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Abstract: Post-transplant diabetes mellitus (PTDM) is a common complication of solid organ trans-
plantation. PTDM prevalence varies due to different diabetes definitions. Consensus guidelines
for the diagnosis of PTDM have been published based on random blood glucose levels, glycated
hemoglobin (HbAlc), and oral glucose tolerance test (OGTT). The task of diagnosing PTDM con-
tinues to pose challenges, given the potential for diabetes to manifest at different time points after
transplantation, thus demanding constant clinical vigilance and repeated testing. Interpreting HbAlc
levels can be challenging after renal transplantation. Pre-transplant risk factors for PTDM include
obesity, sedentary lifestyle, family history of diabetes, ethnicity (e.g., African-Caribbean or South
Asian ancestry), and genetic risk factors. Risk factors for PTDM include immunosuppressive drugs,
weight gain, hepatitis C, and cytomegalovirus infection. There is also emerging evidence that genetic
and epigenetic variation in the organ transplant recipient may influence the risk of developing PTDM.
This review outlines many known risk factors for PTDM and details some of the pathways, genetic
variants, and epigenetic features associated with PTDM. Improved understanding of established and
emerging risk factors may help identify people at risk of developing PTDM and may reduce the risk
of developing PTDM or improve the management of this complication of organ transplantation.

Keywords: association; diabetes; epigenetics; genetics; methylation; NODAT; PTDM,; risk; SNP;
transplant

1. Definition of Post-Transplant Diabetes Mellitus (PTDM)

Hyperglycemia is common following solid organ transplantation in the immediate
post-operative period and can be triggered by higher doses of steroid immunosuppression,
physiological stress, infection, and enteral or parenteral feeding. This early hyperglycemia
may or may not proceed to longer-term hyperglycemia. Early hyperglycemia is best
identified by frequent blood glucose monitoring, especially following meals. Historically,
post-transplant diabetes mellitus (PTDM [1,2]) has been classified as having random glu-
cose levels greater than 11.1 mmol/L (200 mg/dL), fasting glucose levels > 7.0 mmol /L
(126 mg/dL), or the requirement for oral hypoglycemic agents and/or insulin after trans-
plantation. The nomenclature describing this form of diabetes following transplantation has
changed over time from steroid diabetes, new-onset diabetes mellitus (NODM), transplant-
associated hyperglycemia (TAH), new-onset diabetes after transplantation (NODAT), and
more recently, PTDM [2]. In 2014, a panel of experts recommended the adoption of the
World Health Organization’s (WHO) definition of diabetes mellitus and impaired glucose
tolerance as the basis for defining and diagnosing PTDM [3,4]. These guidelines incor-
porated the existing random and fasting glucose values into the diagnosis of PTDM and
also advocate for the greater use of the oral glucose tolerance test (OGTT) and HbAlc. A
two-hour plasma glucose level following a 75 g oral glucose challenge of > 11.1 mmol/L
or HbAlc > 48 mmol/mol (6.5%) are diagnostic of PTDM provided the HbAlc values
are at least 3 months post-transplant. Many patients who develop PTDM have shown
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evidence of glucose intolerance or insulin resistance before transplantation [5]. The US
Renal Data System (USRDS) data reported that the cumulative incidence of PTDM was
9.1% and 16% at 3 and 12 months post-transplant [5-7], rising to 24% by the third year after
renal transplantation. PTDM is a recognized early complication of organ transplantation,
reflecting the critical importance of transplant-associated factors [5,7].

The reported incidence of PTDM in solid organ transplant recipients varies consider-
ably from up to 30% of renal transplant recipients [8], 27% of heart transplant recipients [9],
17-60% of liver transplant recipients [10], and 40% of lung transplant recipients [11]. The
definition of PTDM in transplant recipients also depends on the duration of follow-up, the
presence of modifiable and non-modifiable risk factors for diabetes, and the type of organ
transplants [12]. For example, in hepatitis C virus-infected liver recipients, the incidence
of PTDM has been reported to reach up to 60% [13]. Furthermore, using fasting plasma
glucose (FPG) versus OGTT to define diabetes mellitus also changes the prevalence of
PTDM [12]. Furthermore, PTDM has been established as an independent risk factor for
mortality and is strongly associated with future major cardiovascular events [14].

2. Risk Factors for the Development of PTDM

Risk factors for PTDM that are not modifiable include age, race, ethnicity, family
history of diabetes mellitus, presence of specific human leukocyte antigens such as HLA
A30, B42, and B27, donor-recipient (DR) mismatch, and acute rejection history [12,15,16].
Potentially modifiable risk factors include glucocorticoid-associated PTDM, calcineurin
inhibitor-associated PTDM, the interaction between tacrolimus and concomitant hepatitis
C infection, the effects of sirolimus on glucose metabolism, obesity, hypertriglyceridemia,
hypertension, proteinuria, and hypomagnesemia [12,17].

Glucocorticoids are immunosuppressive agents that have been used in clinical prac-
tice since the start of organ transplantation and have the most substantial diabetogenic
potential, depending on the dose. Glucocorticoids have detrimental effects on insulin se-
cretion and 3-cell apoptosis [18]. Glucocorticoids also increase the prevalence of adiposity
and lipolysis, increasing insulin resistance [17]. Additionally, glucocorticoids, associated
with insulin resistance, inhibit protein synthesis and accelerate protein degradation in
skeletal muscles [19]. Glucocorticoids can increase steatosis in the liver, causing insulin
resistance, intensified by increased gluconeogenesis and hyperglycemia [20]. In a study of
25,837 non-diabetic kidney transplant recipients, the cumulative incidence of PTDM within
three years of the transplant was 16.2% overall, and 17.7% with maintenance steroids.
Patients discharged with steroid-containing immunosuppressive regimens had 42% greater
odds of developing PTDM than those not using steroid therapy, indicating a strong asso-
ciation between steroid use and PTDM [21]. Another investigation in kidney transplant
recipients explored the relationship between PTDM and genetic variations in the glucocor-
ticoid pathway. An analysis was conducted on the polymorphisms found in genes that are
linked to the glucocorticoid receptor (NR3C1), P-glycoprotein (ABCB1), and glutathione
S-transferase P1 (GSTP1) [22]. The results indicate that individuals with GSTPI genotypes,
associated with decreased conjugation capacity, have an elevated risk of developing PTDM.
Furthermore, there was a correlation observed between NR3C1 polymorphism and elevated
serum glucose levels following transplantation [22].

For decades, calcineurin inhibitors have been integral components of immunosuppres-
sive regimens for solid organ transplants. However, calcineurin inhibitors have also been
strongly associated with acute and chronic nephrotoxicity, electrolyte disorders, metabolic
acidosis, neurotoxicity, cardiovascular and metabolic toxicity, and the development of
PTDM [23]. Among calcineurin inhibitors, tacrolimus has been associated with a higher
incidence of PTDM [23]. Calcineurin inhibitor-induced hypomagnesemia, which is more
common with tacrolimus, has also been shown to be an independent risk factor for de-
veloping PTDM [24,25]. Several suggested mechanisms for calcineurin inhibitor-induced
PTDM include interference with the nuclear factor of activated T cells signaling in pan-
creatic 3-cells and T-cells and decreasing insulin secretion [26]. It was also believed that
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the high levels of tacrolimus-binding protein 12 in pancreatic 3-cells might explain the
higher risk of developing PTDM [27]. Sirolimus (rapamycin) is an additional immunosup-
pressive drug used in transplantation. One of its significant side effects is the increased
risk of developing PTDM. The impact of sirolimus on glucose-stimulated insulin secretion
is dose-dependent, resulting in marked depletion of calcium in the endoplasmic reticu-
lum and decreased glucose-stimulated mitochondrial Ca?* uptake. This indicates that
sirolimus leads to depletion of intracellular Ca?* stores and subsequent reduction in insulin
release [28,29]. Sirolimus may also cause (3-cell failure due to its mechanism of inhibiting
mTORC1-mediated cell proliferation and survival and disturbance of mMTORC2 signaling,
resulting in impairment in insulin sensitivity [9].

Hepeatitis C virus (HCV) is one of the core health issues in kidney and liver transplantation
that negatively affects patient and graft survival. HCV is associated with a higher risk for
PTDM [30]. The mechanisms underlying the diabetogenic effect of HCV are complicated but
likely to involve increased insulin resistance caused by inhibitory actions of the virus on the
insulin regulatory pathways in the liver, resulting in increased morbidity and mortality in liver
and kidney transplant recipients [30]. CMV infection also remains one of the major causes of
morbidity and mortality after renal transplantation [31]. Both asymptomatic CMV infection
and CMV disease are independent risk factors for the early development of PTDM. Generally,
transplant recipients with active CMV infection are characterized by a notably lower insulin
secretion compared to patients without CMV infection [31].

Early post-transplant hyperglycemia, within the first few weeks, is common and
associated with higher doses of immunosuppression, infections, and stresses related to the
peri-operative period [32]. This early hyperglycemia is usually transient but may still need
insulin therapy to manage the situation until normoglycemia returns. If hyperglycemia
does persist, it is usually possible to reduce or discontinue insulin whilst introducing oral
hypoglycemic medication. If PTDM has developed then it is best managed with the same
standards and treatment targets that have been established for type 2 diabetes [32].

3. Transplant Genetics, Epigenetics, and Their Association with PTDM

Most organ transplants are allografts, which has prompted researchers to consider the
consequences of genetic variations between donor organs and recipients’ genomes [33]. Sig-
nificant genomic differences between donor and recipient can include 3.5 million to 10 million
genetic variants and additional epigenetic modifications, reflecting different factors such as
the background ethnicity, lifestyles, and geographical region of donors and recipients [34].
It is challenging to unravel the interplay of these underlying genomic factors against the
background of the known modifiable and non-modifiable risk factors for PTDM. It may be
possible to explore a variety of ‘omics’-based approaches to determine which genomic factors
predispose to PTDM and to explore if any of these genetic variants or epigenetic features
will help discover novel drug targets or lead to more personalized immunosuppressive treat-
ments. Pre-transplant genetic analysis of donors can detect organs that are more vulnerable
to graft damage and aid in decreasing the likelihood of graft rejection [35], although the
implementation of this in clinical settings poses challenges. In contrast, identifying recipients
at a higher risk of adverse outcomes, such as PTDM, enables more intensive monitoring for
hyperglycemia and appropriately modified immunosuppressive therapy, e.g., steroid-sparing,
to reduce the risk of developing PTDM [36].

Graft rejection, whether hyperacute, acute, or chronic, can occur through two primary
pathways of processing and presenting donor antigens to recipient immune cells: direct and
indirect [36]. Following transplantation, naive T cells become activated and differentiate into
pro-inflammatory or anti-inflammatory subtypes [36]. This activation may lead to distinct
hyperimmune response patterns that ultimately result in the destruction of the graft, mediated
by cytotoxic T cells or antibodies [36]. Hyperacute rejection typically manifests within minutes
to hours post-transplantation and is driven by the humoral immune response [36]. Pre-
existing antibodies against donor antigens trigger the activation of the complement system,
contributing to graft destruction. In contrast, acute and chronic rejection can occur days,
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months, or even years after transplantation, often as a result of T cell-mediated or antibody-
mediated mechanisms [36]. However, chronic graft injury can also arise from non-immune
factors such as infections, ischemia, aging, and drug toxicity [36].

Identifying associations between genetic polymorphisms and their regulatory regions
and transplant outcomes has been one of the main concerns in transplantation [37]. In the
human genome, HLA class I and class II genes exhibit the highest degree of polymorphism.
Depending on the number of HLA mismatches, graft survival probability decreases. This is
why HLA typing is essential for identifying incompatibilities and allows the suitable matching
of donor and recipient pairs [38]. It is worth noting that even patients who undergo HLA-
identical transplants are susceptible to acute or chronic rejection, indicating the involvement
of other factors in alloimmunities such as killer-cell immunoglobulin-like receptors (KIRs),
MHC class I polypeptide-related sequence A (MICA), and minor histocompatibility antigens
(mHAs). The sufficient antigenicity of minor histocompatibility antigens (mHAs) allows for
the induction of a directed immune response against the non-self-antigen following transplan-
tation [39]. Although the epidemiological data indicates a notable impact on long-term graft
survival, the precise significance of these minor histocompatibility antigens in solid organ
transplantation is not fully comprehended [39]. Additionally, researchers have identified
many genome-wide genetic polymorphisms among individuals with several thousand non-
synonymous genetic variants causing alterations in the amino acid sequences of proteins [40].
For example, mismatches between the recipient KIRs and donor ligands in kidney transplan-
tation were associated with reduced long-term graft survival despite donor-recipient pairs
being matched for HLA-A, HLA-B, and HLA-DR alleles [41].

There is some evidence of a genetic predisposition to PTDM, including established
associations with the alleles HLA A28, A30, B27, and Bw42. Furthermore, a report has
emphasized the association of TCF7L2 rs7903146 and SLC30A8 rs13266634 polymorphisms
with a higher risk of PTDM [42-45]. Another study investigated the association of genetics
with PTDM in a white UK renal transplant population; 26 SNPs were associated with
PTDM, such as ATP5F1P6 rs1048482, DNAJC16 rs7533125, and CELA2B rs2861484 [46].
Other associations of specific gene variants with PTDM include KCNQ1 SNP rs2237895 [47],
NFATc4 [48], HNF1B [49], adiponectin rs1501299 [50], mitochondrial haplotype H [51],
CDKAL1T rs10946398 [51], KCNJ11 rs5219 and rs5215 SNPs [52], and NPPA rs198372 [53].
While these associations are interesting, the findings have not been independently replicated
in different populations. Further prospective studies are needed to establish if these genetic
variants are independent risk factors for PTDM.

Additionally, there are multiple SNPs previously reported to be associated with PTDM,
such as CAPN10 rs5030952, CCL5 (rs2107538, rs2280789, rs3817655), ENPP1 rs1044498a,
GPX11rs1050450, HNF1A (rs1169288a, rs1800574a), HNF4A (rs2144908, rs1884614, rs1800961),
IFN7y rs2430561, IL-17E rs1124053, IL-17RA (rs2229151, rs4819554), IL-17RB (rs1043261,
rs1025689), IL-1B rs3136558, IL-2 (rs2069762, rs2069763), IL-4 (rs2243250, rs2070874), IL-6
rs1800795, IL-7R (rs1494558, rs2172749), IRS1 rs1801278, PPARG rs1801282a, PPARGC1
rs8192678a, and SUR1(rs1799854a, rs1801261a) [46] (Table 1).

