating that both
systolic and diastolic ventricular function improved in the IAK
cohort, while remaining stable in the KTA group [22].

Two studies assessed the evolution of plasma prothrombotic
markers following ITx. Compared to 196 T1DM subjects on
haemodialysis, 37 patients with IAK showed a reduction in
various atherothrombotic plasma markers, such as XDP levels
or F1 and F2 fragments. Additionally, an increase in antigenic
activity of protein C and ATIII levels was observed, indicating an
improvement in natural coagulation activity. A significant

reduction in CV mortality was also observed in the group of
patients with IAK [37].

Another study, also focusing on atherothrombosis parameters,
highlighted that 12 patients undergoing ITA showed near-
complete normalization of platelet morphology and function.
Moreover, levels of prothrombotic markers such as fibrinogen
and D-dimer approached normal values, in contrast to TIDM
subjects who had not undergone transplantation [15].

Mortality

To date, data concerning mortality following ITA or IAK remain
very limited, with only three studies available. In one of these
investigations, 61 ITA recipients were matched with 610 TIDM
control patients and followed for over a decade. A significant
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5 STUDIES

¢ Total study population n=116

Retinopathy assessment methods

5 years.

(p <0.01).

e Two studies reported no progression over
1-9 years, while another noted laser or
vitrectomy treatment in 4 of 65 patients at

e A comparative study showed greater
retinopathy progression in medically
treated patients versus ITA recipients

e Colour Doppler imaging revealed
improved retinal blood flow post-ITA,
suggesting a possible stabilizing effect,
though clinical relevance remains unclear.

e Fundoscopic e Colour Doppler
examination imaging of the
central retinal

compared to patients treated with medical therapy alone.

FIGURE 3 | Impact of islet transplantation on the progression of diabetic retinopathy, showing a tendency toward stabilization and more favorable outcomes

reduction in all-cause mortality was observed among ITA
recipients compared to their TIDM counterparts [27]. This
observation should be interpreted cautiously because of the
small number of events; nonetheless, it might reflect a
decrease in CV incidents, as suggested by the trend of fewer
myocardial infarction and strokes in the ITA group.

In the study by Maanaoui et al. [25], 40 kidney transplant
recipients with type 1 diabetes who underwent IAK
transplantation ~ demonstrated  significantly  improved
patient-graft survival compared with those who received
KTA. Notably, this benefit was primarily driven by a
reduction in mortality risk, rather than by an improvement
in death-censored graft survival or a slower decline in renal
function. Specifically, no significant association was found
between IAK and death-censored graft survival (HR 0.73,
95% CI 0.30-1.89; p = 0.36), indicating that the protective
effect was attributable to a reduced risk of death rather than
improved renal outcomes per se. Importantly, CV causes and
sudden death at home were the main causes of
mortality (Figure 6).

The third study evaluating mortality after ITx, reported that
the rate of CV death among the 37 individuals of the IAK group
(18%) was comparable to that observed among the 42 patients
from the KTA group (19%) and in the 196 people with TIDM
undergoing haemodialysis (16%).

A lower CV mortality rate was found in the group underwent
simultaneous islet and kidney transplantation (5%), comparable
to the rate observed in the uremic TIDM patients who received

SPK transplantation (8%). Moreover, within the ITA group, CV
outcomes varied according to the success of ITx, underscoring the
potential additional benefit of achieving successful and sustained
islet function [37]. Of note, mortality was not considered a
primary outcome in the included studies, and any
interpretation ~ should  therefore =~ be  regarded  as
exploratory analysis.

CONCLUSION

This systematic review highlights a consistent improvement in
microvascular complications (and possibly in macrovascular
outcomes) following ITx, whether ITA or IAK. These benefits
were observed in comparison with the pre-transplant state,
standard medical therapy in T1DM, and KTA. IT was found
to promote stabilization and, in some cases, potential
improvement, of several diabetes-related complications relative
to baseline. Such improvements are particularly important for
TIDM patients who suffer from several complications that
impact significantly the quality of life, induce morbidity and
potentially impact their life-expectancy.

