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1 | INTRODUCTION

The attainment and maintenance of optimal glucose control reduces
the risk of long-term complications of diabetes and it is, therefore, a
major goal in the management of diabetes.® However, the progressive
nature of the disease makes it difficult to maintain target levels of gly-
cated haemoglobin (HbA.). Despite lifestyle and pharmacologic inter-
ventions, glucose levels increase overtime and generally the
escalation of drug doses and the use of combination therapies, or
insulin, is necessary, with progressive increase in the complexity of
treatment and worsening of the quality of life.>® The determinants of
treatment failure remain insufficiently understood, in particular, there
is limited information about the durability of glycaemic response when
oral glucose-lowering agents are used as add-on treatments to met-
formin in patients with type 2 diabetes (T2D) no longer controlled
with metformin monotherapy.# Insulin resistance and impaired insulin
secretion are key factors in the development and worsening of hyper-
glycaemia, but other factors are also at play.>” Furthermore, T2D is a
heterogeneous condition characterized by different degrees of insulin
resistance/deficiency.2 Not surprisingly, the treatment response dif-
fers among patients and the need for add-on treatment(s) vary consid-
erably in speed from person to person. Individual factors predicting
these different treatment courses are scarcely investigated: among
others, genetic factors may play a relevant role. We focus on the
Pro12Ala polymorphism of the peroxisome proliferator-activated
receptor y2 (PPARy2) gene. This is one the best-replicated genetic risk
factor for T2D.” PPARy2 encodes for a transcription factors that
belong to the family of nuclear receptors; it regulates several genes
involved in carbohydrates and lipids metabolism, promotes adipocytes
differentiation and fatty acids uptake and modulates insulin sensitiv-
ity. Multiple studies have reproducibly shown that the common
Pro12Ala polymorphism is associated with greater insulin sensitivity
and protection from development of T2D in the general population.”
Apparently at variance with this evidence, prospective studies in peo-
ple with disglycaemia have shown that the Alal12 variant is associated
with a greater risk of transition from impaired glucose tolerance to
diabetes.’%12 Whether this polymorphism has a role also in the pro-
gression of the disease in people with overt diabetes by modulating
the persistence of the therapeutic response to glucose-lowering drugs
and the need for treatment escalation is not known.

The aims of the study are to evaluate whether the Pro12Ala
polymorphism of PPARy2 is associated with the incidence of second-
ary failure to second-line glucose-lowering drugs used as add-on to
metformin in patients with T2D, and to evaluate some of the possible

mechanisms underlining this association.

2 | MATERIALS AND METHODS

2.1 | Participants and study design

The study was conducted at one of the 57 centres participating in the

“Thiazolidinediones Or Sulphonylureas and Cardiovascular Accidents

Intervention Trial (TOSCA.IT),” a randomized controlled trial designed
to evaluate the cardiovascular effects of second-line glucose-lowering
drugs. The study protocol and the main results have been publi-
shed.®* Briefly, patients with T2D in the age range 50 to 75 years,
insufficiently controlled (HbA;. values 7.0%-9.0%) with metformin at
the dosage of 2 g/day were randomly allocated to add-on pioglitazone
or a sulphonylurea. The metformin dose remained unchanged
throughout the study, whereas the add-on drugs were titrated
according to a standard protocol on the basis of home glucose moni-
toring and HbA. values. Drug compliance was assessed at each visit.
HbA,. was measured every 6 months, for HbA,. values 28% lifestyle
recommendations were reinforced and an extra visit was scheduled
after 3 months. Treatment failure was one of the pre-specified sec-
ondary end points of the study and was defined as HbA;. = 8% on
two consecutive visits performed 3 months apart while the patients
were taking the maximum tolerated dosage of the prescribed drug(s).
For the purposes of the present work, the study population con-
sists of 215 patients enrolled in the centre of Naples and with
24 months of follow-up. The study protocol was approved by
Federico Il University Ethics Committee, all participants provided writ-
ten informed consent, including consent for genetic analyses, before

entering the study.