Beta-cell (3-cell) dysfunction is considered to be the main contributing factor for PTDM
development. For example, KCNQ1 encodes a subunit of a voltage-gated K+ channel in
pancreatic 3-cells, and KCNQ1 genetic variants are associated with 3-cell dysfunction in
renal transplant recipients. The overexpression of KCNQ1 in the pancreatic 3-cell has
been associated with increased K+ current density, causing changes in the pancreatic cell
membrane action potential [59]. Moreover, KCNQ1 overexpression is associated with
impaired glucose-stimulated insulin secretion. Also, allelic mutation of KCNQ1 results
in the upregulation of CDKN1C, which reduces pancreatic 3-cell mass [59]. Of interest,
individuals with HNF1B-associated renal disease are at increased risk of developing PTDM,
and analysis of the HNF1B gene mutations might be useful in predicting PTDM in potential
renal transplant recipients [49].

Increased expression of IL-17E, IL-7R, IL-17R, and IL-17RB has been identified as
another mechanism underlying {3-cell dysfunction and their reported association with
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PTDM in renal transplant patients [72]. Moreover, the AG heterozygous variant of the
MBL2 gene rs2232365 has a higher risk of PTDM than the AA variant [54].

In 2014, the first genome and epigenome-wide association study was conducted
to investigate variants associated with PTDM [78]. The study discovered eight novel
SNPs associated with PTDM, including rs10484821, rs7533125, rs2861484, rs11580170,
rs2020902, rs1836882, rs198372, and rs4394754 [78]. Most of the SNPs identified in this
study are implicated in 3-cell apoptosis, suggesting that 3-cell stress due to post-transplant
hyperglycemia could be critical in the pathogenesis of PTDM [78].

There are several risk factors for PTDM where epigenetics may play an important
role. These include epigenetic features associated with non-modifiable factors such as a
person’s age [79] and ethnicity [80], as well as epigenetic associations with intrinsic and
extrinsic factors. DNA methylation is strongly associated with kidney disease [81] and
kidney transplantation [82], as well as socioeconomic position [83], BMI [84], cardiovascular
events [85], and premature mortality [86]. Understanding more about the role of DNA
methylation in PDTM may help guide personalized management. For example, a recent
study observed that DNA methylation not only predicted weight loss but also helped target
individual diets that were most appropriate to support individuals losing weight [87].

Table 1. Reported gene single nucleotide polymorphisms (SNPs) and their association with post-
transplant diabetes mellitus (PTDM). ADA = American Diabetes Association; FBG = fasting blood

glucose; HbAlc = glycated hemoglobin.

1st Author and Year

Type of Study

PTDM Definition

Population Characteristics

Outcome SNP to the
Nearest Gene

Guad, 2020 [54]

29 cases of PTDM after
kidney transplantation
and 139 controls

PTDM was defined based on the ADA
guidelines: FBG > 126 mg/dL and not on
insulin or oral anti-diabetic drugs at any
point of the follow-up period within one
year of renal transplant. Controls have
been defined as patients who did not
develop PTDM during the follow-up
period. There is no evidence of kidney or
diabetic damage among controls.

Mixed-race patients without a
history of diabetes mellitus before
renal transplant and had attended
their follow-up at one month, three
months, six months, and one year.
Two SNPs of IL7R (rs1494558) and
MBL2 (rs2232365) were genotyped

for the study.

. rs1494558 (IL7R);
OR:3.1,95% CI:
1.3-7.9,p =0.01

. rs2232365 (MBL2);
OR:2.6, 95% CI:
1.1-6.2, p = 0.04

Elbahr, 2020 [55]

64 cases of PTDM after
liver transplantation and
94 controls

PTDM was defined based on the ADA
guidelines: the requirement of insulin or
hypoglycaemic agents, hemoglobin Alc
(HbAlc) > 6.5% or FBG > 126 mg/dL on
two separate occasions, or random blood

glucose > 200 mg/dL associated with
diabetic symptoms. Controls have been
defined as patients who did not develop

PTDM during the follow-up period. There
is no evidence of liver or diabetic damage
among controls.

Patients aged > 18 and < 45 years
underwent primary living-related
donor liver transplantation and
survived > 1 year post-transplant.
Follow-up time > 1 year
post-transplant. rs738409 SNP of
the PNPLA3 gene was genotyped
for the study.

15738409 (PNPLA3);
OR:5.5,95% CI: 2.4-12.7,
p=0.00

Van der Burgh, 2019
[56]

29 cases of PTDM after
kidney transplantation
and 138 controls.

PTDM was defined according to the ADA
guidelines. Patients who used
anti-diabetic drugs after transplantation
were also considered to have PTDM.
Controls have been defined as patients
who did not develop PTDM during the
follow-up period. There is no evidence of
kidney or diabetic damage
among controls.

Mixed-race patients aged > 18
years who received a single-organ,
blood group ABO-compatible
kidney from a living donor
without a history of diabetes
mellitus before renal
transplantation. Follow-up period
at 1, 3, 6, and 12 months after
kidney transplant. Three SNPs of
the HNF1B allele (rs752010,
154430796, and rs7501939) were
genotyped for the study.

15752010 (HNF1B);
OR:2.6,95% CI: 1.1-6.2,
p=0.04

Mota-Zamorano, 2019
[57]

57 cases of PTDM after
kidney transplantation
and 258 controls

PTDM was defined according to the ADA
guidelines: two FBG > 7.0 mmol/L or
symptoms of diabetes plus casual plasma
glucose concentrations > 11.1 mmol /L
throughout the first year. Controls have
been defined as patients who did not
develop PTDM during the follow-up
period. There is evidence of kidney or
diabetic damage among controls.

Caucasian recipients without a
history of diabetes mellitus
received a single kidney from
deceased donors—a follow-up
period of one week, one month,
five months, and one year after the
kidney transplant. Three SNPs of
the LEPR gene (rs1137100,
rs1137101, and rs1805094) were
genotyped for the study.

rs1137101 (LEPR); OR:3.2,
95% CI:1.4-7.9, p = 0.009
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Table 1. Cont.

Outcome SNP to the

1st Author and Year Type of Study PTDM Definition Population Characteristics Nearest Gene
PTDM was defined according to the ADA
guidelines: FBG level > 7 mmol/L
(> 126 mg/dL) or a non-FBG Patients with no previous ° AG genotype
level > 11.1 mmol/L (> 200 mg/dL), diagnosis of diabetes, (GSTT1); OR:15.8,
52 cases of PTDM after confirmed on at least two occasions, or pretransplant fasting plasma 95% CI:4.5-60.2,

Musavi, 2019 [58]

liver transplantation and
54 controls.

taking anti-diabetic drugs for > 1 month
after transplant. Controls have been
defined as patients who did not develop
PTDM during the follow-up period and
with no history of glucose intolerance.
There is no evidence of liver or diabetic
damage among controls.

glucose level < 5.5 mmol/L, and
undergoing follow-up
for > 10 months. GSTM1, GSTP1,
and GSTT1 genetic polymorphisms
were genotyped for the study.

p=0.00

. AG + AA genotype
(GSTP1); OR:6.2,
95% CI: 1.2-29.6,
p =0.002

Hwang, 2019 [59]

254 cases of PTDM after
kidney transplantation
and 848 controls.

PTDM was defined according to the ADA
guidelines: FBG was higher than 126
mg/dL six months after transplantation or
when insulin or oral anti-diabetic agents
were required for treatment. Controls
have been defined as patients who did not
meet PTDM criteria during the follow-up
period. There is no evidence of kidney or
diabetic damage among controls.

Asian patients with no previous
diagnosis of diabetes, follow-up
period for more than one year, and
functioning graft at one-year
follow-up. A total of 17 SNPs were
genotyped for the study.

. 1s2237892
(KCNQ1); OR:0.63,
95% CI: 0.51-0.79,
p <0.0001

Zhang, 2018 [60]

17 cases of PTDM after
kidney transplantation
and 112 controls.

PTDM was defined according to the ADA
guidelines: HbAlc continuously > 6.5%,
FBG of > 126 mg/dL (7.0 nmol/L), or
requiring insulin and/or oral anti-diabetic
agents for > 3 months. Controls have been
defined as patients who did not develop
PTDM during the follow-up period. There
is evidence of kidney or diabetic damage
among controls.

Chinese Han ethnic patients aged >
18 with primary renal
transplantation and no history of
type 2 diabetes before
transplantation. The follow-up
period was one year. The following
SNPs, including CYP3A5 rs776741,
1776746, 1s15524, CYP24A1
152296241, and PPARG rs1801282,
were genotyped for the study.

. 152296241
(CYP24A1); OR:7.1,
95% CI: 1.3-38.4,
p=0.02

Daohua, 2018 [61]

57 cases of PTDM after
kidney transplantation
and 112 controls

Patients were diagnosed with PTDM by
FBG > 7.0 mmol/L, two h post-load
glucose > 11.1 mmol/L during OGTT, or
required insulin and/or oral anti-diabetic
drugs for more than three months after
transplantation. Controls have been a
group of type 2 diabetic mellitus patients

Chinese Han ethnic patients
undergo the first renal
transplantation and maintain renal
allograft function at least one year
after the transplant. Genetic
polymorphisms of CYP3A4,

e  *18B(CYP3A4);
OR:2.1, 95% CIL:
1.1-4.2,p =0.04

e G-30A (GSK);
OR:2.5, 95% CI:

and healthy volunteers. There is evidence CYP3A5, ABCC8, and GCK were 1.1-5.8, p = 0.03
of kidney or diabeticldamage among genotyped for the study.
controls.
Patients aged > 18 years with no
PTDM was defined as having history of diabetes. The follow-up
FBG > 140 mg/dL at 120 minin the 75-g  Priod was one year. A fotal of &
11 cases of PTDM after OGTT one year after transplantation. for the st dg rsl 499821gan d 755398 rs4982856 (PCK2);
Yokoyama, 2018 [62] kidney transplantation Controls have been defined as patients in SLCZAZ, 154982856 in PCK2 OR:10.1, 95% CI: 2.1-48.8,
and 27 controls. with <139 mg/dL plasma glucose levels. 4402960 r:s10811661 r5111187,5 p =0.003
There lflsﬁjeg‘;‘;‘l’éf“igi{rgﬁsd‘abe“C 1513266634, and 157756992 in
5 s : IGF2BP2, CDKN2A/B, HHEX,
SLC30AS8, and CDKALI.
The study excluded individuals
152 cases of PTDM after younger than 18 years old and
solid organ PTDM was diagnosed in instances where individuals who had undergone
& patients required antidiabetic treatments multiple organ transplantation. SP110 rs2114592C > T;

Quteineh, 2018 [63]

transplantation and 544
controls (kidney 69.1%,
liver 15.5%, lung 9.2%,

post-transplantation or if a new metabolic
event was reported in the case
report forms.

This study involved the selection of
287 SNPs located within 158 genes
that are known to be involved in

OR: 8.90, 95% CI:
1.97-40.0, p = 0.04

and heart 6.2%). . . .
the immune response to infectious
pathogens or inflammation.
Patients aged > 18 years, with no
history of diabetes, transplantation,
PTDM has been defined as having FBG of or acute graft rejection, and a
at least 7.0 mmol/L (126 mg/dL) or a follow-up period > 6 months.
non-fasting FBG of at least 11.1 mmol/L Twelve SNPs were genotyped for
75 cases of PTDM after (200 mg/dL) on at least two occasions or this study: ADIPOQ rs1501299, 151501299 (ADIPOQ);
Chao, 2017 [50] liver transplantation and requiring anti-diabetic drugs beyond the ADIPOQ rs822396, ADIPOR?2 OR:1.88, 95% CI: 1.1-3.4,
181 controls. first month after transplantation. Controls 15767870, TLR4 rs1927907, CCL5 p=0.03

have been defined as patients who did not
develop PTDM. There is evidence of liver
or diabetic damage among controls.

152107538, CCL5 152280789,
CYP3A5 rs776746, PPARA
154823613, ACE rs4291, HSD11B1
rs4844880, KCNJ11 rs5219 and
KCNQ1 rs2237892.




Genes 2024, 15, 503

7 of 19

Table 1. Cont.

1st Author and Year

Type of Study

PTDM Definition

Population Characteristics

Outcome SNP to the
Nearest Gene

Quteineh, 2017 [64]

Lung: 7 cases of PTDM
after lung transplantation
and 10 controls
Kidney: 27 cases of
PTDM after kidney
transplantation and 75
controls
Liver: 11 cases of PTDM
after liver transplantation
and 26 controls.

PTDM was defined as requiring
anti-diabetic treatment (either insulin or
oral anti-diabetic agents) for at least six

months following transplantation or
having several abnormal glucose profiles
during the follow-up period that fulfill the
criteria given by the WHO and ADA
consensuses, including FBG > 7.0
mmol/L (in >two occasions) or 2 h
plasma glucose > 11.1 mmol/L during
OGTT. Controls have been defined as
patients who did not develop PTDM.
There is evidence of organ or diabetic
damage among controls.

Patients aged > 18 years with
functional graft for more than
12 months after transplantation,
with no previous history of
diabetes or previous
transplantation. The follow-up
period was five years. Two SNPs
within the CRTC2 gene (rs8450 and
rs12117078) were genotyped for
the study.

rs8450 (CRTC2); OR:6.9,
95% CI: 1.5-31.3, p = 0.02

Yalin, 2017 [65]

52 cases of PTDM after
kidney transplantation
and 257 controls.

PTDM was defined according to the
American Diabetes Association guidelines:
2 h Postprandial Plasma Glucose levels
obtained from OGTT in patients without
overt hyperglycemia. Controls have been
defined as patients with renal
transplantation and normal glucose
metabolism after transplantation.

Patients with no previous history
of diabetes and with a functional
graft. The follow-up period was >
3 years. rs1050450 of the GPX1 and
rs1805127 of the KCNJ11 were
genotyped for the study.

rs1050450 (GPX1);
OR:29.9, 95% CI:
2.8-314.5,p =0.01

Ong, 2016 [66]

52 cases of PTDM after
kidney transplantation
and 257 controls.

PTDM was defined as having HbAlc >
6.5%, FBG levels > 7.0 mmol/L (126
mg/dL), or requiring anti-diabetic
medication or insulin for > 3 months.
Controls have been defined as patients
who did not develop PTDM. There is
evidence of kidney or diabetic damage
among controls.

Patients were included if they with
normal fasting glucose levels (FPG
<100 mg/dL) and HbA1lc levels (<
6%) before transplantation. The
mean follow-up duration was 90
months. Eleven SNPs within the
MMP1, MMP2, and MMP3 genes
were genotyped for the study.

. rs1132896 (MMP2);
OR:3.8, 95% CI:
1.2-12.2,p =0.03

. rs243849 (MMP2);
OR:0.32, 95% CI:
0.13-0.75, p = 0.009

Kim, 2016 [67]

52 cases of PTDM after
kidney transplantation
and 257 controls.

PTDM was defined according to ADA
guidelines (it is not specified which
criteria were used for diagnosing
diabetes). Controls have been defined as
patients who did not develop PTDM.
There is evidence of kidney or diabetic
damage among controls.

Patients aged > 18 years with no
history of diabetes. The follow-up
duration was one year after
transplantation. A total of 6 TLR
genes (TLR2 rs3804099, TLR2
rs3804100, TLR4 rs1927914, TLR6
rs3775073, TLR6 rs3821985, and
TLR6 rs1039559) were genotyped
for the study.