These findings may, in part, be attributed to the improvement
in post-transplant glycaemic control, a relationship previously
observed in the DCCT. For instance, regarding diabetic
neuropathy, it was present at baseline in 5.6% of patients in
the conventional group and 6.8% in the intensive group. After
6.5 years of follow-up, the prevalence increased to 17.5% in the
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Neuropathy
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neuropathy following islet transplantation
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FIGURE 4 | Effect of islet transplantation on diabetic neuropathy, based on 10 studies with follow-up durations ranging from 12 months to 9 years, showing a

conventional  group, to in the
intensive group [1].

A decline in renal function is frequently observed during the
initial years following transplantation, likely because of
immunosuppression nephrotoxicity, followed by a stabilization
of renal function [20, 26]. In particular, IAK leads to a significant
improvement in clinical outcomes in the context of chronic
kidney disease (CKD), including a reduction in the need for
dialysis and lower mortality rates. These outcomes underscore the
value of islet transplantation, beyond the observed biological
impact on renal function [25]. Severe biological mechanisms
may contribute to the observed improvement, or reduction, in
renal function decline after transplantation. These include
sustained intensive glycaemic management in some patients,
improved overall glycaemic control, and the potential
nephroprotective effect of C-peptide [31, 38]. Current evidence
indicates that C-peptide interacts with a G-protein-coupled
receptor to pertussis toxin, triggering
intracellular signalling cascades that promote the expression of
genes involved in kidney protection. Additionally, studies
conducted in both animals and humans have demonstrated
the beneficial effects of C-peptide administration [39]. In

animal models, treatment with C-peptide has been shown to

compared only 9.3%

sensitive several

significantly reduce glomerular hyperfiltration, glomerular
enlargement, expansion of the mesangial matrix, and
proteinuria [40]. In human subjects, C-peptide infusions have
been associated with decreased hyperfiltration and lower levels of
microalbuminuria. These results suggest that C-peptide exerts a
protective effect on the kidneys, potentially offering benefits from
islet function restoration beyond merely improving blood glucose
control [41]. Nevertheless, accurately delineating the impact of
ITx on renal function remains inherently challenging.
Heterogeneity in baseline renal function, variations in study

design, and the potential nephrotoxicity effects of
immunosuppressive  regimens, may  confound  the
interpretation of post-transplant renal outcomes across

available studies.

ITx has been shown to promote the stabilization of diabetic
neuropathy over the medium and long term, with follow-up
extending beyond 10 years. Improvements have been observed
particularly in sensory neuropathy, although similar benefits have
not been reported for motor neuropathy. Since hyperglycaemia is
a key driver in the development and progression of diabetic
neuropathy, the achievement of euglycemia, often obtained
following islet transplantation, likely plays a central role in
mediating the observed neurological benefits [42].
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5 STUDIES

¢ |AK recipients demonstrated improved left
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FIGURE 5 | Cardiovascular outcomes following islet transplantation, showing improved myocardial function, stabilization or regression of carotid intima-media
thickness (CIMT), reduced pro-thrombotic markers, and no increase in macrovascular events compared to matched patients with type 1 diabetes managed with

At the mechanistic level, a reduction in the expression of
receptor for advanced glycation end products (RAGE) within the
vasa nervorum was documented 4 years post-transplantation [17,
43]. This finding is of relevance, as RAGE is implicated in the
pathophysiology of diabetic neuropathy. Additionally, the
elevated levels of C-peptide observed after transplantation
have been linked with potential improvement in nerve
function [44]. C-peptide has Dbioactive properties, as
demonstrated by preclinical studies, which have shown that its
administration in animal models of diabetic neuropathy can lead
to structural and functional improvements in peripheral nerves
[45, 46]. Finally, the positive impact of ITx on renal function may
confer an indirect benefit on neuropathy, by reducing the
neuropathic damage associated with chronic kidney disease [47].

