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STATES

Maternal diabetes in pregnancy affects offspring health. The impact of parental diabetes on
offspring health is unclear. We investigated the impact of parental diabetes on the metabolichealth of adult-offspring who did not themselves have diabetes. Data from the Generation
Scotland: Scottish Family Health Study, a population-based family cohort, were record-linked
to subjects’ own diabetes medical records. From F0-parents, we identified F1-offspring of:
mothers with diabetes (OMD, n = 409), fathers with diabetes (OFD, n = 468), no parent with
diabetes (ONoPD, n = 2489). Metabolic syndrome, body, biochemical measurements and
blood-pressures were compared between F1-offspring groups by sex. A higher proportion of
female OMD had metabolic syndrome than female OFD or ONoPD (P<0.0001). In female offspring, predictors of metabolic syndrome were: having a mother with diabetes (OR = 1.78, CI
1.03–3.07, [reference ONoPD]), body mass index (BMI, OR = 1.21, CI 1.13–1.30) and age
(OR = 1.03, CI 1.01–1.06). In male offspring, predictors of metabolic syndrome were: BMI
(OR = 1.18, CI 1.09–1.29) and percent body-fat (OR = 1.12, CI 1.05–1.19). In both sexes,
OMD had higher blood-pressures than OFD (P<0.0001). In females, OMD had higher glucose (P<0.0001) and percent body-fat (P<0.0001) compared with OFD or ONoPD. OMD and
OFD both had increased waist-measurements (P<0.0001), BMI (P<0.0001) and percent
body-fat (P<0.0001) compared with ONoPD. Female OMD and OFD had lower HDL-cholesterol levels (P<0.0001) than female ONoPD. Parental diabetes is associated with higher offspring-BMI and body-fat. In female offspring, maternal diabetes increased the odds of
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metabolic syndrome, even after adjusting for BMI. Further investigations are required to
determine the mechanisms involved.

Introduction
Population-rates of diabetes and obesity have risen in recent years [1]. Obesity increases the
risk of type-2 diabetes mellitus (T2DM); having a parent with diabetes increases the risks of
later obesity, T2DM and/or cardiovascular problems in their children [2–4]. Maternal diabetes
during pregnancy, whether pre-existing type-1 diabetes mellitus (T1DM), T2DM or gestational
diabetes mellitus (GDM, first diagnosed during pregnancy) has long-term health-effects on the
offspring. Such offspring have higher birth-weights [5–7] and increased adiposity during childhood compared with offspring of mothers without diabetes [8,9]. In contrast, children of
fathers with diabetes have lower birth-weights [10,11]. In Scotland, ~5% of women of reproductive age have been diagnosed with diabetes [12], which may impact childhood obesity-rates
and health. As childhood obesity-rates are already high (16.8% in Scotland in 2012 [13]) this
raises public-health concerns.
The longer-term health-effects of parental diabetes on adult offspring are less clear.
Increased body mass index (BMI) was seen in 18 year-old boys exposed to intrauterine maternal diabetes compared with their older brothers, who were born before their mothers developed diabetes [14]. However, there are few studies of long-term effects of maternal diabetes
diagnosed after pregnancy or paternal diabetes on adult offspring and few data comparing the
impact of paternal with maternal diabetes.
The Generation Scotland: Scottish Family Health Study (GS:SFHS) is a family-based population cohort, recruited to investigate the genetic and environmental factors involved in the
aetiology of various complex diseases common in Scotland [15,16]. The known extended family-relationships within GS:SFHS also allow for investigations of any trans-generational effects
of grandparental T2DM. Having a grandparent with diabetes has been associated with children
being overweight aged 4 years [17], but there is little information on any long-term effects into
adulthood.
The primary aim of this study was to determine, in adults without diabetes, the long-term
metabolic health-effects of having a mother with diabetes compared with having a father with
diabetes and no parent with diabetes. Specifically, we determined the frequency of metabolic
syndrome (MetS) and the relative contributions of body and biochemical measurements,
blood-pressure and social factors. The secondary aims were to investigate whether intrauterine
exposure to maternal diabetes had any additional effect on offspring health compared with
having a mother with diabetes diagnosed after pregnancy, and to investigate whether having a
grandparent with diabetes affected body, biochemical measurements, or blood-pressure of
their grandchildren through specific maternal- or paternal-lineages.