. rs1927914 (TLR4);
OR:0.55, 95% CI:
0.35-0.86, p = 0.008

. rs3775073 (TLR6);
OR:0.57, 95% CIL:
0.35-0.94, p = 0.02

. rs3821985 (TLR6);
OR:0.57, 95% CI:
0.35-0.94, p = 0.02

. rs1039559 (TLR6);
OR:2.0, 95% CI:
1.3-3.2, p = 0.002

Khan, 2015 [42]

42 cases of PTDM after
kidney transplantation
and 98 controls.

PTDM was defined according to ADA
guidelines: FBG level of more than 126
mg/dL. Controls have been defined as
patients who did not develop PTDM.
There is no evidence of kidney or diabetic
damage among controls.

Asian Indian patients who
developed PTDM after
transplantation. The follow-up
period was not specified. TCF7L2
(rs7903146) and SLC30A8
(rs13266634) were genotyped for
the study.

. rs7903146
(TCF7L2); Tvs. C:
OR:2.6, 95%
CIL:1.2-5.6, p = 0.01

. 1513266634
(SLC30A8); T vs. C:
OR: 2.0,95% CI:
1.1-34;p=0.01

Romanowski, 2015 [68]

23 cases of PTDM after
kidney transplantation
and 146 controls.

PTDM was defined as hemoglobin Alc
continuously over 6.5%, FBG > 7.0
mmol/L, or requiring treatment with oral
anti-diabetic agents or insulin for more
than three months after transplantation.
Controls have been defined as patients
who did not develop PTDM. There is
evidence of kidney or diabetic damage
among controls.

Patients with no history of diabetes
mellitus before transplantation and
with a functional graft. Patients
deceased within 1-month
post-transplant were excluded. The
follow-up period was three years.
ADIPOQ 15266729, rs1501299, and
LEP rs2167270 SNPs were
genotyped for the study.

rs2167270 (LEP); OR:4.0,
95% CI:1.5-10.5, p = 0.002

Tavira, 2014 [51]

115 cases of PTDM after
kidney transplantation
and 197 controls.

PTDM was defined as FBG > 125 mg/dL
(7.0 mmol /L) after three consecutive
measurements. Controls have been
defined as patients who did not develop
PTDM. There is evidence of kidney or
diabetic damage among controls.

Caucasian patients with no history
of diabetes mellitus before
transplantation. The follow-up
duration was one year after
transplantation. mtDNA
polymorphisms were genotyped
for the study.

mitochondrial haplotype
H; OR:1.82, 95%
CI:1.1-2.9, p = 0.01
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Table 1. Cont.

1st Author

and Year Type of Study PTDM Definition Population Characteristics Outcome SNP to the Nearest Gene
. rs10484821 (ATP5F1P6); OR:3.5, 95% CI: 2.1-5.8,
p=15x107"7
. 17533125 (DNAJC16); OR:2.4, 95% CI: 1.5-3.6, p = 0.001
° 152861484 (CELA2B); OR:2.4, 95% CI: 1.5-3.7, p = 0.001
. rs11580170 (AGMAT); OR:2.2, 95% CI: 1.4-3.4, p < 0.00
) . 1rs2020902 (CASP9); OR:2.3, 95% CI: 1.5-3.6, p < 0.001
PTDM was def‘“‘gd asanew o 11836882 (NOX4); OR:2.7, 95% CI: 1.5-3.8, pp< 0.001
) Se.q]‘;‘r?mem orora , e 15198372 (NPPA); OR:2.5, 95% CI:1.5-4.2, p < 0.001
anti-diabetic ﬁge“ts fr msutm e 154394754 (INPP5A); OR: 2.1, 95% CI:1.4-3.2, p < 0.001
aftt;’r‘t‘;?;:gfan{’aﬂgﬁ yéffrﬁlr‘"(‘) s 99% of white patients e 157145618 (PPP2R5C); OR: 3.1, 95% CI:1.5-6.4), p =0.01
57 cases of PTDM  have beenp defined as patients aged > 16 years. The median e 1517722392 (KIDINS220); OR: 3.2, 95% CI: 1.5-6.9, p = 0.02
McCaughan after kidne who did not develo I;’TDM follow-up time was 12.2 years . 152265919 (SHPRH); OR:2.0, 95% CI: 1.3-3.16, p = 0.002
014 %6 T - t.y 1 didrot li (0-26.0 years). GWAS analysis o rs1783606 (SHANK2); OR:2.4, 95% CI: 1.3-4.1, p = 0.02
[46] ransp antation and didno ‘f"’e op a of 561,233 single-nucleotide o 152265477 (SHPRH); OR:1.8, 95% CI: 1.2-2.8, p = 0.01
and 370 controls. requirement for oral polymorphisms (SNPs) were o 1s2069763a (IL-2); OR:0.48, 95% CI: 0.3-0.8, p = 0.01
| anti-clapetic thetapy or genotyped for the study. o 1s6903252 (Intergenic); OR:1.8, 95% CI: 1.2-2.8, p = 0.01
o lg Tlilrmg‘t N '21 ow—u}f) . 1r$2265917 (SHPRH); OR:1.8,95% CI: 1.2-2.8, p = 0.01
P"tg‘o : Zr.e ]135 v dence o e 1516936667 (PRDM14); OR:2.2, 95% CI: 1.2-3.8, p = 0.02
kidney or diabetic damage e 15341497 (DIAPH3); OR:2.6, 95% ClI: 1.3-5.2, p = 0.004
among controls. e 151016429 (GRIN3A); OR:2.5, 95% CI: 1.2-5.0, p = 0.01
° 1510117679 (GRIN3A); OR:2.8, 95% CI: 1.2-6.4, p = 0.01
. rs1871184 (ITGA1); OR:1.9, 95% CI: 1.1-3.1, p = 0.01
. 153212574 (ITGA2); OR:1.7,95% CI: 1.1-2.7, p = 0.01
. 152240747 (ZNRF4); OR:1.8, 95% CI: 1.1-3.1, p = 0.01
. Patients aged > 18 years who
P?;é/l ;v 211;5d Ieém/eccllLas maintained graft function for
= & at least six months with no
16 cases of PTDM (7.0 mmol/L). Controls have prior history of diabetes or
Yao, 2013 after kidney been defined as patients who - o) station. Follow-up Fok1 f allele (LEP); OR:11.8, 95% CI:1.7-80.1, p = 0.012
[69] transplantation did not develop PTDM. There duration > six months. The
and 89 controls. is evidence of kidney or Fok1 poly?11 orphisms o.f the
diabetic damage VDR gene were genotyped for
among controls. the study.
PTDM was defined according
to the ADA criteria: FBG level Patients with no previous
27 mm;ég“;lf 16 in 8/ dLl)/’E) * history of diabetes and with
a ;)%n— /7dL) t lmr?i) functional graft and more than
25 cases of PTDM ( ) mg t)h(a cast two " six months follow-up time.
Ling, 2013 after liver ofccasmr}s) Or the requiremen The mean follow-up was D, e _
. or anti-diabetic drugs after 15290487 (TCF7L2); OR:1.9, 95% CI:1.1-3.5, p = 0.04
[70] transplantation the first month of 6-61 months. Four SNPs,
and 100 controls. . 15290487, 157903146,
transplantation. Controls have 511196205, and rs12255372. of
been defined as patients who the TCI,-"7LZ ene were ’
did not develop PTDM. There d f0§ the stud
is evidence of liver or diabetic genotype ¥
damage among controls.
PTDM was defined as
continuous FBG
levels > 126 mg/dL
(7.0 mmol/ L ); plasma glucose Patients with no history of
conclerlﬁlr atlonsl ZLZ.OO r;%/ dL diabetes or severe metabolic
(11. mlm o d/ l)’ or or infectious disease before
49 cases of PTDM post-load glucose transplantation. The mean
Lee, 2013 after kidney 2200 mg/dL (11.1 mmol/L) follow-up duration was
4 f during an OGTT; or rs4762 (AGT); OR:2.1, 95% CI:1.1-3.8, p = 0.01
[71] transplantation requirement for insulin 87.91 months
and 253 controls. 9 T mnsuin (87.91 + 78.23 months).
and/or oral anti-diabetic ACE and AGT wene
agents for more than three olvmor hismsgwere
months. Controls have been p i]m dpf the stud
defined as patients who did genotyped for the study.
not develop PTDM. There is
evidence of kidney or diabetic
damage among controls.
PTDM was defined as FPG
concentration over . . .
Patients with no history of
162?5"{/11 go/rdihrs EE\A;?;E:ZF diabetes or severe metabolic .
53 cases of PTDM ’ arl;,ti— diabetic agents or infectious disease before . 151494558 (IL-7R); OR:1.6, 95 0/0 CL:1.1-25,p=0.03
Kim, 2012 after kidney requirement for ox%er three transplantation. The mean ® 152172749 (IL-7R); OR:1.6, 95 A:) CL1.1-2.5,p=0.04
[72] transplantation d follow-up duration was . 154819554 (IL-17R); OR:1.8, 95% CI: 1.1-2.9, p = 0.01
months. Controls have been o rs2069763 (IL-2); OR:1.6,95% CI: 1.1-2.4, p = 0.04

and 253 controls.

defined as patients who did
not develop PTDM. There is
evidence of kidney or diabetic
damage among controls.

79.45 months. Eighteen SNPs
of interleukin were genotyped
for the study.
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Table 1. Cont.

1st Author and Year

Type of Study

PTDM Definition

Population Characteristics

Outcome SNP to the
Nearest Gene

115 cases of PTDM after

PTDM was defined based on the WHO
guidelines: FBG > 125 mg/dL
(7.0 mmol /L) after three consecutive

Patients > 18 years with no history
of diabetes before transplantation.

. kidney or heart Follow-up period for one year. rs5219 (KCNJ11); OR:2.1,
Tavira, 2012 [73] transplantation and 205 ?eajureme.ms' Coﬁtr‘;l.sdhave;eeri SNPs rs5219 and rs1805127 of 95% CI: 1.2-3.5, p = 0.004
controls. efined as patients who did not develop KCNJ11 were genotyped
PTDM. There is no evidence of kidney or for the stad
diabetic damage among controls. ¥
PTDM was defined as FBG > 125 mg/dL  Caucasian patients > 18 years with
after three consecutive measurements) in no history of diabetes before
the first year post-transplant. Control transplantation. Follow-up period .
Tavira, 2011 [47] 1131%258;2;25%;%? patients were defined as patients who for one year. SNPs rs2237895 (A /C) Oéslz 283;)7%95?’ /(Ié?\ll%]_)z’ 9
’ y P remained non-diabetics during the first and rs2237892 (C/T) in intron 15 of O TR - e
and 260 controls. p =0.008

year post-transplant. There is evidence of
kidney or diabetic damage
among controls.

KCNQ1 and rs8234 in the 3’
untranslated region (UTR) were
genotyped for the study.

Yang, 2011 [74]

133 cases of PTDM after
kidney transplantation
and 170 controls.

PTDM was defined as having FBG level of
more than 126 mg/dL one month or later
after transplantation (at least two
occasions) and/or the requirement for
anti-diabetic drugs during the follow-up.
Controls have been defined as patients
who did not develop PTDM. There is
evidence of kidney or diabetic damage
among controls.

Hispanic patients with no history
of diabetes and organ transplant
before transplantation. Follow-up
period of at least one year. SNPs of
TCF7L2, HNF4A, HNF1A, KCNJ11,
SURI1, ENPP1, PPARG, PPARGC1,
and IRS1 were genotyped
for the study.

. rs2144908
(HNF4A); OR:1.9,
95% CI: 1.1-3.5,
p=0.01

. rs1884614
(HNF4A); OR:2.4,
95% CI: 1.4-4 4,
p =0.002

. rs1801278 (IRS1);
OR:2.7,95% CIL:
1.2-6.9,p =0.02

° rs5219 (KCNJ11);
OR:1.5, 95% CIL:
1.1-2.1,p=0.01

Kurzawski, 2011 [75]

66 cases of PTDM after
kidney transplantation
and 168 controls.

PTDM was defined as HgA1c levels
continuously over 6.5 mg/dL, FBG levels
over 126 mg/dL, or the requirement for
insulin and/or oral anti-diabetic agents
for over three months. Controls have been
defined as patients who did not develop
PTDM. There is evidence of kidney or
diabetic damage among controls.

Caucasian patients with no history
of diabetes with functioning graft
for at least one year. Follow-up
period for one year. SNPs
rs7903146 and rs12255372 of the
TCF7L2 gene were genotyped for
the study.

157903146 (TCF7L2);
OR:4.1,95% CI: 1.2-14.33,
p=0.01

Jeong, 2010 [76]

Kang, 2008 [77]

56 cases of PTDM after
kidney transplantation
and 255 controls.

119 cases of PTDM after
kidney transplantation
and 392 controls.

PTDM was defined as continuous
hemoglobin Alc levels over 6.5%, FBG
concentration over 126 mg/dL, or insulin
and/or oral anti-diabetic agents required
for over three months. Controls have been
defined as patients who did not develop
PTDM. There is evidence of kidney or
diabetic damage among controls.

PTDM was defined according to ADA
criteria: patients required anti-diabetic
drugs or insult after the third
post-transplantation month. Controls
were a combination of patients who did
not develop PTDM and patients who
developed diabetes during the first year
following transplantation but recovered to
normoglycemia without medication.
There is no evidence of kidney or diabetic
damage among controls.

Patients with no history of diabetes
or severe metabolic or infectious
disease before transplantation. The
mean follow-up duration was
89.62 months. Three SNPs
(rs2107538 in promoter-403,
rs2280789 in intron_1, and
rs3817655 in intron_2) of the CCL5
gene were genotyped for the study.

Patients with no history of
diabetes, severe metabolic or
infectious disease, and organ

transplant before transplantation.
Follow-up period for one year.
SNPs rs4506565, 1s7901695,
157903146, rs11196205, rs12243326,
and rs12255372 of the TCF7L2 gene
were genotyped for the study.

. rs2107538 (CCL5);
OR:1.8, 95% CI:
1.2-2.8, p = 0.003

. rs2280789 (CCL5);
OR:1.7,95% CL:
1.2-2.6,p =0.01

. rs3817655 (CCL5);
OR:1.8, 95% CI:
1.2-2.8, p = 0.003

17903146 (TCF7L2);
OR:2.7,95% CI: 1.3-6.2,
p =001

Epigenetic modifications have been reported to be associated with renal transplant
outcomes [88]. It is likely that the dynamic interactions between the recipient’s immune
system, immunosuppressive therapy, and donor organ are influenced in part by epigenetic
mechanisms. Immunological tolerance is associated with demethylation of immune system
genes regulating B-cell and T-cell activation and chronic rejection associated with altered
DNA methylation (mainly hypomethylation) in genes controlling ubiquitination pathways
involved in protein degradation that regulate antigen presentation as well as B-cell receptor
and T-cell receptor signaling [88-90]. Likewise, altered DNA methylation can control
IL-2 expression, which mediates the activation of T cells [91]. Notably, DNA methylation
profiles are crucial for the stability of Treg cells and maintaining the steady expression of
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FOXP3 protein [92], and higher FOXP3 protein levels were associated with worse allograft
outcomes and diabetic pathogenesis [93,94].