The evidence gathered in this systematic review suggests that,
akin to its effects on diabetic neuropathy, ITx contributes to
stabilize diabetic retinopathy. This is likely related to the

improvement in glycaemic control, which may reverse
endothelial ~ dysfunction and thus enhance retinal
microvascular perfusion [48]. Clinically, it has been observed
that a 10% reduction in HbAlc value results in an approximate
40% reduction in the risk of diabetic retinopathy progression
[49]. The post-transplant rise in circulating C-peptide levels may
exert a direct beneficial effect on the retina. Experimental
evidence has shown that C-peptide administration can reduce
fluorescein leakage across the blood-retinal barrier, supporting a
potential role in limiting vascular permeability [41]. In a small
number of cases, a transient worsening of diabetic retinopathy
following ITx has been observed [29, 31]. This phenomenon is
likely attributable to the rapid normalisation of glycaemia, rather
than being a direct consequence of the transplant itself. Such early
deterioration, typically occurring within the first post-transplant
year, has also been reported with other treatments that intensify
glycaemic control in patients with existing diabetic retinopathy
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FIGURE 6 | Reduced all-cause mortality following islet transplantation, compared to a matched cohort of patients with type 1 diabetes, with similar mortality rates
observed between patients undergoing IAK or KTA and those receiving hemodialysis.

[50]. It is therefore not necessarily specific to ITx. Furthermore,
this worsening was observed in a limited number of cases (<10%),
and it is difficult to determine whether islet transplantation
exacerbated retinopathy or simply failed to slow its natural
progression, leading to the occurrence of complications. Lastly,
the precise role of immunosuppressive therapy in the progression
of diabetic retinopathy remains unclear even is, based on current
evidence, does not appear to exert a direct detrimental effect on
the course of retinopathy.

Partial preservation of islet graft function, as opposed to complete
loss of function, most likely plays a beneficial role in the progression
of various diabetes-related complications. However, subgroup
analyses based on the degree of graft function preservation were
not available in the included studies and should therefore be further
investigated in future research.

Current evidence on the impact of ITx on macrovascular
diseases remain limited. Interestingly, one study suggests a
higher risk of myocardial infarction in the IAK population
compared to matched T1D controls. This result contrasts with
other studies, which have shown improvements in cardiovascular
(CV) function and reductions in CIMT. The observed increase in
myocardial infarction risk should be interpreted with caution, as
it may stem from limitations in the propensity score matching
process. In particular, the IAK group was disadvantaged in
relation to two critical CV risk factors (age and history of
myocardial infarction) which may have introduced bias into
the analysis [27]. Moreover, the small sample size and limited
number of CV events further constrain the robustness of this
association, raising the possibility of a statistically significant yet
clinical uncertain finding. Two studies reported that ITx stabilizes
carotid artery plaque, a key marker of cardiovascular disease [16,
22]. Improvements in left ventricular function and normalization
of coagulation markers after transplantation further support its
cardioprotective benefits [15].

The restoration of euglycemia after ITx is likely to play a central
role, much as it does in other diabetes-related complications, in
mitigating key pathophysiological processes implicated in CVD.
These include chronic low-grade inflammation, oxidative stress,

and endothelial dysfunction. Findings from the DCCT/EDIC
study underscore this association, showing that the individuals in
the intensive therapy arm experienced over a 50% reduction in
strokes, non-fatal myocardial infarctions, and CV mortality, in
addition to a slower CIMT progression, when compared with
those receiving conventional treatment [51, 52].

Nonethless, this remains a pressing need for the future studies
to explore CV outcomes in greater depth: especially concerning
diabetes-related complications that have not yet been evaluated
after transplantation, such as peripheral arterial disease or
coronary artery disease. The application of non-invasive
imaging modalities to monitor atherosclerosis progression in
these contexts would be highly beneficial. Furthermore,
prospective trials comparing post-transplant CV event rate
(e.g., myocardial infarction, stroke) with those observed in
appropriately matched T1IDM controls, such as patients on the
transplant waiting list, could provide more definite insights into
the cardioprotective potential of ITx.