Methods
Generation Scotland: Scottish Family Health Study Cohort
GS:SFHS participants were recruited from the Scottish general population during 2006–2011,
via primary-care physicians and publicity across Scotland, resulting in 23,960 people in family
groups. Potential study participants were screened to exclude those with serious terminal illness or inability to give informed consent (~5% excluded). At recruitment into GS:SFHS, participants gave written consent, completed a detailed health and social questionnaire and
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attended a research clinic for clinical examination, body measurements and collection of fasting blood samples. Details of the GS:SFHS cohort and the data-collection processes are published elsewhere [15,16] and via links from the “GS Resources” page of the Generation
Scotland website (www.generationscotland.org). GS data are available for medical research on
application to the GS Access Committee. Details of access to GS data are available on the
“Access” page of the Generation Scotland website. This was a data-linkage analysis, so no new
data were collected for this study.

Approvals
For this study, only those GS:SFHS participants who had given written consent for record-linkage of their GS:SFHS data to their own medical records were used. Ethical approval for the
record-linkage was obtained from the East of Scotland Research Ethics Committee (reference
10/S1402/20). Permissions for use of NHS health data in this record-linkage were obtained
from the NHS Privacy Advisory Committee, Scottish Diabetes Research Network and Caldicott
Guardians for Scotland.

Record linkage process
Data were linked to records for diabetes diagnoses at any time-point to November 2011 (via
the Scottish Care Information Diabetes Collaboration [SCI-DC, http://www.sci-diabetes.scot.
nhs.uk/]) and pregnancy/birth records (Scottish Morbidity Report 02 [SMR02] from Information Services Division [ISD], NHS Scotland). To safeguard subject confidentiality, data were
linked through the Health Informatics Centre (HIC) Dundee and ISD. The record-linkage process is summarized in Fig 1, showing identification of subjects at each stage and final numbers
for each subject group. GS:SFHS ID-numbers for participants with F0-parents and/or F1-offspring within GS:SFHS were sent to HIC, where participant NHS-health numbers were identified, assigned new ID-numbers and sent to ISD for record-linkage. GS:SFHS pedigree tables
were used to identify F0-parents, F1-offspring and F2-grandchildren.

GS:SFHS data analysed
Data were obtained at recruitment into GS:SFHS [16], from direct measurement (body, biochemistry, and blood-pressure) or questionnaire (comorbidity information for self and family
members, family relationships, smoking status and postcode at recruitment). Over 95% of participants were Caucasian. Parameters analysed were:
Body measurements. height, weight, BMI, waist, hips, waist: hip ratio (WHR), percent
body-fat, systolic and diastolic blood-pressure (both mean of two measurements).
Blood biochemical measurements. sodium, potassium, urea, creatinine, glucose, total
cholesterol, HDL-cholesterol, total: HDL cholesterol ratio (THCR).
Diseases diagnosed. diabetes, asthma, depression, cardiovascular disease (heart disease,
hypertension, stroke); bone disease (osteoarthritis, rheumatoid arthritis, hip fracture).
Smoking data. smoking status at recruitment (current, non-smokers, ex-smokers); exposure to other peoples’ smoke.
Scottish Index of Material Deprivation (SIMD). categorized in quintiles (1 [most
deprived] to 5 [least deprived], from 2009) for each subject’s home postcode at recruitment
(http://www.scotland.gov.uk/Topics/Statistics/SIMD).
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Fig 1. Summary of the linkage process and identification of the F1-offspring and F2-grandchildren groups for analysis. Linkage process of GS:SFHS
data. Subjects who had children or parents within the GS:SFHS cohort and had health numbers were sent via HIC to ISD for linkage to their own diabetes
and birth medical records. From the diabetes-linked data, the F1-offspring of the F0-parents with or without diabetes were identified. F1-offspring who had
children of their own were separated for analysis of the effects of grandparental diabetes on F2-grandchildren. F1-offspring groups were defined by whether
their mother (OMD) or father (OFD) or no parent had diabetes (ONoPD). F2-grandchildren groups with grandparents with diabetes were grouped by maternal
or paternal lineage: grandchild of maternal grandmother with diabetes (GMGMD), grandchild of maternal grandfather with diabetes (GMGFD), grandchild of
paternal grandmother with diabetes (GPGMD), grandchild of paternal grandfather with diabetes (GPGFD), or grandchild of grandparents with no diabetes
(GNoGPD). * Mothers who developed GDM during pregnancy were identified from SMR02
doi:10.1371/journal.pone.0134883.g001