There are relatively few studies of epigenetic features associated with PTDM. Most of
the reports are cross-sectional case-control studies comparing transplant recipients with
PTDM with age and sex-matched controls. One such study reported that there were simi-
larities between the DNA methylome in adipose tissue of renal transplant recipients with
PTDM and the DNA methylome of individuals with type 2 diabetes [95]. Another study
established an epigenetic profile reference for kidney transplant patients and identified
potential markers associated with glomerular filtration rates and diabetic kidney disease,
such as cg23597162 within JAZF1 and cg17944885 [82]. A prospective study of individuals
with end-stage renal disease who have DNA samples taken prior to transplant and post-
transplant would help to discover the epigenetic profiles that predict the development of
PTDM (and other important renal transplant outcomes).

From a transcriptomic perspective, studies have been conducted to identify marker
genes associated with graft rejection. For example, a study investigated the association
of immune-related genes with graft rejection after kidney transplantation [96]. Several
identified genes were strongly correlated with graft rejection, including CXCL11, CCL4,
CXCL10, IDO1, and GBP2 [96]. CXCL10 and CXCL11 are crucial in many inflammatory
diseases [97]. They were strongly associated with pro-inflammatory mediators, such as
IL-1B, IL-2, IL-6, and TNF-«, that are integral to various inflammatory disorders such
as coronary heart disease, insulin resistance, and diabetes [97,98]. Furthermore, IDO1
variants are also strongly associated with type 2 diabetes. Several reports indicate that
IDO dysregulation is implicated in insulin resistance [99-101]. GBP2, a family member of
IFN-stimulated GTPases expressed in human cells, is highly responsive to IFN stimulation
and regulates cellular proliferation, tissue invasion, and angiogenesis [102]. Moreover,
GBP2 has an essential role in immunity, infection, inflammation, and metabolic syndromes
and could have a role in insulin resistance [103]. In a study of transcriptomic activity in post-
transplant kidney allografts [104], the authors identified strongly correlated gene clusters
associated with fibrosis (e.g., COL1A1, DPT, and MMP?7), B-cell activity, and immunity
(e.g., CD52, CXCL10, and CCL21); several of these genes have been associated with insulin
resistance and diabetes [104-108].

MicroRNAs are involved as transcriptional regulators in various biological processes,
and extensive research efforts have identified associations between transplantation and
specific microRNAs (e.g., miRNA-21, miRNA-146, miRNA-155, miRNA-199, and miRNA-
214) [109]. However, the role of miRNAs in PTDM remains poorly understood. Identifying
miRNA signatures helps reveal molecular pathways involved in pre/post-transplantation
responses [109]. For example, in kidney injury, microRNA-21 becomes activated and is
also involved in type 2 diabetes mellitus complications [110]. miRNA-21 stimulates renal
fibrosis in diabetic nephropathy and regulates adipogenic differentiation through TGF-3
signaling [111]. Another example is the higher expression of miRNA-146 and miRNA-155
in the renal tissue obtained from kidney transplant recipients, and studies have confirmed
the strong association of these miRNAs with diabetes [109]. One study indicates that
miRNA-155 and miRNA-146a expression increased more than fivefold in the kidney sam-
ples of diabetic nephropathy patients [112]. miRNA-155 regulates insulin sensitivity, and
its dysregulation contributes to developing diabetes mellitus complications [113]. Down-
regulation of miRNA-146a may be associated with a predisposition to type 2 diabetes [114].
Additionally, miRNA-199 was found to affect pancreatic 3-cell function negatively, and its
expression is highly increased in the plasma of people with diabetes [115]. miRNA-214 is
involved in skeleton formation and cancer [109], and microarray analysis has shown signif-
icant overexpression of miRNA-214 in the renal cortex of diabetic mice, which suggests
that it may be a therapeutic target for diabetic nephropathy [116].
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4. Pathways Associated with PTDM

PTDM has been associated with pathways involved in insulin sensitivity and/or
insulin deficiency as well as pathways linked to hyperglycemia and vascular complica-
tions. Glucose production in the liver results from a combination of gluconeogenesis and
glycogenolysis [117]. Insulin is a crucial hormone regulator of gluconeogenesis, and the
indirect effect of insulin can suppress gluconeogenesis in several tissues and cell types,
such as pancreatic cells [117]. Insulin in pancreatic « cells inhibits glucagon secretion,
which can, in turn, suppress hepatic glucose production by decreasing glucagon signaling
in the liver [118]. Increased hepatic glucose production increases glucose release into the
blood, which can cause hyperglycemia [117], and in people with diabetes, gluconeogenesis
has been identified as the main source of glucose production [119]. Insulin may modify
hepatic gluconeogenesis by transcribing gluconeogenic control genes, including PCK1 and
G6PC. Analysis of liver biopsies from people with diabetes demonstrated no elevation
of PCK1 and G6PC [120]. In contrast, a study on patients revealed a direct link between
insulin resistance and the mRNA levels of PCK1, G6PC, and FOXO1 [121]. Since gluco-
neogenesis is a primary factor in hepatic glucose production in people with diabetes and
insulin impacts gluconeogenesis through transcription, identifying the insulin signaling
pathways that affect gluconeogenic gene transcription and gluconeogenesis can contribute
to comprehending PTDM pathophysiology (Figure 1).
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Figure 1. Biological pathways of genes associated with PTDM in lungs, liver, and kidneys.

Insulin binding to the insulin receptor activates tyrosine kinase, which initiates sig-
naling. Activation of this process results in the phosphorylation of multiple intracellular
substrates, such as the PI3K/AKT and MAPK signaling pathways [122]. The PI3K/AKT
and MAPK signaling pathways can be compromised in people with diabetes, which can
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cause enhanced hepatic glucose production and decreased insulin sensitivity, implying
a major role for these substrates in maintaining glucose balance [123] (Figure 1). On the
other hand, hepatic CREB’s role in diabetes is amplified transcriptionally, resulting in hy-
perglycemia and insulin resistance [124]. The transcription factor CREB has been observed
when it has decreased expression levels in the liver of mice, leading to lower blood glucose
levels and lower expression of gluconeogenic genes; this demonstrates the importance
of CREB in hepatic gluconeogenesis [125]. In the absence of insulin, the CREB complex
activates and interacts with RNA polymerase II to augment the expression of the glucose-
production genes. Furthermore, the increased phosphorylation of CREB due to elevated
glucose, insulin, and L-glutamate levels illustrates the crucial role of CREB in diabetic
complications [126] (Figure 1).

Inflammation plays a prominent role in the pathophysiology of diabetes and its related
metabolic disorders, therefore targeting inflammation may help in the prevention and
control of diabetes. Inflammation can disrupt normal insulin signaling [127] (Figure 1). Both
acute and chronic inflammation are associated with raised levels of cytokines and insulin
resistance [128]. As diabetes progresses, there are alterations in immune B cell profiles and
the patterns of CD8+ T cell migration [129]. Macrophages also have a fundamental role in
inflammation, as they can secrete cytokines like interleukin 1  and TNF-«, and generate
reactive oxygen species (ROS) [130]. Studies have suggested a link between inflammation
of the pancreatic 3-cells and PTDM, a likely association between heightened innate immune
system activity and the emergence of PTDM, and the involvement of TNF [67,72,131,132].
One study demonstrated an association between augmented IL6 levels and PTDM, and
elevated IL6 and TNF receptor II concentrations are correlated with a greater probability of
graft failure and mortality [133], suggesting a role of inflammation in PTDM pathogenesis.

Wnt signaling is of major importance in embryonic development and the pathogenesis
of cancer and has been shown to be a key controller of a variety of illnesses, including
prostate cancer and type 2 diabetes [134]. The first association between the Wnt signaling
pathways and diabetes identified a genetic polymorphism of the TCF7I2 gene, which en-
codes a vital transcription factor TCF4 in the Wnt signaling pathways [135]. Additionally,
interference in Wnt signaling pathways is involved in the development of diabetes, as
it affects the proliferation and differentiation of pancreatic 3-cells and the secretion of
insulin [136]. These findings imply that Wnt could significantly affect the development and
progression of diabetes (Figure 1). CREB functions as a transcriptional factor, prompting
the expression of gluconeogenesis enzymes [137]. The transcriptional activity of hepatic
CREB is amplified in diabetes, resulting in high blood sugar and a lack of responsive-
ness to insulin [124] (Figure 1). Obesity, associated with type 2 diabetes, can lead to an
increased expression of hepatic proteins of CREB, which in turn can cause hyperglycemia,
hyperinsulinemia, and hyperglucagonemia [124]. Evidence for CREB’s involvement in the
progression of diabetic complications, including diabetic coronary atherosclerosis, has been
established [124].

Furthermore, CREB phosphorylation is augmented by high glucose and insulin con-
centrations, suggesting that enhanced CREB phosphorylation may play a role in neurode-
generative diseases and diabetic complications [126]. Histone acetylation has also been
linked to diabetic complications, such as diabetic retinopathy [138] (Figure 1). Recent
evidence indicates that histone modification appears to initiate oxidative stress, inflam-
mation, and fibrosis in the diabetic kidney [139]. Research conducted on diabetic mice
showed that early glomerulosclerosis was linked to diminished H3K9 and H3K23 his-
tone acetylation [140]. Further investigations revealed that the acetylation levels of H3K9,
H3K18, and H3K23 were elevated in the kidneys of diabetic mice [141,142]. It was seen
that in hyperglycemia, increased H3K9 and H3K18 acetylation levels in the mesangial cells
correlated with the production of inflammatory mediators [141]. It is unclear if inhibitors
of CREB phosphorylation or histone modification could prevent or delay the development
of PTDM.
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Although there are interesting parallels between the molecular pathogenesis of type 2
diabetes and PTDM, there are unique triggers to PTDM related to the transplant itself and
post-transplant treatment. The pathogenesis of PTDM is expected to entail multifaceted
interactions among several factors, including the degree of HLA mismatch between kidney
donor and transplant recipient, immunosuppressive medications, and genetic predisposi-
tion to diabetes. Consequently, it is vital to conduct targeted research that centers on PTDM
to discover the pivotal pathways in its development and progression.

5. Conclusions

A thorough comprehension of PTDM necessitates an exploration of its intricate in-
teractions across genetic, molecular, and clinical domains. The primary focus of targeted
research should be on the identification of key pathways, validation of genetic associations,
and investigation of therapeutic interventions aimed at minimizing the risk of PTDM,
ultimately leading to improved outcomes for organ transplant recipients. The significance
of insulin resistance and impaired insulin secretion prior to or following transplantation has
been highlighted in recent studies investigating the mechanism of PTDM. This emphasizes
the necessity of promptly detecting and managing insulin resistance in transplant recipients.
PTDM clinical management still contains numerous areas of ambiguity, while the debate
over the most suitable screening strategy remains unsettled. The primary concern that
needs to be addressed is how to effectively reduce the risk of PTDM in transplant recipients.
It is imperative to conduct additional research and development to enhance screening and
management strategies, thereby enhancing the quality of life for transplant recipients.

Author Contributions: Conceptualization, methodology, resources, A.J.M. and Z.A.; investigation,
data curation, writing original draft Z.A.; writing—review and editing, A.J.M.; APM.; and Z.A;
visualization, Z.A.; supervision, A.].M. and A.P.M.; project administration, A.J.M. and A.PM.; fund-
ing acquisition, A.J.M. and A.PM. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is supported by the HSC R&D division (STL/5569/19) and UKRI (MRC
MC_PC_20026). Funding from Science Foundation Ireland and the Department for the Economy,
Northern Ireland US partnership award 15/1A /3152, Kidney Research UK and The Stoneygate Trust.
Acknowledgments: Figures were created using Biorender.com, accessed on 2 April 2023.

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

References

1.

Shaked, A.; Loza, B.L.; Van Loon, E.; Olthoff, KM.; Guan, W.; Jacobson, P.A.; Zhu, A.; Fishman, C.E.; Gao, H.; Oetting, W.S.; et al.
Donor and recipient polygenic risk scores influence the risk of post-transplant diabetes. Nat. Med. 2022, 28, 999-1005. [CrossRef]
[PubMed]

Pham, P.T.; Sarkar, M.; Pham, PM.; Pham, P.C. Diabetes Mellitus after Solid Organ Transplantation; Feingold, K.R., Anawalt, B.,
Blackman, M.R., Eds.; Endotext. MDText.com, Inc.: South Dartmouth, MA, USA, 2022.