In this study, we opted for a systematic review instead of a
meta-analysis due to clinical, methodological, and statistical
heterogeneity. Despite this limitation, our findings clearly
demonstrate the benefits of ITx in stabilizing or even reducing
diabetes-related complications in individuals with TIDM.

This work has several limitations. The included studies have
considerable heterogeneity, particularly regarding the prevalence
and severity of each diabetes-related complication prior to
transplantation. Varijability is also evident in how each
complication if defined and assessed, which may limit the
comparability of outcomes across studies. Additionally,
differences in study design further complicate interpretation.
Control groups range from patients receiving intensive medical
treatment to those who have undergone KTA, with considerable
variation in baseline characteristics between comparator cohorts.
Such methodological diversity inevitably introduces bias and
complicates pooled analysis. Another relevant source of
heterogeneity lies in the temporal distribution of the studies. The
transplantation periods covered differ significantly, as do the
immunosuppressive  protocols  employed.  Given  that
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TABLE 2 | Main findings of diabetes-related complication evolution after islets transplantation.

Author,
year

Alhaidar [12]

Andres [13]

Barton [14]

D’Addio [15]

Danielson
(el

Del
Carro [17]

Deshmukh
8]

Fensom [19]

Fiorina [20]

Fiorina [21]

Proportion of complications before tx

Diabetic neuropathy was assessed with Utah
Neuropathy Scale (UNS) and Nerve conduction
study (NCV)

Kidney function assessed using creatinine
clearance using the Cockroft-Gault formula

Diabetic nephropathy assessed with eGFR
estimated by the CKD-EPI

Prothrombotic factors were assessed using
thromboplastin time, prothrombin time, protein C,
and protein S activated partial fibrinogen (Fg),
antithrombin, fasting homocysteine d-dimer
fragments (D-dimer), levels of prothrombin
fragments 1 + 2 and platelet intracellular calcium
using fresh plasma samples

Platelet function and ultrastructure were assessed
using platelet size, morphology, and granule
content, and platelet areas were measured

CIMT was assessed using high-resolution B-mode
carotid arteries ultrasound

Diabetic neuropathy was assessed using NCV
score, CMAP and SAP

CAN was assessed using 24-h Holter monitor to
evaluate Heart rate variability (HRV)

NCV

Kidney graft survival rate, kidney function with
eGFR and urinary albumin excretion

Hemostatic activity was assessed using
prothrombin time (PT) and partial thromboplastin
time (PTT), D-dimer fragments (XDP), fibrinogen
(Fg), F1 2 fragments (F1 2), antithrombin Il (ATII),
and protein C and S activity

Patient survival and cardiovascular death were
assessed

Baseline rate of complications

38.5% based on the UNS

Basal creatinin clearance at 72 mL/min
10% with microalbuminuria and 20% with
macroalbminuria

NA

NA

Absence of cardiovascular disease

100% of diabetic neuropathy at baseline

NA

66%

Basal eGFR at 56.3 mL/min in the ITA group

NA

Islet Transplantation and T1D Complications

Main findings

There was no significant difference between UNS
and nerve conduction study parameters at
baseline and at the end of follow-up. However, a
significant decrease was observed in the F-wave
latencies of the peroneal nerve (50.34 + 6.12 ms
vs. 52.42 + 6.47 ms, P = 0.005) and the ulnar
nerve (27.5 + 2.15 ms vs. 29.45 + 2,10 ms, P =
0.009), along with an increase in ulnar sensory
nerve conduction velocity (49.98 + 6.27 m/s vs.
47.19 £ 5.36 m/s, P = 0.04)

Significant decrease of CICr from 72 mL/min to
57 mL/min

No significant decline of eGFR

Near-normalization of platelet morphology, size,

calcium platelet homeostasis and aggregation

Platelets size after ITA vs. DT1 (3.199 + 0.287 x

10% nm [2] vs. 3.860 + 0.288 x 10° nm [2], p <

0.05)