2.2 | Measurements

History of diabetes and use of drugs were assessed by questionnaire.
At baseline and annual follow-up visits, anthropometric measures
were taken according to a standard protocol. Fasting blood samples
were obtained. Plasma lipids and HbA;. were measured at a central
laboratory. The single nucleotide polymorphism (SNP) rs1801282 was
genotyped by TagMan SNP Genotyping Assay as previously
described'® on 7900HT real-time polymerase chain reaction (PCR)
System (Applied Biosystems, Branchberg, NJ, USA). To monitor quality
control, three DNA samples were genotyped by Sanger sequencing
(3730 DNA analyser; Applied Biosystems, Branchberg, NJ, USA) and
included in each 384-well reaction plate; genotype concordance was
100%. Primer sequences are available upon demand. For a subgroup
of 150 participants, plasma insulin was measured at the CNR labora-
tory in Pisa (Roche Diagnostics, Germany) on frozen plasma collected
prior to randomization to the study drugs and kept at —70°C. The
updated version of the Homeostasis Model Assessment (HOMA)*¢1”
was used to calculate HOMA2-%S and HOMA2-%B which reflect

insulin sensitivity and the beta cell secretory capacity.

2.3 | Statistical analysis

Data were presented as mean (+ SD) for quantitative variables and as
number and percentages for categorical variables. Continuous vari-
ables were compared between groups by Student's t-test or Mann-
Whitney U test (HOMA2-%S; HOMA2-%B). Categorical variables

were compared by X2 test. Plasma insulin concentration was log
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transformed before comparisons. The original values are given in the
tables and were used for HOMA calculations Hardy-Weinberg equilib-
rium was evaluated using the goodness-of-fit chi-square test. Kaplan
Meier curves were used to plot the cumulative incidence of treatment
failure over time, the two groups with or without the Pro12Ala poly-
morphism were compared using the log-rank. Univariate Cox propor-
tional hazard regression analysis was performed to estimate the crude
Hazard Ratios for treatment failure. Multivariate Cox regression analy-
sis was performed to further examine factors associated with treat-
ment failure. A mediation analysis was performed, using the approach
implemented in the “mediation” R package, to test whether the rela-
tionship between the Pro12Ala polymorphism and the occurrence of
treatment failure was also mediated by HOMA2-%B. All statistical
analyses were performed by using R (R Core Team, 2018). The level

of significance was set at a = 0.05.

3 | RESULTS

The study population consists of 215 males and females with T2D in
the age range 50 to 75 years. The frequencies of the genotypes were
as follows: 175 (81.4%) Pro12Pro, 38 (17.7%) Pro12Ala, 2 (0.9%)
Alal2Ala and were in accord with the Hardy-Weinberg equilibrium
(P > 0.05). For analytical purposes, those people with the Pro12Ala or
Alal2Ala genotype were pooled in one group defined as Ala carriers
and were compared with the non-Ala carriers. The clinical characteris-
tics of the participants' carriers or non-carriers of the Ala allele are
given in Table 1. Attained age, age at diabetes diagnosis, body mass

index (BMI), proportion of people with abdominal obesity, and HbA ;.

lower fasting plasma insulin, worse beta cell secretory capacity
(HOMA2-%B), and greater insulin sensitivity (HOMA2-%S). Assigned
glucose-lowering treatments (pioglitazone or sulphonylureas) were
equally distributed between the two groups.

During 24 months of follow-up, a total of 28 participants (12%)
developed secondary failure. The cumulative incidence of secondary
failure was 32.5% among Ala carriers and 8.6% among non-Ala car-
riers (P < 0.001) with a rate of failure of 18.6 and 4.6/100 person-
years, respectively. The Kaplan Mayer estimated incidence curves of
failure to treatment are given in Figure 1 for the total population
(panel A) and by assigned treatment (panel B, pioglitazone; panel C,
sulphonylureas). The incidence of failure overtime is significantly
higher among Ala carriers in the total group and in each of the treat-
ment arms. The Ala carriers have a more than fourfold increased risk
of treatment failure as compared to non-carriers (hazard ratio
[HR] 4.16; 95% confidence interval [Cl] 1.98-8.76; P < 0.0001) in the
total group, estimated HRs in the group treated with pioglitazone or
sulphonylureas were 5.39 (95% Cl 1.95-14.87) and 3.34 (95% ClI
1.06-10.54), respectively. The incidence curves start diverging quite
early, with a clear difference between Ala carriers or non-carriers
already evident within the first year of follow-up.