Sharif, A.; Hecking, M.; De Vries, A.P,; Porrini, E.; Hornum, M.; Rasoul-Rockenschaub, S.; Berlakovich, G.; Krebs, M.; Kautzky-
Willer, A.; Schernthaner, G.; et al. Proceedings from an international consensus meeting on posttransplantation diabetes mellitus:
Recommendations and future directions. Am. |. Transplant. 2014, 14, 1992-2000. [CrossRef] [PubMed]

Chakkera, H.A.; Hanson, R.L.; Raza, S.M.; DiStefano, ] K.; Millis, M.P,; Heilman, R.L.; Mulligan, D.C.; Reddy, K.S.; Mazur, M.].;
Hamawi, K.; et al. Pilot study: Association of traditional and genetic risk factors and new-onset diabetes mellitus following
kidney transplantation. Transplant. Proc. 2009, 41, 4172—4177. [CrossRef] [PubMed]

Chow, K.M.; Li, PK. Review article: New-onset diabetes after transplantation. Nephrology 2008, 13, 737-744. [CrossRef] [PubMed]
Sulanc, E.; Lane, ].T.; Puumala, S.E.; Groggel, G.C.; Wrenshall, L.E.; Stevens, R.B. New-onset diabetes after kidney transplantation:
An application of 2003 International Guidelines. Transplantation 2005, 80, 945-952. [CrossRef] [PubMed]

Kasiske, B.L.; Snyder, ].J.; Gilbertson, D.; Matas, A.J. Diabetes mellitus after kidney transplantation in the United States. Am. J.
Transplant. 2003, 3, 178-185. [CrossRef] [PubMed]

Lockridge, ].B.; Pryor, J.B.; Rehman, S.S.; Norman, D.J.; DeMattos, A.M.; Olyaei, A.]. New onset diabetes after kidney transplanta-
tion in Asian Americans—Is there an increased risk? Transplant. Rep. 2021, 6, 100080. [CrossRef]

Newman, ].D.; Schlendorf, K.H.; Cox, Z.L.; Zalawadiya, S.K.; Powers, A.C.; Niswender, K.D.; Shah, R.V.; Lindenfeld, J. Post-
transplant diabetes mellitus following heart transplantation. J. Heart Lung Transplant. 2022, 41, 1537-1546. [CrossRef] [PubMed]


Biorender.com
https://doi.org/10.1038/s41591-022-01758-7
https://www.ncbi.nlm.nih.gov/pubmed/35393535
https://doi.org/10.1111/ajt.12850
https://www.ncbi.nlm.nih.gov/pubmed/25307034
https://doi.org/10.1016/j.transproceed.2009.08.063
https://www.ncbi.nlm.nih.gov/pubmed/20005362
https://doi.org/10.1111/j.1440-1797.2008.01052.x
https://www.ncbi.nlm.nih.gov/pubmed/19076286
https://doi.org/10.1097/01.TP.0000176482.63122.03
https://www.ncbi.nlm.nih.gov/pubmed/16249743
https://doi.org/10.1034/j.1600-6143.2003.00010.x
https://www.ncbi.nlm.nih.gov/pubmed/12603213
https://doi.org/10.1016/j.tpr.2021.100080
https://doi.org/10.1016/j.healun.2022.07.011
https://www.ncbi.nlm.nih.gov/pubmed/35970647

Genes 2024, 15, 503 14 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chaitou, A.R.; Valmiki, S.; Valmiki, M.; Zahid, M.; Aid, M.A.; Fawzy, P.; Khan, S.; Zahid, M. New-Onset Diabetes Mellitus
(NODM) After Liver Transplantation (LT): The Ultimate Non-diabetogenic Immunosuppressive Therapy. Cureus 2022, 14, e23635.
[CrossRef] [PubMed]

Fazekas-Lavu, M.; Reyes, M.; Malouf, M.; Plit, M.; Havryk, A.; Campbell, L.V,; Center, ].R.; Glanville, A.R.; Greenfield, ].R. High
prevalence of diabetes before and after lung transplantation: Target for improving outcome? Intern. Med. J. 2018, 48, 916-924.
[CrossRef] [PubMed]

Pham, P.T.; Pham, PM.; Pham, S.V.; Pham, P.A.; Pham, P.C. New onset diabetes after transplantation (NODAT): An overview.
Diabetes Metab. Syndr. Obes. 2011, 4, 175-186. [CrossRef] [PubMed]

Baid, S.; Cosimi, A.B.; Farrell, M.L.; Schoenfeld, D.A.; Feng, S.; Chung, R.T.; Tolkoff-Rubin, N.; Pascual, M. Posttransplant diabetes
mellitus in liver transplant recipients: Risk factors, temporal relationship with hepatitis C virus allograft hepatitis, and impact on
mortality. Transplantation 2001, 72, 1066-1072. [CrossRef] [PubMed]

Roccaro, G.A.; Goldberg, D.S.; Hwang, W.T.; Judy, R.; Thomasson, A.; Kimmel, S.E.; Forde, K.A.; Lewis, ].D.; Yang, Y.X. Sustained
Posttransplantation Diabetes Is Associated with Long-Term Major Cardiovascular Events Following Liver Transplantation. Am. J.
Transplant. 2018, 18, 207-215. [CrossRef] [PubMed]

Rodriguez-Rodriguez, A.E.; Porrini, E.; Hornum, M.; Donate-Correa, J.; Morales-Febles, R.; Khemlani Ramchand, S.; Molina
Lima, M.X,; Torres, A. Post-Transplant Diabetes Mellitus and Prediabetes in Renal Transplant Recipients: An Update. Nephron
2021, 145, 317-329. [CrossRef] [PubMed]

Dos Santos, Q.; Hornum, M.; Terrones-Campos, C.; Crone, C.G.; Wareham, N.E.; Soeborg, A.; Rasmussen, A.; Gustafsson, F;
Perch, M.; Soerensen, S.S.; et al. Posttransplantation Diabetes Mellitus Among Solid Organ Recipients in a Danish Cohort. Transpl.
Int. 2022, 35, 10352. [CrossRef] [PubMed]

Ponticelli, C.; Favi, E.; Ferraresso, M. New-Onset Diabetes after Kidney Transplantation. Medicina 2021, 57, 250. [CrossRef]
[PubMed]

Penfornis, A.; Kury-Paulin, S. Inmunosuppressive drug-induced diabetes. Diabetes Metab. 2006, 32 Pt 2, 539-546. [CrossRef]
[PubMed]

Bloomgarden, Z. Diabetes and branched-chain amino acids: What is the link? J. Diabetes 2018, 10, 350-352. [CrossRef] [PubMed]
Ferris, H.A.; Kahn, C.R. New mechanisms of glucocorticoid-induced insulin resistance: Make no bones about it. |. Clin. Investig.
2012, 122, 3854-3857. [CrossRef] [PubMed]

Luan, EL.; Steffick, D.E.; Ojo, A.O. New-onset diabetes mellitus in kidney transplant recipients discharged on steroid-free
immunosuppression. Transplantation 2011, 91, 334-341. [CrossRef] [PubMed]

Pahor, K.; Maver, B.; Blagus, T.; Von¢ina, B.; Praznik, M.; Gori¢ar, K.; DolZan, V.; Arnol, M.; Mlinsek, G. Glucocorticoid pathway
polymorphisms and diabetes after kidney transplantation. Clin. Nephrol. 2021, 96, 114-118. [CrossRef] [PubMed]

Farouk, S.S.; Rein, J.L. The Many Faces of Calcineurin Inhibitor Toxicity-What the FK? Adv. Chronic Kidney Dis. 2020, 27, 56-66.
[CrossRef] [PubMed]

Van Laecke, S.; Van Biesen, W.; Verbeke, E; De Bacquer, D.; Peeters, P.; Vanholder, R. Posttransplantation hypomagnesemia and its
relation with immunosuppression as predictors of new-onset diabetes after transplantation. Am. J. Transplant. 2009, 9, 2140-2149.
[CrossRef] [PubMed]

Nandula, S.A.; Boddepalli, C.S.; Gutlapalli, S.D.; Lavu, VK.; Abdelwahab, R.A.; Huang, R.; Potla, S.; Bhalla, S.; AlQabandi, Y.;
Balani, P. New-Onset Diabetes Mellitus in Post-renal Transplant Patients on Tacrolimus and Mycophenolate: A Systematic Review.
Cureus 2022, 14, €31482. [CrossRef] [PubMed]

Heit, J.J.; Apelqvist, A.A.; Gu, X.; Winslow, M.M.; Neilson, J.R,; Crabtree, G.R.; Kim, S.K. Calcineurin/NFAT signalling regulates
pancreatic beta-cell growth and function. Nature 2006, 443, 345-349. [CrossRef] [PubMed]

Tamuka, K.; Fujimura, T.; Tsutsumi, T.; Nakamura, K.; Ogawa, T.; Atlimaru, C.; Hirano, Y.; Ohara, K.; Ohtsuka, K.; Shimomura, K.;
et al. Transcriptional inhibition of insulin by FK506 and possible involvement of FK506 binding protein-12 in pancreatic beta-cell.
Transplantation 1995, 59, 1606-1613. [CrossRef]

Lombardi, A.; Gambardella, J.; Du, X.L.; Sorriento, D.; Mauro, M.; laccarino, G.; Trimarco, B.; Santulli, G. Sirolimus induces
depletion of intracellular calcium stores and mitochondrial dysfunction in pancreatic beta cells. Sci. Rep. 2017, 7, 15823. [CrossRef]
[PubMed]

Verges, B. nTOR and Cardiovascular Diseases: Diabetes Mellitus. Transplantation 2018, 102 (Suppl. S1), 547-549. [CrossRef]
[PubMed]

Bloom, R.D.; Lake, J.R. Emerging issues in hepatitis C virus-positive liver and kidney transplant recipients. Am. J. Transplant.
2006, 6, 2232-2237. [CrossRef] [PubMed]

Sagedal, S.; Hartmann, A.; Nordal, K.P,; Osnes, K.; Leivestad, T.; Foss, A.; Degré, M.; Fauchald, P.; Rollag, H. Impact of early
cytomegalovirus infection and disease on long-term recipient and kidney graft survival. Kidney Int. 2004, 66, 329-337. [CrossRef]
[PubMed]

Chowdhury, T.A. Post-transplant diabetes mellitus. Clin. Med. 2019, 19, 392-395. [CrossRef] [PubMed]

McCaughan, J.A.; McKnight, A.].; Courtney, A E.; Maxwell, A.P. Epigenetics: Time to translate into transplantation. Transplantation
2012, 94, 1-7. [CrossRef]

1000 Genomes Project Consortium; Abecasis, G.R.; Altshuler, D. A map of human genome variation from population-scale
sequencing. Nature 2010, 467, 1061-1073. [CrossRef] [PubMed]


https://doi.org/10.7759/cureus.23635
https://www.ncbi.nlm.nih.gov/pubmed/35510006
https://doi.org/10.1111/imj.13963
https://www.ncbi.nlm.nih.gov/pubmed/29740976
https://doi.org/10.2147/DMSO.S19027
https://www.ncbi.nlm.nih.gov/pubmed/21760734
https://doi.org/10.1097/00007890-200109270-00015
https://www.ncbi.nlm.nih.gov/pubmed/11579302
https://doi.org/10.1111/ajt.14401
https://www.ncbi.nlm.nih.gov/pubmed/28640504
https://doi.org/10.1159/000514288
https://www.ncbi.nlm.nih.gov/pubmed/33902027
https://doi.org/10.3389/ti.2022.10352
https://www.ncbi.nlm.nih.gov/pubmed/35449717
https://doi.org/10.3390/medicina57030250
https://www.ncbi.nlm.nih.gov/pubmed/33800138
https://doi.org/10.1016/S1262-3636(06)72809-9
https://www.ncbi.nlm.nih.gov/pubmed/17130815
https://doi.org/10.1111/1753-0407.12645
https://www.ncbi.nlm.nih.gov/pubmed/29369529
https://doi.org/10.1172/JCI66180
https://www.ncbi.nlm.nih.gov/pubmed/23093783
https://doi.org/10.1097/TP.0b013e318203c25f
https://www.ncbi.nlm.nih.gov/pubmed/21242885
https://doi.org/10.5414/CNP96S20
https://www.ncbi.nlm.nih.gov/pubmed/34643502
https://doi.org/10.1053/j.ackd.2019.08.006
https://www.ncbi.nlm.nih.gov/pubmed/32147003
https://doi.org/10.1111/j.1600-6143.2009.02752.x
https://www.ncbi.nlm.nih.gov/pubmed/19624560
https://doi.org/10.7759/cureus.31482
https://www.ncbi.nlm.nih.gov/pubmed/36532903
https://doi.org/10.1038/nature05097
https://www.ncbi.nlm.nih.gov/pubmed/16988714
https://doi.org/10.1097/00007890-199506000-00018
https://doi.org/10.1038/s41598-017-15283-y
https://www.ncbi.nlm.nih.gov/pubmed/29158477
https://doi.org/10.1097/TP.0000000000001722
https://www.ncbi.nlm.nih.gov/pubmed/28263222
https://doi.org/10.1111/j.1600-6143.2006.01457.x
https://www.ncbi.nlm.nih.gov/pubmed/16869798
https://doi.org/10.1111/j.1523-1755.2004.00735.x
https://www.ncbi.nlm.nih.gov/pubmed/15200441
https://doi.org/10.7861/clinmed.2019-0195
https://www.ncbi.nlm.nih.gov/pubmed/31530687
https://doi.org/10.1097/TP.0b013e31824db9bd
https://doi.org/10.1038/nature09534
https://www.ncbi.nlm.nih.gov/pubmed/20981092

Genes 2024, 15, 503 15 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Aubert, O.; Kamar, N.; Vernerey, D.; Viglietti, D.; Martinez, F.; Duong-Van-Huyen, ].P.; Eladari, D.; Empana, J.P.; Rabant, M.;
Verine, J.; et al. Long term outcomes of transplantation using kidneys from expanded criteria donors: Prospective, population
based cohort study. BM]J 2015, 351, h3557. [CrossRef] [PubMed]

Yang, J.Y.; Sarwal, M.M. Transplant genetics and genomics. Nat. Rev. Genet. 2017, 18, 309-326. [CrossRef] [PubMed]

Phelan, PJ.; Conlon, PJ.; Sparks, M.A. Genetic determinants of renal transplant outcome: Where do we stand? J. Nephrol. 2014, 27,
247-256. [CrossRef] [PubMed]

Held, PJ.; Kahan, B.D.; Hunsicker, L.G.; Liska, D.; Wolfe, R.A.; Port, EK.; Gaylin, D.S.; Garcia, ].R.; Agodoa, L.; Krakauer, H. The
impact of HLA mismatches on the survival of first cadaveric kidney transplants. N. Engl. . Med. 1994, 331, 765-770. [CrossRef]
Reindl-Schwaighofer, R.; Heinzel, A.; Gualdoni, G.A.; Mesnard, L.; Claas, FH.].; Oberbauer, R. Novel insights into non-HLA
alloimmunity in kidney transplantation. Transpl. Int. 2020, 33, 5-17. [CrossRef] [PubMed]

1000 Genomes Project Consortium; Abecasis, G.R.; Auton, A. An integrated map of genetic variation from 1092 human genomes.
Nature 2012, 491, 56-65. [CrossRef] [PubMed]

Duygu, B.; Olieslagers, T.I.; Groeneweg, M.; Voorter, C.E.M.; Wieten, L. HLA Class I Molecules as Immune Checkpoints for NK
Cell Alloreactivity and Anti-Viral Immunity in Kidney Transplantation. Front. Immunol. 2021, 12, 680480. [CrossRef] [PubMed]
Khan, L A.; Jahan, P;; Hasan, Q.; Rao, P. Validation of the association of TCF7L2 and SLC30A8 gene polymorphisms with
post-transplant diabetes mellitus in Asian Indian population. Intractable Rare Dis. Res. 2015, 4, 87-92. [CrossRef] [PubMed]
Ghisdal, L.; Baron, C.; Le Meur, Y.; Lionet, A.; Halimi, J.M.; Rerolle, J.P.; Glowacki, F.; Lebranchu, Y.; Drouet, M.; Noel, C.;
et al. TCF7L2 polymorphism associates with new-onset diabetes after transplantation. J. Am. Soc. Nephrol. 2009, 20, 2459-2467.
[CrossRef] [PubMed]

Benson, K.A.; Maxwell, A.P.; McKnight, A.J. A HuGE Review and Meta-Analyses of Genetic Associations in New Onset Diabetes
after Kidney Transplantation. PLoS ONE. 2016, 11, e0147323. [CrossRef]

Xu, S.; Jiang, Z.; Hu, N. Association between Genetic Polymorphisms and Risk of Kidney Posttransplant Diabetes Mellitus: A
Systematic Review and Meta-Analysis. Int. J. Clin. Pract. 2022, 2022, 7140024. [CrossRef] [PubMed]

McCaughan, J.A.; McKnight, A.J.; Maxwell, A.P. Genetics of new-onset diabetes after transplantation. J. Am. Soc. Nephrol. 2014,
25,1037-1049. [CrossRef] [PubMed]