Levels of resting [Ca2+]l after ITA vs. DT1 (87.6 +

18.8 nmol vs. 107.7 + 40.0, p < 0.05)

Haemostatic abnormalities with a prothrombotic

state before ITA was near-normalized after islets

transplantation

Levels of Fg after [TAvs. DT1 (367.0 + 26.0 mg/dL

vs. 328.5 + 35.0, p < 0.05)

Levels of D-dimer after ITA vs. DT1 (0.24 +

0.02 pg/mL vs. 1.07 + 0.80 pyg/mL)

Significant reduction of CIMT at 12 months

(-0.058 mm, p < 0.05) and at 50 months

continued reduction of CIMT but of smaller

magnitude (-0.026 mm)

NCV score improved significantly in the IAK group

and did not change significantly in the kidney

transplant alone group

Both SAP and CMAP amplitude recovered in the

IAK group and worsened in the kidney transplant

alone group

No significant difference in HRV parameters at a

median of 4 years between subjects post-islet

transplantation and T1D individuals

Subjects with diabetic neuropathy at baseline

displayed significant improvement post-

transplant while it worsened significantly in

medically treated patients

Significant better kidney graft survival rates a

7 years in the successful IAK group 83% vs. 51%,

no difference in eGFR between both group at

4 years follow-up

Significant increase of microalbuminuria index in

the unsuccessful IAK group (92.0 + 64.9 to

183.8 + 83.8, p = 0.05) and trend of reduction of

microalbuminuria in the successful group (108.5 +

53.6 to 85.0 + 39.0)

In the islet transplantation group, markers of

atherothrombotic risk factors were reduced.

Notably, there was a significant decrease in

F1.2 and XDP levels. Additionally, an

improvement in natural anticoagulant activity was

observed, as evidenced by increased protein C

antigen activity and ATIIl levels

Patient survival was significantly higher in the islet
(Continued on following page)
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TABLE 2 | (Continued) Main findings of diabetes-related complication evolution after islets transplantation.

Author,
year

Fiorina [22]

Hering [35]

Lee [23]

Lehmann
[24]

Maanoui [25]

Nihoff [34]

O’Connell

[26]

Palmer [36]

Perrier [27]

Rickels [28]

Proportion of complications before tx

CIMT was assessed with high-resolution carotid
arteries ultrasound

Left ventricular function was measured with
radionuclide left ventriculagraphy

Renal function was assessed using the Chronic
Kidney Disease Epidemiology Collaboration (CKD-
EPI) formula

Diabetic retinopathy assessed by slit-lamp eye
exam

Diabetic neuropathy was assessed by
electromyelogram

Renal function was assessed by measuring serum
creatinine and estimating the glomerular filtration
rate (GFR) using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formula

Composite outcome, is defined as the occurrence
of death, re-transplantation, or return to dialysis

eGFR

eGFR and albuminuria

CAN was assessed using resting heart rate
measurements obtained from pre and post-
transplant myocardial perfusionscans

Composite criterion including, dialysis, amputation,
nonfatal stroke, nonfatal myocardial infarction,
transient ischemic attack and death

Kidney function was assessed with the estimated
glomerular filtration rate (eGFR) derived from serum
creatinine with the (CKD-EPI equation

Baseline rate of complications

NA

The median eGFR at baseline was 102 mL/min/
1.73m?