The patient characteristics associated with treatment failure
are given in Table 2. Those patients who developed treatment fail-
ure were significantly younger, were diagnosed with diabetes at a
younger age, had significantly higher HbA4. and significantly lower
HOMA2-%B at study entry, than those who did not develop treat-
ment failure. No significant differences were observed with regard
to diabetes duration, prevalence of obesity or abdominal obesity
and estimated insulin sensitivity (HOMA2-%S) (Table 2). A multivar-

were comparable between the two groups (Table 1). Ala carriers had iate analysis including age at diagnosis, HbA;.,, Prol2Ala
TABLE 1 Baseline patient's characteristics and incidence of treatment failure by polymorphism
PPARYy2 polymorphism
Pro12Ala + Ala12Ala (n = 40) Pro12Pro (n = 175) P
Age (years) 61+6 61+6 0.383
Males (%) 57 55 0.450
BMI (kg/m?) 29.7+4.0 30344 0.387
With abdominal obesity? (%) 65 73 0.394
Age at diabetes diagnosis (years) 52+9 52+8 0.615
Diabetes duration (years) 9+6 10+ 6 0.820
Assigned to pioglitazone/sulphonylureas (n) 20/20 82/93 0.413
HbA; (%) 78 0.5 7.7 £0.6 0.811
Treatment failure (%) 13 (32.5) 15 (8.6) 0.001
Plasma insulin (mU/I)b 11+7 14+ 8 0.023
HOMA2-%BP 34+25 46 + 28 0.046
HOMA2-%SP 88 + 53 66 + 38 0.013

Note: Data are given as mean and SD, or percentages.

BMI, body mass index; HbA;, glycated haemoglobin; HOMA2-%B, Homeostasis Model Assessment beta cell function; HOMA2-%S, Homeostasis Model
Assessment insulin sensitivity; PPARy2, peroxisome proliferator-activated receptor gamma2.

3Waist circumference = 82 c¢cm for women or = 102 cm for men.
bAvailable for a subsample of 150 participants.
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FIGURE 1 Cumulative incidence (Kaplan Meier) of treatment failure in carriers or non-carriers of the Ala allele in the total study population

(panel A) and by assigned treatment (panel B: Pioglitazone; panel C: Sulphonylureas)

Treatment failure

YES (n = 28) NO (n = 187)
Attained age (years) 59+7 62+ 6
Males (%) 46 57
BMI (kg/m?) 30.7 4.0 30.1+44
Abdominal obesity (%) 79% 70%
Age at diabetes diagnosis (years) 48 + 10 52+7
HbA;. (%) 8.1+0.5 7.7 £0.5
Assigned to pioglitazone/sulphonylureas (n) 16/12 86/101
(%) 57/43 46/54
Pro12 Ala (n) 13 27
(%) 46 14
Plasma insulin (mU/I) 11+6 14 +9
HOMA2-%B? 3012 46 + 29
HOMA2-%S? 79 £ 54 69 + 39

Data are given as mean and SD, or percentages.

TABLE 2 Baseline patient's
characteristics by occurrence of
P treatment failure

0.016
0.218
0.494
0.245
0.032
0.001
0.312

0.0001

0.253
0.015
0.327

BMI, body mass index; HbA;, glycated haemoglobin. HOMA2-%B, Homeostasis Model Assessment beta
cell function; HOMA2-%S, Homeostasis Model Assessment insulin sensitivity.

@Available for a subsample of 150 participants.

polymorphism and HOMA2-%B confirmed the Pro12Ala polymor-
phism and HbA . at study entry as significant and independent pre-
dictors of treatment failure (Table 3). A Cox regression analysis was

performed also to test for the interaction between treatment and
the PPARy2 polymorphism, but the interaction term was not statis-
tically significant (P = 0.523). The mediation analysis showed that
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TABLE 3 Multivariate Cox proportional hazard model for the
association between selected variables and treatment failure

HR (95% Cl) P

0.96 (0.92-1.01) 0.089
6.07 (2.18-16.9)  <0.001
445(1.79-11.1)  0.001

Age at diabetes diagnosis (x 1 year)
HbA (%)

PPARy2 polymorphism (Ala carriers vs
non-Ala carriers)

HOMA2-%B 0.99 (0.97-1.01) 0.365

HbA,, glycated haemoglobin; HOMA2-%B, Homeostasis Model Assess-
ment beta cell function; HR, hazard ratio; PPARy, peroxisome proliferator-
activated receptor gamma.

the relationship between PPARy2 polymorphism and occurrence of
failure was also significantly mediated by HOMA2-%B (P = 0.034).