Tavira, B.; Coto, E.; Diaz-Corte, C.; Ortega, F.; Arias, M.; Torres, A.; Diaz, ] M.; Selgas, R.; Lopez-Larrea, C.; Campistol, ].M.; et al.
KCNQI1 gene variants and risk of new-onset diabetes in tacrolimus-treated renal-transplanted patients. Clin. Transplant. 2011,
25, E284-E291. [CrossRef] [PubMed]

Chen, Y.; Sampaio, M.S.; Yang, ] W.; Min, D.; Hutchinson, I.V. Genetic polymorphisms of the transcription factor NFATc4
and development of new-onset diabetes after transplantation in Hispanic kidney transplant recipients. Transplantation 2012,
93, 325-330. [CrossRef] [PubMed]

Clissold, R.L.; Hamilton, A.J.; Hattersley, A.T.; Ellard, S.; Bingham, C. HNF1B-associated renal and extra-renal disease-an
expanding clinical spectrum. Nat. Rev. Nephrol. 2015, 11, 102-112. [CrossRef] [PubMed]

Cen, C.; Fang, H.X,; Yu, S.F; Liu, ] M.; Liu, Y.X.; Zhou, L.; Yu, J.; Zheng, S.S. Association between ADIPOQ gene polymorphisms
and the risk of new-onset diabetes mellitus after liver transplantation. Hepatobiliary Pancreat Dis Int. 2017, 16, 602—-609. [CrossRef]
[PubMed]

Tavira, B.; Gémez, ].; Diaz-Corte, C.; Lobet, L.; Ruiz-Pesini, E.; Ortega, F.; Coto, E. Mitochondrial DNA haplogroups and risk of
new-onset diabetes among tacrolimus-treated renal transplanted patients. Gene 2014, 538, 195-198. [CrossRef]

Henricksen, E.; Calabrese, D.R.; Florez, R.; Dewey, K.W.; Hui, C.; Leard, L.; Singer, J.; Hays, S.; Kukreja, J.; Golden, J.; et al.
Polymorphisms in the KCNJ11 Gene are Associated with New Onset Diabetes After Lung Transplantation. J. Heart Lung Transplant.
2018, 37, 590. [CrossRef]

Chand, S.; McKnight, A.J.; Borrows, R. Genetic polymorphisms and kidney transplant outcomes. Curr. Opin. Nephrol. Hypertens.
2014, 23, 605-610. [CrossRef] [PubMed]

Guad, RM,; Taylor-Robinson, A.W.; Wu, Y.S.; Gan, S.H.; Zaharan, N.L.; Basu, R.C.; Liew, C.S.; Wan Md Adnan, W.A. Clinical and
genetic risk factors for new-onset diabetes mellitus after transplantation (NODAT) in major transplant centres in Malaysia. BMC
Nephrol. 2020, 21, 388. [CrossRef] [PubMed]

Elbahr, O.; Saleh, A.A.; Bakery, L.H. PNPLA3 L148M (rs738409) polymorphism as a risk for new onset diabetes mellitus and
obesity in non-NASH/ cryptogenic living related donor liver transplant recipients. Gene Rep. 2020, 19, 100607. [CrossRef]

van der Burgh, A.C.; Moes, A.; Kieboom, B.C.; van Gelder, T.; Zietse, R.; van Schaik, R.H.; Hesselink, D.A.; Hoorn, E.J. Serum
magnesium, hepatocyte nuclear factor 13 genotype and post-transplant diabetes mellitus: A prospective study. Nephrol. Dial
Transplant. 2020, 35, 176-183. [CrossRef] [PubMed]

Mota-Zamorano, S.; Luna, E.; Garcia-Pino, G.; Gonzélez, L.M.; Gervasini, G. Variability in the leptin receptor gene and other risk
factors for post-transplant diabetes mellitus in renal transplant recipients. Ann. Med. 2019, 51, 164-173. [CrossRef] [PubMed]
Musavi, Z.; Moasser, E.; Zareei, N.; Azarpira, N.; Shamsaeefar, A. Glutathione S-Transferase Gene Polymorphisms and the
Development of New-Onset Diabetes After Liver Transplant. Exp. Clin. Transplant. 2019, 17, 375-380. [CrossRef] [PubMed]
Hwang, H.S.; Hong, K.W.; Kim, J.S.; Kim, Y.G.; Moon, ].Y.; Jeong, K.H.; Lee, S.H.; Korean Organ Transplantation Registry Study.
Group Validation of Identified Susceptible Gene Variants for New-Onset Diabetes in Renal Transplant Recipients. J. Clin. Med.
2019, 8, 1696. [CrossRef] [PubMed]


https://doi.org/10.1136/bmj.h3557
https://www.ncbi.nlm.nih.gov/pubmed/26232393
https://doi.org/10.1038/nrg.2017.12
https://www.ncbi.nlm.nih.gov/pubmed/28286337
https://doi.org/10.1007/s40620-014-0053-4
https://www.ncbi.nlm.nih.gov/pubmed/24515316
https://doi.org/10.1056/NEJM199409223311203
https://doi.org/10.1111/tri.13546
https://www.ncbi.nlm.nih.gov/pubmed/31650645
https://doi.org/10.1038/nature11632
https://www.ncbi.nlm.nih.gov/pubmed/23128226
https://doi.org/10.3389/fimmu.2021.680480
https://www.ncbi.nlm.nih.gov/pubmed/34295330
https://doi.org/10.5582/irdr.2015.01008
https://www.ncbi.nlm.nih.gov/pubmed/25984427
https://doi.org/10.1681/ASN.2008121314
https://www.ncbi.nlm.nih.gov/pubmed/19713311
https://doi.org/10.1371/journal.pone.0147323
https://doi.org/10.1155/2022/7140024
https://www.ncbi.nlm.nih.gov/pubmed/35685576
https://doi.org/10.1681/ASN.2013040383
https://www.ncbi.nlm.nih.gov/pubmed/24309190
https://doi.org/10.1111/j.1399-0012.2011.01417.x
https://www.ncbi.nlm.nih.gov/pubmed/21355884
https://doi.org/10.1097/TP.0b013e31823f7f26
https://www.ncbi.nlm.nih.gov/pubmed/22234350
https://doi.org/10.1038/nrneph.2014.232
https://www.ncbi.nlm.nih.gov/pubmed/25536396
https://doi.org/10.1016/S1499-3872(17)60069-9
https://www.ncbi.nlm.nih.gov/pubmed/29291779
https://doi.org/10.1016/j.gene.2014.01.036
https://doi.org/10.1016/j.healun.2018.01.209
https://doi.org/10.1097/MNH.0000000000000068
https://www.ncbi.nlm.nih.gov/pubmed/25188274
https://doi.org/10.1186/s12882-020-02052-9
https://www.ncbi.nlm.nih.gov/pubmed/32894076
https://doi.org/10.1016/j.genrep.2020.100607
https://doi.org/10.1093/ndt/gfz145
https://www.ncbi.nlm.nih.gov/pubmed/31361318
https://doi.org/10.1080/07853890.2019.1614656
https://www.ncbi.nlm.nih.gov/pubmed/31046466
https://doi.org/10.6002/ect.2016.0205
https://www.ncbi.nlm.nih.gov/pubmed/28585914
https://doi.org/10.3390/jcm8101696
https://www.ncbi.nlm.nih.gov/pubmed/31623129

Genes 2024, 15, 503 16 of 19

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Zhang, X.; Men, T; Liu, H,; Li, X.; Wang, J.; Lv, J. Genetic risk factors for post-transplantation diabetes mellitus in Chinese Han
renal allograft recipients treated with tacrolimus. Transpl. Immunol. 2018, 49, 39-42. [CrossRef] [PubMed]

Shi, D.; Xie, T.; Deng, J.; Niu, P.; Wu, W. CYP3A4 and GCK genetic polymorphisms are the risk factors of tacrolimus-induced
new-onset diabetes after transplantation in renal transplant recipients. Eur. . Clin. Pharmacol. 2018, 74, 723-729. [CrossRef]
[PubMed]

Yokoyama, N.; Ishimura, T.; Oda, T.; Ogawa, S.; Yamamoto, K.; Fujisawa, M. Association of the PCK2 Gene Polymorphism with
New-onset Glucose Intolerance in Japanese Kidney Transplant Recipients. Transplant. Proc. 2018, 50, 1045-1049. [CrossRef]
[PubMed]

Quteineh, L.; Wéjtowicz, A.; Bochud, PY.; Crettol, S.; Vandenberghe, F.; Venetz, ].P.; Manuel, O.; Golshayan, D.; Lehmann, R.;
Mueller, N.J.; et al. Genetic immune and inflammatory markers associated with diabetes in solid organ transplant recipients. Am.
J. Transplant. 2019, 19, 238-246. [CrossRef] [PubMed]

Quteineh, L.; Bochud, P.Y.; Golshayan, D.; Crettol, S.; Venetz, ].P.; Manuel, O.; Kutalik, Z.; Treyer, A.; Lehmann, R.; Mueller, N J.;
et al. CRTC2 polymorphism as a risk factor for the incidence of metabolic syndrome in patients with solid organ transplantation.
Pharmacogenom. J. 2017, 17, 69-75. [CrossRef] [PubMed]

Yalin, G.Y.; Akgul, S.; Tanrikulu, S.; Purisa, S.; Gul, N.; Uzum, A K,; Sarvan, FO.; Sever, M.S.; Satman, I. Evaluation of Glutathione
Peroxidase and KCNJ11 Gene Polymorphisms in Patients with New Onset Diabetes Mellitus After Renal Transplantation. Exp.
Clin. Endocrinol. Diabetes 2017, 125, 408-413. [CrossRef] [PubMed]

Ong, S.; Kang, SW.; Kim, Y.H.; Kim, T.H.; Jeong, K.H.; Kim, S.K.; Yoon, Y.C; Seo, S.K.; Moon, ].Y.; Lee, S H.; et al. Matrix
Metalloproteinase Gene Polymorphisms and New-Onset Diabetes After Kidney Transplantation in Korean Renal Transplant
Subjects. Transplant. Proc. 2016, 48, 858-863. [CrossRef] [PubMed]

Kim, J.S.; Kim, S.K,; Park, J.Y,; Kim, Y.G.; Moon, ].Y.; Lee, SH.; Inm, C.G.; Lee, TW.; Kim, S.K.; Chung, J.H.; et al. Signifi-
cant Association between Toll-Like Receptor Gene Polymorphisms and Posttransplantation Diabetes Mellitus. Nephron 2016,
133, 279-286. [CrossRef] [PubMed]

Romanowski, M.; Domanski, L.; Pawlik, A.; Osekowska, B.; Dziedziejko, V.; Safranow, K.; Ciechanowski, K. Interleukin-17 gene
polymorphisms in patients with post-transplant diabetes mellitus. Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 3152-3156. [PubMed]
Yao, B.; Chen, X.; Shen, EX.; Xu, W.; Dong, T.T.; Chen, L.Z.; Weng, ].P. The incidence of posttransplantation diabetes mellitus
during follow-up in kidney transplant recipients and relationship to Fok1 vitamin D receptor polymorphism. Transplant. Proc.
2013, 45, 194-196. [CrossRef] [PubMed]

Ling, Q.; Xie, H.; Lu, D.; Wei, X.; Gao, F,; Zhou, L.; Xu, X.; Zheng, S. Association between donor and recipient TCF7L2 gene
polymorphisms and the risk of new-onset diabetes mellitus after liver transplantation in a Han Chinese population. ]. Hepatol.
2013, 58, 271-277. [CrossRef] [PubMed]

Kim, Y.G,; Ihm, C.G.; Lee, TW.; Lee, S.H.; Jeong, K.H.; Moon, ].Y.; Chung, J.H.; Kim, S.K.; Kim, YH. Angiotensinogen
polymorphisms and post-transplantation diabetes mellitus in Korean renal transplant subjects. Kidney Blood Press. Res. 2013,
37,95-102. [CrossRef]

Kim, Y.G,; Ihm, C.G.; Lee, TW,; Lee, S.H.; Jeong, K.H.; Moon, ].Y.; Chung, J].H.; Kim, S.K,; Kim, Y.H. Association of genetic
polymorphisms of interleukins with new-onset diabetes after transplantation in renal transplantation. Transplantation 2012,
93, 900-907. [CrossRef] [PubMed]

Tavira, B.; Coto, E.; Torres, A.; Diaz-Corte, C.; Diaz-Molina, B.; Ortega, F; Arias, M.; Diaz, ] M.; Selgas, R.; Lopez-Larrea, C.; et al.
Association between a common KCN]J11 polymorphism (rs5219) and new-onset posttransplant diabetes in patients treated with
Tacrolimus. Mol. Genet. Metab. 2012, 105, 525-527. [CrossRef] [PubMed]

Yang, J.; Hutchinson, LI; Shah, T.; Min, D.I. Genetic and clinical risk factors of new-onset diabetes after transplantation in
Hispanic kidney transplant recipients. Transplantation 2011, 91, 1114-1119. [CrossRef] [PubMed]

Kurzawski, M.; Dziewanowski, K.; Kedzierska, K.; Wajda, A.; Lapczuk, J.; Drozdzik, M. Association of transcription factor 7-like
2 (TCF7L2) gene polymorphism with posttransplant diabetes mellitus in kidney transplant patients medicated with tacrolimus.
Pharmacol. Rep. 2011, 63, 826-833. [CrossRef] [PubMed]

Jeong, K.H.; Moon, ].Y,; Chung, ].H.; Kim, Y.H.; Lee, T.W. Significant associations between CCL5 gene polymorphisms and
post-transplantational diabetes mellitus in Korean renal allograft recipients. Am. ]. Nephrol. 2010, 32, 356-361. [CrossRef]
[PubMed]

Kang, E.S.; Kim, M.S.; Kim, Y.S.; Hur, K.Y.; Han, S.J.; Nam, C.M.; Ahn, C.W,; Cha, B.S.; Kim, S.I.; Lee, H.C. A variant of the
transcription factor 7-like 2 (TCF7L2) gene and the risk of posttransplantation diabetes mellitus in renal allograft recipients.
Diabetes Care 2008, 31, 63—-68. [CrossRef] [PubMed]

McCaughan, J.A.; McKnight, A.J.; Maxwell, A.P. New onset diabetes after transplantation: Unravelling the pathophysiological
process. Lancet 2014, 383, S73. [CrossRef]