62.5% with diabetic retinopathy
62.5% with diabetic neuropathy

100%

Mean serum creatinine of 1.3 mg/dL eGFR
(MDRD) 64.6

NA

0%

NA

1.64% with amputation, 4.92% with stroke and
9.84% with myocardial infarction in the ITA group
55.6% with dialysis, 11.1% with amputation,
6.67% with stroke, 4.44% Transient ischemic
attack and 13.3% with myocardial infarction in the
IAK group

eGFR before transplantation

100.28 mL/min/1.73m? in the ITA group and
75.80 in the IAK group mL/min/

Islet Transplantation and T1D Complications

Main findings

transplantation group than T1D patients still on
hemodialysis group (p = 0.05)

The cardiovascular mortality rate was comparable
with 18% in the islet transplantations, and 16% in
the T1D patients still on hemodialysis group

In patients who received a kidney-islet transplant,
IMT remained unchanged over the 3-year follow-
up period. In contrast, those in the kidney-only
group experienced a significant increase in mean
IMT after 3 years (p < 0.05)

Significant increase in mean ejection fraction, as a
marker of left ventricular systolic function, from
baseline in IAK group (p < 0.05), whereas it
remained unchanged in the KTA group
Significant improvement in the mean peak filling
rate, as a marker of left ventricular diastolic
function in the IAK group (p < 0.05), while it
remained unchanged in the KTA group
Significant reduction of BNP from baseline in the
IAK groupe and stability of BNP level in the KTA
group

20% decline of eGFR at 2 years 102 mL/min/
1.78m? vs. 82 mL/min/1.73m?

No progression of retinopathy, with one patient
improving from very mild retinopathy to no
retinopathy

25% showed significant improvement in
conduction studies, while 75% had no notable
changes in diabetic neuropathy

There was no significant difference in the rate of
decline in renal function between islet transplant
recipients and pancreas transplant recipients
—18.3 mL/min decline of eGFR during a follow-up
of 13 years in the SIK group and 8.1% of the
patients change in CKD stage during the 13 years
follow-up in the SIK group

13 (83%) of 40 patients in the IAK transplantation
group returned to dialysis or died vs. 36 (45%) in
the kidney transplantation alone group

There was no significant change in estimated
creatinine clearance, with an eGFR of 43.5 mL/
min before ITx and 48.2 mL/min after ITx

A 13% reduction in eGFR at 1 year (77 mL/min at
baseline compared to 67 mL/min at 12 months,
p = 0.051

One patient experienced an increase in their
microalbuminuria level, while another developed
microalbuminuria after switching to tacrolimus
Significant reduction in RHR suggesting a reverse
cardiovascular autonomic neuropathy after ITA

Compared to T1D control patients, ITA and IAK

recipients had a lower risk of the composite

outcome (P = 0.002 and P = 0.014, respectively),

which seemed to result from lower mortality in ITA

recipients (P < 0.001) and a decreased need for

dialysis in 1AK recipients (P < 0.001)

eGFR from 100.28 to 89.23 after 4.55 years of

follow-up in the ITA group

eGFR from 75.8 to 72.06 after 3.43 years of

follow-up in the ITA group

Mean UCAR was 5.6 ugm/mgm in the ITA at
(Continued on following page)
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TABLE 2 | (Continued) Main findings of diabetes-related complication evolution after islets transplantation.

Author, Proportion of complications before tx
year
Ryan [29] Renal function assessed with albuminuria
Diabetic retinopathy assessed with fundoscopic
examination by ophtalmologist
Diabetic neuropathy was assessed with a
neurothesiometer
Tekin [30] Diabetic nephropathy was assessed with eGFR
and albuminuria
DR was assessed with fundoscopic examination by
ophtalmologist
DN was assessed with NCV and clinical evaluation
Thompson Renal assessement: eGFR assessed using MDR NA
[31] formula and %°™Tc-DTPA
Retinopathy assessment: fundoscopic examination
by ophtaimologist
Neuropathy assessment: NCV
Vantyghem Diabetic neuropathy was assessed using NCV and  NA
[32] CAN was assessed using electrophysiological and
cardiovascular autonomic
Venturini [33] DR was assessed using color Doppler imaging of ~ 80% with RD

the central retinal arteries and veins

Baseline rate of complications

35% with microalbuminuria
74% with diabetic retinopathy
32% with peripheral neuropathy

None with diabetic nephropathy
50% with diabetic retinopathy
50% with diabetic neuropathy