Identification of F1-offspring and F2-grandhcildren of F0-parents with
diabetes
From SMR02 data, we identified F1-offspring whose F0-mothers developed GDM during the
index pregnancy (n = 10) and so were exposed in utero (EIU) to maternal diabetes. From
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SCI-DC data, we obtained diabetes diagnoses (with type and dates) for all subjects in the
record-linkage, i.e. a diagnosis (or no diagnosis) of diabetes in the subjects’ own medical records. Offspring whose mothers had pre-existing T1DM (n = 8) during the index pregnancy
were also included in the EIU group. No mothers had developed T2DM prior to the index
pregnancy. Due to small numbers, the EIU group was combined with those whose mothers
developed diabetes after pregnancy as F1-offspring of mothers with diabetes (OMD) for all
analyses: OMD were compared with F1-offspring of fathers with diabetes (OFD) and F1-offspring of no parent with diabetes (ONoPD).
The GS:SFHS questionnaire asked whether the subject or family members had diabetes: F1offspring (n = 49) or F2-grandchildren (n = 5) who had diabetes themselves were removed
because we aimed to investigate the effect of familial diabetes on the subjects’ health, which
might be obscured by subjects’ own diabetes disease-processes. F1-offspring with both F0parents with diabetes (n = 27) and F2-grandchildren with more than one F0-grandparent with
diabetes (n = 3) were removed. Neither F1-parent of the F2-grandchildren had diabetes. Siblings were included but known twins were removed.
F1- offspring were grouped according to parental diabetes status:
F1-offspring of mothers with diabetes: (OMD, n = 409) those whose mothers were diagnosed
with diabetes;
F1-offspring of fathers with diabetes: (OFD, n = 468) those whose fathers were diagnosed
with diabetes;
F1-offspring of no parent with diabetes: (ONoPD, n = 2,489) those for whom neither parent
had diabetes.
F2-grandchildren were grouped according to parental lineage:
F2-Grandchildren of maternal grandfather with diabetes: (GMGFD, n = 45)
F2-Grandchildren of maternal grandmother with diabetes: (GMGMD, n = 37)
F2-Grandchildren of paternal grandfather with diabetes: (GPGFD, n = 16)
F2-Grandchildren of paternal grandmother with diabetes: (GPGMD, n = 29)
F2-Grandchildren of grandparents with no evidence of diabetes: (GNoGPD, n = 246).