4 | DISCUSSION

We have shown for the first time that in people with T2D, the
Pro12Ala polymorphism of PPARy2 is associated with greater insulin
sensitivity, lower beta cell function, and a higher incidence of failure
to treatment with second-line glucose-lowering drugs (pioglitazone or
sulphonylureas) as add-on to metformin. The Pro12Ala polymorphism
was associated with a more than fourfold higher risk of treatment fail-
ure. The PPARy2 has been extensively studied in regard to diabetes
and the proline for alanine substitution in codon 12 (Pro12Ala) has
been reproducibly associated with a decreased risk for T2D in the
general population.” Apparently at variance with these data, prospec-
tive studies in people with impaired glucose tolerance—Finnish diabe-
tes study,!® DPP,!! STOP-NIDDM?—report a greater risk of
progression to diabetes in carriers of the Ala allele. The mechanisms
through which this genetic variant modifies the diabetes risk have not
been fully elucidated. Available data provide substantial evidence that
the Pro12Ala polymorphisms is associated with a better insulin sensi-
tivity'® which may partly explain the lower risk of diabetes associated
with the Ala allele in the general population. This is, however, appar-
ently in contrast with the observation that in people with impaired
glucose tolerance the polymorphism increases the risk of further dete-
rioration of glucose homeostasis and development of diabetes.'12
The present study expands current knowledge by documenting, for
the first time, that in Caucasians with T2D the Pro12Ala polymor-
phism is associated with the progression of the disease and a higher
incidence of treatment failure. Moreover, the study identifies the
impairment of insulin secretion as a possible mechanism linking the
Alal2 polymorphism with the occurrence of treatment failure, much
in line with the notion of beta cell function being a determinant of
deterioration of glucose control overtime. In the UKPDS study, beta
cell function was already decreased by 50% by the time of diabetes
diagnosis and continued to decline over the six-year observation
period, notwithstanding on-going glucose-lowering therapy.?® Fur-
thermore, the San Antonio Metabolism Study showed that people
with impaired glucose tolerance have already lost 80% to 85% of their

beta cell function.2® Our results are also in keeping with the study by
Mori et al who showed, in a Japanese population, that people with
diabetes carriers of the Ala12 variant have a reduced capacity of insu-
lin secretion as compared to non-carriers.?* To our knowledge, the
finding by Mori et al has never been replicated in a different ethnic
group. Thus, based on available data, including findings of the present
study, it is plausible to hypothesize that the Ala allele protects from
diabetes in the general population, likely due to its association with a
greater insulin sensitivity. However, the polymorphism is also associ-
ated with a greater impairment of beta cell secretory capacity which
may have a greater impact on glucose homeostasis in individuals with
impaired glucose tolerance or T2D in whom insulin demand is
increased due to the superimposition of glucotoxicity and lipotoxicity.
Interestingly, in carriers of the Pro12Pro polymorphism the experi-
mental elevation of free fatty acids by means of a lipid infusion
induced, as expected, an increase in the insulin secretion, evaluated
with the hyperglycaemic clamp; conversely a marked fall in the insulin
secretion was observed in carriers of the Ala allele.??

PPARy2 is the target of thiazolidinediones, a class of glucose-
lowering drugs. In the ACT NOW study, treatment with pioglitazone
improved insulin sensitivity and beta cell function®® in comparison to pla-
cebo, thus suggesting a potentially greater benefit in people with the
more severe impairment of beta cell function. Whether the PPARy2
Pro12Ala polymorphism modulates the response to thiazolidinediones
remains, however, an open question.>*?> We have not observed any
drug/genotype interaction effect, but, due to lack of power, we were
unable to exhaustively explore the hypothesis of a differential response
to drugs. Other study limitations include the fact that the study was con-
ducted in Caucasians; the ethnic factor may be important in the relation-
ship between the Pro12Ala polymorphism and diabetes?® and therefore
the results are not necessarily applicable to other ethnic groups.

In summary, the study documents for the first time the metabolic
phenotype associated with the Pro12Ala polymorphism of PPARy2 in
Caucasians with T2D and shows that the Ala allele is a strong predic-
tor of failure to treatment with second-line glucose-lowering drugs
(pioglitazone or sulphonylureas) independent of age, BMI, abdominal
obesity age at diagnosis, and HbA;.. A more severe impairment of
beta cell function may partly mediate the more frequent occurrence

of secondary failure in carriers of the 12Ala polymorphism.
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