Main findings

baseline and was 9.8 ugm/mgm after the follow-
up

There was a highly significant (p < 0.0001) but
clinically marginal increase in UACR

Mean UCAR was 26 pgm/mgm in the IAK at
baseline and was 13 pgm/mgm after the follow-up
There was no significant change in UCAR before
in after transplantation

4 patients required retinal laser photocoagulation
or vitrectomy

5 patients with microalbuminuria developed
macroproteinuria

Absence of progression of peripheral neuropathy
Kidney function remained stable except in on
patient who developed transient and reversible
microalbuminuria

No progression of diabetic retinopathy

One subject developed mild axonal neuropathy
within 2 years, which remained stable. Another
showed no neuropathy, while two others partially
improved in scores and nerve conduction

The rate of decline of renal function is reduced in
the ITA compared to the intensiveylly medical
treated group

Significant progression of diabetic retinopathy in
the medical treated group compared to the ITA
A non-significant trend toward enhanced nerve
conduction velocity was observed in the ITA
group

Significant improvement in sensory neuropathy,
with no substantial changes in motor or cardiac
autonomic neuropathy

Significant increase of blood velocities of central
retinal arteries and veins in ITA patients compared
to baseline before and transplantation

No statistical difference at in T1D patients
compared to the same group a year before
Blood flow velocities of central retinal artery (psv:
6.09 +0.46 vs. 10.12 + 1.20 cm/s, P < 0.01/edv:
1.65 £ 0.07 vs. 2.99 + 0.48 cm/s, P < 0.05)
Blood flow velocities of central retinal vein (maxv:
3.12 £ 0.28 vs. 6.12 + 1.00 cm/s, P < 0.01/minv:
1.86 £ 0.22 vs. 4.14 + 0.56 cm/s, P < 0.05)

BNP, brain natriuretic peptide; CIMT, carotid intima-media thickness test; CKD-EPI, chronic kidney disease epidemiology collaboration; CMAP, compound muscle action potential; EDV,
end diastolic velocity; ESRD, end-stage renal disease; MAXV, maximum velocity; MINV, minimum velocity; NCV, nerve conduction velocyty; SAP, sensory action potential; PSV, peak

systolic velocity; UTS, utah neuropathy scal.

immunosuppressive agents can influence the progression of certain
complications, particularly nephropathy and diabetic neuropathy,
this variation is of particular concern. Baseline treatment data,
including nephroprotective therapies such as renin-angiotensin-
aldosterone system (RAAS) inhibitors or sodium-glucose co-
transporter 2 (SGLT2) inhibitors, as well as CV treatments were
reported in only a very limited number of studies. Although these
data are highly relevant for evaluating micro- and macrovascular
complications, they were largely missing. It would therefore be
beneficial for future studies reporting on the evolution of
complications after ITx to include this information. Of note, the

definition of each diabetes-related complication was not precisely
specified in the included studies. In most cases, the focus was on the
evolution of specific parameters related to the complication before
and after treatment, without the use of clearly defined thresholds or
cut-off values. Finally, while the available data provide a relatively
robust picture of the impact of I'Tx on microvascular complications,
the evidence concerning macrovascular outcomes remains sparse.
Future research studies should prioritise targeted investigation on
atherosclerosis-related conditions in transplanted patients using
standardised endpoints and longitudinal follow-up to clarify the
CV benefits of ITx.
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This systematic review highlights a consistent improvement in
microvascular complications (and possibly in macrovascular
outcomes) following ITx, whether ITA or IAK (Table 2), in
patients with T1DM, particularly in relation to the prevention and
management of microvascular complications, and with promising
indications for macrovascular outcomes. By promoting stabilisation
and, in some cases, partial reversal or attenuation of disease
progression, ITx emerges as a valuable therapeutic option. These
findings lend further support but already strengthen the broader
application of ITA or IAK for TIDM treatment not only for patients
already burdened by diabetes-related complications, but also as a
proactive strategy to reduce long-term morbidity and enhance quality
of life in this population.
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