Kabacik, S.; Lowe, D.; Fransen, L.; Leonard, M.; Ang, S.L.; Whiteman, C.; Corsi, S.; Cohen, H.; Felton, S.; Bali, R.; et al. The
relationship between epigenetic age and the hallmarks of aging in human cells. Nat. Aging 2022, 2, 484—493. [CrossRef] [PubMed]
Salas, L.A.; Peres, L.C.; Thayer, Z.M.; Smith, RW.; Guo, Y.; Chung, W,; Si, J.; Liang, L. A transdisciplinary approach to understand
the epigenetic basis of race/ethnicity health disparities. Epigenomics 2021, 13, 1761-1770. [CrossRef] [PubMed]


https://doi.org/10.1016/j.trim.2018.04.001
https://www.ncbi.nlm.nih.gov/pubmed/29665413
https://doi.org/10.1007/s00228-018-2442-4
https://www.ncbi.nlm.nih.gov/pubmed/29546446
https://doi.org/10.1016/j.transproceed.2018.01.042
https://www.ncbi.nlm.nih.gov/pubmed/29731064
https://doi.org/10.1111/ajt.14971
https://www.ncbi.nlm.nih.gov/pubmed/29920932
https://doi.org/10.1038/tpj.2015.82
https://www.ncbi.nlm.nih.gov/pubmed/26644205
https://doi.org/10.1055/s-0042-123040
https://www.ncbi.nlm.nih.gov/pubmed/28073131
https://doi.org/10.1016/j.transproceed.2015.11.036
https://www.ncbi.nlm.nih.gov/pubmed/27234753
https://doi.org/10.1159/000446570
https://www.ncbi.nlm.nih.gov/pubmed/27486667
https://www.ncbi.nlm.nih.gov/pubmed/26400516
https://doi.org/10.1016/j.transproceed.2012.08.019
https://www.ncbi.nlm.nih.gov/pubmed/23375298
https://doi.org/10.1016/j.jhep.2012.09.025
https://www.ncbi.nlm.nih.gov/pubmed/23041303
https://doi.org/10.1159/000343404
https://doi.org/10.1097/TP.0b013e3182497534
https://www.ncbi.nlm.nih.gov/pubmed/22377791
https://doi.org/10.1016/j.ymgme.2011.12.020
https://www.ncbi.nlm.nih.gov/pubmed/22264780
https://doi.org/10.1097/TP.0b013e31821620f9
https://www.ncbi.nlm.nih.gov/pubmed/21544032
https://doi.org/10.1016/S1734-1140(11)70595-3
https://www.ncbi.nlm.nih.gov/pubmed/21857094
https://doi.org/10.1159/000319704
https://www.ncbi.nlm.nih.gov/pubmed/20805685
https://doi.org/10.2337/dc07-1005
https://www.ncbi.nlm.nih.gov/pubmed/17934151
https://doi.org/10.1016/S0140-6736(14)60336-6
https://doi.org/10.1038/s43587-022-00220-0
https://www.ncbi.nlm.nih.gov/pubmed/37034474
https://doi.org/10.2217/epi-2020-0080
https://www.ncbi.nlm.nih.gov/pubmed/33719520

Genes 2024, 15, 503 17 of 19

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Smyth, L.J.; Dahlstrom, E.H.; Syreeni, A.; Kerr, K.; Kilner, J.; Doyle, R.; Brennan, E.; Nair, V.; Fermin, D.; Nelson, R.G; et al.
Epigenome-wide meta-analysis identifies DNA methylation biomarkers associated with diabetic kidney disease. Nat. Commun.
2022, 13, 7891. [CrossRef] [PubMed]

Smyth, L.J.; Kerr, K.R.; Kilner, J.; McGill, A.E.; Maxwell, A.P; McKnight, A.]. Longitudinal Epigenome-Wide Analysis of Kidney
Transplant Recipients Pretransplant and Posttransplant. Kidney Int. Rep. 2022, 8, 330-340. [CrossRef] [PubMed]

Fiorito, G.; McCrory, C.; Robinson, O.; Carmeli, C.; Rosales, C.O.; Zhang, Y.; Colicino, E.; Dugue, P.A.; Artaud, F; Mckay, G.J.; et al.
Socioeconomic position, lifestyle habits and biomarkers of epigenetic aging: A multi-cohort analysis. Aging 2019, 11, 2045-2070.
[CrossRef] [PubMed]

Lariviere, D.; Craig, S.J.; Paul, LM.; Hohman, E.E.; Savage, ].S.; Chiaromonte, F.; Makova, K.D.; Reimherr, M.L. Methylation
profiles at birth linked to early childhood obesity. medRxiv 2024. preprint. [CrossRef]

Cappozzo, A.; McCrory, C.; Robinson, O.; Freni Sterrantino, A.; Sacerdote, C.; Krogh, V.; Panico, S.; Tumino, R.; Iacoviello, L.;
Ricceri, F; et al. A blood DNA methylation biomarker for predicting short-term risk of cardiovascular events. Clin. Epigenet. 2022,
14, 121. [CrossRef]

Fiorito, G.; Pedron, S.; Ochoa-Rosales, C.; McCrory, C.; Polidoro, S.; Zhang, Y.; Dugué, P.A.; Ratliff, S.; Zhao, W.N.; McKay, G.J.;
et al. The Role of Epigenetic Clocks in Explaining Educational Inequalities in Mortality: A Multicohort Study and Meta-analysis.
J. Gerontol. A Biol. Sci. Med. Sci. 2022, 77, 1750-1759. [CrossRef] [PubMed]

Garcia-Alvarez, N.C.; Riezu-Boj, ].I.; Martinez, J.A.; Garcia-Calzén, S.; Milagro, F1. A Predictive Tool Based on DNA Methylation
Data for Personalized Weight Loss through Different Dietary Strategies: A Pilot Study. Nutrients 2023, 15, 5023. [CrossRef]
[PubMed]

Boer, K.; de Wit, L.E.; Peters, ES.; Hesselink, D.A.; Hofland, L.J.; Betjes, M.G.; Looman, C.W.; Baan, C.C. Variations in DNA
methylation of interferon gamma and programmed death 1 in allograft rejection after kidney transplantation. Clin. Epigenet. 2016,
8, 116. [CrossRef] [PubMed]

Rodriguez, R.M.; Hernandez-Fuentes, M.P.; Corte-Iglesias, V.; Saiz, M.L.; Lozano, ].J.; Cortazar, A.R.; Mendizabal, I.; Suarez-
Fernandez, M.L.; Coto, E.; Lopez-Vazquez, A.; et al. Defining a Methylation Signature Associated with Operational Tolerance in
Kidney Transplant Recipients. Front. Immunol. 2021, 12, 709164. [CrossRef] [PubMed]

Schaenman, J.; Zhou, X.; Guo, R.; Rossetti, M.; Liang, E.C.; Lum, E.; Abdalla, B.; Bunnapradist, S.; Pham, P.T.; Danovitch, G.; et al.
DNA Methylation Age Is More Closely Associated With Infection Risk Than Chronological Age in Kidney Transplant Recipients.
Transplant. Direct. 2020, 6, €576. [CrossRef] [PubMed]

Fitzpatrick, D.R.; Wilson, C.B. Methylation and demethylation in the regulation of genes, cells, and responses in the immune
system. Clin. Immunol. 2003, 109, 37-45. [CrossRef]

Bai, L.; Hao, X.; Keith, J.; Feng, Y. DNA Methylation in Regulatory T Cell Differentiation and Function: Challenges and
Opportunities. Biomolecules 2022, 12, 1282. [CrossRef]

Dummer, C.D.; Carpio, V.N.; da Silva Loreto, M.; Joelsons, G.; Carraro, D.M.; Olivieri, E.R.; Manfro, R.C.; Gongalves, L.F.; Veronese,
F.V. Analysis of FOXP3 gene and protein expressions in renal allograft biopsies and their association with graft outcomes. Ren.
Fail. 2013, 35, 521-530. [CrossRef] [PubMed]

Zurawek, M.; Fichna, M.; Fichna, P; Czainska, M.; Rozwadowska, N. Upregulation of FOXO3 in New-Onset Type 1 Diabetes
Mellitus. J. Immunol. Res. 2020, 2020, 9484015. [CrossRef] [PubMed]

Baheti, S.; Singh, P; Zhang, Y.; Evans, J.; Jensen, M.D.; Somers, V.K.; Kocher, J.P; Sun, Z.; Chakkera, H.A. Adipose tissue
DNA methylome changes in development of new-onset diabetes after kidney transplantation. Epigenomics 2017, 9, 1423-1435.
[CrossRef] [PubMed]

Dou, M,; Ding, C.; Zheng, B.; Deng, G.; Zhu, K.; Xu, C.; Xue, W,; Ding, X.; Zheng, J.; Tian, P. Inmune-Related Genes for Predicting
Future Kidney Graft Loss: A Study Based on GEO Database. Front. Immunol. 2022, 13, 859693. [CrossRef] [PubMed]
Kochumon, S.; Madhoun, A.A.; Al-Rashed, F; Azim, R.; Al-Ozairi, E.; Al-Mulla, F.; Ahmad, R. Adipose tissue gene expression
of CXCL10 and CXCL11 modulates inflammatory markers in obesity: Implications for metabolic inflammation and insulin
resistance. Ther. Adv. Endocrinol. Metab. 2020, 11, 2042018820930902. [CrossRef] [PubMed]

Moreno, B.; Hueso, L.; Ortega, R.; Benito, E.; Martinez-Hervas, S.; Peiro, M.; Civera, M.; Sanz, M.].; Piqueras, L.; Real, ].T.
Association of chemokines IP-10/CXCL10 and I-TAC/CXCL11 with insulin resistance and enhance leukocyte endothelial arrest
in obesity. Microvasc. Res. 2022, 139, 104254. [CrossRef] [PubMed]

Zhang, Y.; Ruan, Y.; Zhang, P.; Wang, L. Increased indoleamine 2,3-dioxygenase activity in type 2 diabetic nephropathy. J. Diabetes
Complicat. 2017, 31, 223-227. [CrossRef] [PubMed]

Oxenkrug, G. Insulin resistance and dysregulation of tryptophan-kynurenine and kynurenine-nicotinamide adenine dinucleotide
metabolic pathways. Mol. Neurobiol. 2013, 48, 294-301. [CrossRef] [PubMed]

Abedi, S.; Vessal, M.; Asadian, F.; Takhshid, M.A. Association of serum kynurenine/tryptophan ratio with poor glycemic control
in patients with type2 diabetes. J. Diabetes Metab. Disord. 2021, 20, 1521-1527. [CrossRef] [PubMed]

Haque, M.; Singh, A.K.; Ouseph, M.M.; Ahmed, S. Regulation of Synovial Inflammation and Tissue Destruction by Guanylate
Binding Protein 5 in Synovial Fibroblasts from Patients With Rheumatoid Arthritis and Rats With Adjuvant-Induced Arthritis.
Arthritis Rheumatol. 2021, 73, 943-954. [CrossRef] [PubMed]

Tretina, K.; Park, E.S.; Maminska, A.; MacMicking, ].D. Interferon-induced guanylate-binding proteins: Guardians of host defense
in health and disease. J. Exp. Med. 2019, 216, 482-500. [CrossRef] [PubMed]


https://doi.org/10.1038/s41467-022-34963-6
https://www.ncbi.nlm.nih.gov/pubmed/36550108
https://doi.org/10.1016/j.ekir.2022.11.001
https://www.ncbi.nlm.nih.gov/pubmed/36815102
https://doi.org/10.18632/aging.101900
https://www.ncbi.nlm.nih.gov/pubmed/31009935
https://doi.org/10.1101/2024.01.12.24301172
https://doi.org/10.1186/s13148-022-01341-4
https://doi.org/10.1093/gerona/glac041
https://www.ncbi.nlm.nih.gov/pubmed/35172329
https://doi.org/10.3390/nu15245023
https://www.ncbi.nlm.nih.gov/pubmed/38140282
https://doi.org/10.1186/s13148-016-0288-0
https://www.ncbi.nlm.nih.gov/pubmed/27891189
https://doi.org/10.3389/fimmu.2021.709164
https://www.ncbi.nlm.nih.gov/pubmed/34489960
https://doi.org/10.1097/TXD.0000000000001020
https://www.ncbi.nlm.nih.gov/pubmed/33134500
https://doi.org/10.1016/S1521-6616(03)00205-5
https://doi.org/10.3390/biom12091282
https://doi.org/10.3109/0886022X.2013.766568
https://www.ncbi.nlm.nih.gov/pubmed/23438049
https://doi.org/10.1155/2020/9484015
https://www.ncbi.nlm.nih.gov/pubmed/32851102
https://doi.org/10.2217/epi-2017-0050
https://www.ncbi.nlm.nih.gov/pubmed/28967791
https://doi.org/10.3389/fimmu.2022.859693
https://www.ncbi.nlm.nih.gov/pubmed/35281025
https://doi.org/10.1177/2042018820930902
https://www.ncbi.nlm.nih.gov/pubmed/32655851
https://doi.org/10.1016/j.mvr.2021.104254
https://www.ncbi.nlm.nih.gov/pubmed/34534571
https://doi.org/10.1016/j.jdiacomp.2016.08.020
https://www.ncbi.nlm.nih.gov/pubmed/27646613
https://doi.org/10.1007/s12035-013-8497-4
https://www.ncbi.nlm.nih.gov/pubmed/23813101
https://doi.org/10.1007/s40200-021-00895-z
https://www.ncbi.nlm.nih.gov/pubmed/34900804
https://doi.org/10.1002/art.41611
https://www.ncbi.nlm.nih.gov/pubmed/33615742
https://doi.org/10.1084/jem.20182031
https://www.ncbi.nlm.nih.gov/pubmed/30755454

Genes 2024, 15, 503 18 of 19

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Cippa, PE,; Liu, J.; Sun, B.; Kumar, S.; Naesens, M.; McMahon, A.P. A late B lymphocyte action in dysfunctional tissue repair
following kidney injury and transplantation. Nat. Commun. 2019, 10, 1157. [CrossRef] [PubMed]

Parikh, H.M.; Elgzyri, T.; Alibegovic, A.; Hiscock, N.; Ekstrom, O.; Eriksson, K.E; Vaag, A.; Groop, L.C.; Strom, K.; Hansson,
O. Relationship between insulin sensitivity and gene expression in human skeletal muscle. BMC Endocr. Disord. 2021, 21, 32.
[CrossRef] [PubMed]

Unamuno, X.; Gémez-Ambrosi, J.; Ramirez, B.; Rodriguez, A.; Becerril, S.; Valenti, V.; Moncada, R ; Silva, C.; Salvador, J.; Frithbeck,
G.; et al. Dermatopontin, a Novel Adipokine Promoting Adipose Tissue Extracellular Matrix Remodelling and Inflammation in
Obesity. J. Clin. Med. 2020, 9, 1069. [CrossRef] [PubMed]

Franko, A.; Berti, L.; Hennenlotter, J.; Rausch, S.; Scharpf, M.O.; Angelis, M.H.; Stenzl, A.; Peter, A.; Birkenfeld, A.L.; Lutz,
S.Z.; et al. Increased Expressions of Matrix Metalloproteinases (MMPs) in Prostate Cancer Tissues of Men with Type 2 Diabetes.
Biomedicines 2020, 8, 507. [CrossRef] [PubMed]

Mao, R;; Yang, F.; Zhang, Y.; Liu, H.; Guo, P,; Liu, Y.; Zhang, T. High expression of CD52 in adipocytes: A potential therapeutic
target for obesity with type 2 diabetes. Aging 2021, 13, 11043-11060. [CrossRef] [PubMed]

Jelencsics, K.; Oberbauer, R. microRNA and Kidney Transplantation. Adv. Exp. Med. Biol. 2015, 888, 271-290. [CrossRef] [PubMed]
Roy, D.; Modi, A.; Khokhar, M.; Sankanagoudar, S.; Yadav, D.; Sharma, S.; Purohit, P.; Sharma, P. MicroRNA 21 Emerging Role in
Diabetic Complications: A Critical Update. Curr. Diabetes Rev. 2021, 17, 122-135. [CrossRef] [PubMed]

Sekar, D.; Venugopal, B.; Sekar, P.; Ramalingam, K. Role of microRNA 21 in diabetes and associated /related diseases. Gene 2016,
582,14-18. [CrossRef] [PubMed]

Huang, Y; Liu, Y,; Li, L.; Su, B,; Yang, L.; Fan, W.; Yin, Q.; Chen, L.; Cui, T.; Zhang, J.; et al. Involvement of inflammation-related
miR-155 and miR-146a in diabetic nephropathy: Implications for glomerular endothelial injury. BMC Nephrol. 2014, 15, 142.
[CrossRef]

Jankauskas, S.S.; Gambardella, J.; Sardu, C.; Lombardi, A.; Santulli, G. Functional Role of miR-155 in the Pathogenesis of Diabetes
Mellitus and Its Complications. Noncoding RNA 2021, 7, 39. [CrossRef] [PubMed]

Alipoor, B.; Ghaedi, H.; Meshkani, R.; Torkamandi, S.; Saffari, S.; Iranpour, M.; Omrani, M.D. Association of MiR-146a Expression
and Type 2 Diabetes Mellitus: A Meta-Analysis. Int. |. Mol. Cell Med. 2017, 6, 156-163. [CrossRef] [PubMed]
Werneck-de-Castro, J.P.; Blandino-Rosano, M.; Hilfiker-Kleiner, D.; Bernal-Mizrachi, E. Glucose stimulates microRNA-199
expression in murine pancreatic 3-cells. J. Biol. Chem. 2020, 295, 1261-1270. [CrossRef] [PubMed]

Wang, X.; Shen, E.; Wang, Y.; Li, J.; Cheng, D.; Chen, Y.; Gui, D.; Wang, N. Cross talk between miR-214 and PTEN attenuates
glomerular hypertrophy under diabetic conditions. Sci. Rep. 2016, 6, 31506. [CrossRef] [PubMed]

Hatting, M.; Tavares, C.D.].; Sharabi, K.; Rines, A.K.; Puigserver, P. Insulin regulation of gluconeogenesis. Ann. N. Y. Acad. Sci.
2018, 1411, 21-35. [CrossRef] [PubMed]

Ravier, M.A.; Rutter, G.A. Glucose or insulin, but not zinc ions, inhibit glucagon secretion from mouse pancreatic x-cells. Diabetes
2005, 54, 1789-1797. [CrossRef]

Magnusson, I.; Rothman, D.L.; Katz, L.D.; Shulman, R.G.; Shulman, G.I. Increased rate of gluconeogenesis in type II diabetes
mellitus. A 13C nuclear magnetic resonance study. J. Clin. Investig. 1992, 90, 1323-1327. [CrossRef] [PubMed]

Samuel, V.T.; Beddow, S.A.; Iwasaki, T.; Zhang, X.M.; Chu, X.; Still, C.D.; Gerhard, G.S.; Shulman, G.I. Fasting hyperglycemia is
not associated with increased expression of PEPCK or G6Pc in patients with Type 2 Diabetes. Proc. Natl. Acad. Sci. USA 2009,
106, 12121-12126. [CrossRef] [PubMed]

Valenti, L.; Rametta, R.; Dongiovanni, P.; Maggioni, M.; Ludovica Fracanzani, A.; Zappa, M.; Lattuada, E.; Roviaro, G.; Fargion, S.
Increased expression and activity of the transcription factor FOXO1 in nonalcoholic steatohepatitis. Diabetes 2008, 57, 1355-1362.
[CrossRef]

Lizcano, ].M.; Alessi, D.R. The insulin signalling pathway. Curr. Biol. 2002, 12, R236-R238. [CrossRef]

Cho, H.; Mu, J.; Kim, J.K.; Thorvaldsen, J.L.; Chu, Q.; Crenshaw, E.B., III.; Kaestner, K.H.; Bartolomei, M.S.; Shulman, G.I.;
Birnbaum, M.]. Insulin resistance and a diabetes mellitus-like syndrome in mice lacking the protein kinase Akt2 (PKB beta).
Science 2001, 292, 1728-1731. [CrossRef] [PubMed]

Benchoula, K.; Parhar, I.S.; Madhavan, P.; Hwa, W.E. CREB nuclear transcription activity as a targeting factor in the treatment of
diabetes and diabetes complications. Biochem. Pharmacol. 2021, 188, 114531. [CrossRef] [PubMed]

Herzig, S.; Long, F; Jhala, U.S.; Hedrick, S.; Quinn, R.; Bauer, A.; Rudolph, D.; Schutz, G.; Yoon, C.; Puigserver, P,; et al. CREB
regulates hepatic gluconeogenesis through the coactivator PGC-1. Nature 2001, 413, 179-183. [CrossRef] [PubMed]
Rorbach-Dolata, A.; Kicinska, A.; Piwowar, A. The Dephosphorylation of p70S6 (Thr389) Kinase as a Marker of L-Glutamate-
Induced Excitotoxicity Related to Diabetes Disturbances-an Unconventional In Vitro Model. Neurotox. Res. 2020, 37, 628-639.
[CrossRef] [PubMed]

Johnson, A.M.; Olefsky, ].M. The origins and drivers of insulin resistance. Cell 2013, 152, 673-684. [CrossRef] [PubMed]
Shangraw, R.E.; Jahoor, E; Miyoshi, H.; Neff, W.A.; Stuart, C.A.; Herndon, D.N.; Wolfe, R.R. Differentiation between septic and
postburn insulin resistance. Metabolism 1989, 38, 983-989. [CrossRef] [PubMed]

Willcox, A.; Richardson, S.J.; Bone, A.J.; Foulis, A K.; Morgan, N.G. Analysis of islet inflammation in human type 1 diabetes. Clin.
Exp. Immunol. 2009, 155, 173-181. [CrossRef] [PubMed]

Tsalamanderis, S.; Antonopoulos, A.S.; Oikonomou, E.; Papamikroulis, G.A.; Vogiatzi, G. The Role of Inflammation in Diabetes:
Current Concepts and Future Perspectives. Eur. Cardiol. 2019, 14, 50-59. [CrossRef]


https://doi.org/10.1038/s41467-019-09092-2
https://www.ncbi.nlm.nih.gov/pubmed/30858375
https://doi.org/10.1186/s12902-021-00687-9
https://www.ncbi.nlm.nih.gov/pubmed/33639916
https://doi.org/10.3390/jcm9041069
https://www.ncbi.nlm.nih.gov/pubmed/32283761
https://doi.org/10.3390/biomedicines8110507
https://www.ncbi.nlm.nih.gov/pubmed/33207809
https://doi.org/10.18632/aging.202714
https://www.ncbi.nlm.nih.gov/pubmed/33705353
https://doi.org/10.1007/978-3-319-22671-2_14
https://www.ncbi.nlm.nih.gov/pubmed/26663188
https://doi.org/10.2174/1573399816666200503035035
https://www.ncbi.nlm.nih.gov/pubmed/32359340
https://doi.org/10.1016/j.gene.2016.01.039
https://www.ncbi.nlm.nih.gov/pubmed/26826461
https://doi.org/10.1186/1471-2369-15-142
https://doi.org/10.3390/ncrna7030039
https://www.ncbi.nlm.nih.gov/pubmed/34287359
https://doi.org/10.22088/acadpub.BUMS.6.3.156
https://www.ncbi.nlm.nih.gov/pubmed/29682487
https://doi.org/10.1016/S0021-9258(17)49884-X
https://www.ncbi.nlm.nih.gov/pubmed/31882540
https://doi.org/10.1038/srep31506
https://www.ncbi.nlm.nih.gov/pubmed/27549568
https://doi.org/10.1111/nyas.13435
https://www.ncbi.nlm.nih.gov/pubmed/28868790
https://doi.org/10.2337/diabetes.54.6.1789
https://doi.org/10.1172/JCI115997
https://www.ncbi.nlm.nih.gov/pubmed/1401068
https://doi.org/10.1073/pnas.0812547106
https://www.ncbi.nlm.nih.gov/pubmed/19587243
https://doi.org/10.2337/db07-0714
https://doi.org/10.1016/S0960-9822(02)00777-7
https://doi.org/10.1126/science.292.5522.1728
https://www.ncbi.nlm.nih.gov/pubmed/11387480
https://doi.org/10.1016/j.bcp.2021.114531
https://www.ncbi.nlm.nih.gov/pubmed/33773975
https://doi.org/10.1038/35093131
https://www.ncbi.nlm.nih.gov/pubmed/11557984
https://doi.org/10.1007/s12640-019-00155-2
https://www.ncbi.nlm.nih.gov/pubmed/31900899
https://doi.org/10.1016/j.cell.2013.01.041
https://www.ncbi.nlm.nih.gov/pubmed/23415219
https://doi.org/10.1016/0026-0495(89)90010-3
https://www.ncbi.nlm.nih.gov/pubmed/2677612
https://doi.org/10.1111/j.1365-2249.2008.03860.x
https://www.ncbi.nlm.nih.gov/pubmed/19128359
https://doi.org/10.15420/ecr.2018.33.1

Genes 2024, 15, 503 19 of 19

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Martinez Cantarin, M.P,; Keith, S.W.; Lin, Z.; Doria, C.; Frank, A.M.; Maley, W.R.; Ramirez, C.; Lallas, C.D.; Shah, A.; Waldman,
S.A.; et al. Association of Inflammation prior to Kidney Transplantation with Post-Transplant Diabetes Mellitus. Cardiorenal Med.
2016, 6, 289-300. [CrossRef] [PubMed]

Heldal, T.F,; Ueland, T.; Jenssen, T.; Hartmann, A.; Reiseeter, A.V.; Aukrust, P.; Michelsen, A.; Asberg, A. Inflammatory and related
biomarkers are associated with post-transplant diabetes mellitus in kidney recipients: A retrospective study. Transpl. Int. 2018, 31,
510-519. [CrossRef] [PubMed]

Cieniawski, D.; Miarka, P; Ignacak, E.; Betkowska-Prokop, A.; Walus-Miarka, M.; Idzior-Walus, B.; Kuzniewski, M.; Sutowicz, W.
Prognostic Value of Proinflammatory Markers in Patients After Kidney Transplantation in Relation to the Presence of Diabetes.
Transpl. Proc. 2016, 48, 1604-1607. [CrossRef]

Logan, C.Y,; Nusse, R. The Wnt signaling pathway in development and disease. Annu. Rev. Cell Dev. Biol. 2004, 20, 781-810.
[CrossRef] [PubMed]

Grant, S.E; Thorleifsson, G.; Reynisdottir, I.; Benediktsson, R.; Manolescu, A.; Sainz, J.; Helgason, A.; Stefansson, H.; Emilsson,
V.; Helgadottir, A ; et al. Variant of transcription factor 7-like 2 (TCF7L2) gene confers risk of type 2 diabetes. Nat. Genet. 2006,
38, 320-323. [CrossRef] [PubMed]

Nie, X.; Wei, X.; Ma, H.; Fan, L.; Chen, W.D. The complex role of Wnt ligands in type 2 diabetes mellitus and related complications.
J. Cell. Mol. Med. 2021, 25, 6479-6495. [CrossRef]

Oh, KJ.; Han, H.S.; Kim, M.].; Koo, S.H. Transcriptional regulators of hepatic gluconeogenesis. Arch. Pharm. Res. 2013, 36, 189-200.
[CrossRef] [PubMed]

Zhong, Q.; Kowluru, R.A. Role of histone acetylation in the development of diabetic retinopathy and the metabolic memory
phenomenon. J. Cell. Biochem. 2010, 110, 1306-1313. [CrossRef] [PubMed]

Kourtidou, C.; Tziomalos, K. The Role of Histone Modifications in the Pathogenesis of Diabetic Kidney Disease. Int. J. Mol. Sci.
2023, 24, 6007. [CrossRef] [PubMed]

Sayyed, S.G.; Gaikwad, A.B.; Lichtnekert, J.; Kulkarni, O.; Eulberg, D.; Klussmann, S.; Tikoo, K.; Anders, H.]. Progressive
glomerulosclerosis in type 2 diabetes is associated with renal histone H3K9 and H3K23 acetylation, H3K4 dimethylation and
phosphorylation at serine 10. Nephrol. Dial. Transplant. 2010, 25, 1811-1817. [CrossRef] [PubMed]

Chen, H.; Li, J; Jiao, L.; Petersen, R.B.; Li, J.; Peng, A.; Zheng, L.; Huang, K. Apelin inhibits the development of diabetic
nephropathy by regulating histone acetylation in Akita mouse. J. Physiol. 2014, 592, 505-521. [CrossRef]

Huang, J.; Wan, D.; Li, J.; Chen, H.; Huang, K.; Zheng, L. Histone acetyltransferase PCAF regulates inflammatory molecules in
the development of renal injury. Epigenetics 2015, 10, 62-72. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1159/000446294
https://www.ncbi.nlm.nih.gov/pubmed/27648010
https://doi.org/10.1111/tri.13116
https://www.ncbi.nlm.nih.gov/pubmed/29341300
https://doi.org/10.1016/j.transproceed.2016.03.008
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://www.ncbi.nlm.nih.gov/pubmed/15473860
https://doi.org/10.1038/ng1732
https://www.ncbi.nlm.nih.gov/pubmed/16415884
https://doi.org/10.1111/jcmm.16663
https://doi.org/10.1007/s12272-013-0018-5
https://www.ncbi.nlm.nih.gov/pubmed/23361586
https://doi.org/10.1002/jcb.22644
https://www.ncbi.nlm.nih.gov/pubmed/20564224
https://doi.org/10.3390/ijms24066007
https://www.ncbi.nlm.nih.gov/pubmed/36983082
https://doi.org/10.1093/ndt/gfp730
https://www.ncbi.nlm.nih.gov/pubmed/20067909
https://doi.org/10.1113/jphysiol.2013.266411
https://doi.org/10.4161/15592294.2014.990780

	Definition of Post-Transplant Diabetes Mellitus (PTDM) 
	Risk Factors for the Development of PTDM 
	Transplant Genetics, Epigenetics, and Their Association with PTDM 
	Pathways Associated with PTDM 
	Conclusions 
	References