Definition of Metabolic Syndrome (MetS)
The International Diabetes Federation definitions (from 2009 [18]) were used to define those
with MetS. Using these criteria, subjects were defined as having MetS if three of five criteria are
present:
• Central obesity: a waist measurement of 94cm in males and 80cm in females;
• Reduced HDL-cholesterol: 1.0 mmol/L (40mg/dL) in males and 1.3 mmol/L (50mg/dL)
in females;
• Elevated blood-pressure: systolic 130 and/or diastolic 85 mm Hg and/or being treated
with anti-hypertensive drugs;
• Raised glucose levels: 5.6 mmol/L (100mg/dL);
• Elevated triglyceride levels: >1.7mmol/L (150mg/dL).
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Triglyceride levels were not available for our subjects: hence if subjects met only two (of
four) criteria they were assumed not to have MetS. Where values for any other criteria were
missing, subjects were only included if the three remaining criteria were all outside the thresholds for MetS (i.e. had MetS) or were all within normal values (i.e. did not have MetS).

Statistical analysis
To investigate the relationships of different parameters in the F1-offspring or F2-grandchildren
groups, Kruskal-Wallis tests were used to analyse continuous measurements. Chi-squared tests
were used for categorical data and Spearman tests were used for correlations; statistical significance was set at P<0.05. Given the major effect of sex of the subjects on the outcomes of interest, all analyses were performed subdivided by sex of offspring or grandchildren. Rest of cohort
(RoC, GS:SFHS subjects without diabetes excluded from the study groups) data were included
in the graphs to show the representativeness of the offspring data. MetS was compared between
the F1-offspring groups by sex.
To determine the predictors of MetS, relevant body and biochemical measurements, F1-offspring group (ONoPD as reference), age (continuous variable), smoking, SIMD (quintile 5 as
reference), whether a sibling was in the study (yes/no) were used in forwards and backwards
stepwise logistic regression (alpha of 0.5) to identify factors associated with MetS. Statistical
analyses used GraphPad Prism6 (GraphPad Software) and Minitab 16 Statistical Software
(Minitab Inc.).

Results
Record-linkage
Diabetes-linked data were obtained for 11,954 GS;SFHS subjects. SMR02 provided data for F1offspring and F2-grandchildren (born 1980–1992) for whether their mother had GDM, their
mother’s age at pregnancy, mother’s height, SIMD quintile at birth, birth-weight (not adjusted
for gestational age), year and month of birth (for season of birth); data on their mother’s smoking history were incomplete and not used; the mother’s weight or BMI at pregnancy were not
recorded in SMR02 at that time.

Demographics, comorbidity, social and birth data
Demographic, comorbidity, social and birth data were compared by sex between F1-offspring
groups (Table 1). The median age of all the F1-offspring was 33 years (interquartile range
[IQR] 26–40 years). OMD and OFD were significantly older than ONoPD (Kruskal-Wallis,
P<0.0001 for both sexes). There were no differences between F1-offspring groups in the proportion of subjects who had siblings in the study for either sex.
Comorbidity. Differences in proportions of subjects with other diseases were seen
between the F1-offspring groups in both males and females (P<0.0001). Higher percentages of
OMD had cardiovascular disease than OFD and ONoPD (P<0.0001 for both sexes). In
females, but not males, higher percentages of OMD and OFD than ONoPD had depression
(P = 0.0135) or bone disease (P<0.0001).
Smoking. Smoking status differed between the groups in males (P = 0.0298) and females
(P = 0.0234), as higher percentages of OMD and OFD were current smokers than ONoPD. A
higher proportion of OMD than OFD or ONoPD were exposed to other peoples’ smoke in
males (P = 0.0230) and females (P = 0.0306).

PLOS ONE | DOI:10.1371/journal.pone.0134883 August 26, 2015

6 / 18

Sex-Differences in Health of Offspring of Parents with Diabetes

Table 1. Demographics, comorbidity, social/lifestyle and birth data for male and female F1-offspring.
Males in F1-Offspring groups

Χ2

P value

Females in F1-Offspring groups

OMD

OFD

ONoPD

OMD

OFD

ONoPD

Demographic data

N = 164

N = 194

N = 1078

N = 245

N = 274

N = 1411

Sex (% group)

40.1

41.5

43.3

59.9

58.5

56.7

Χ2

P value

0.4051 a

1.807

Age (years):
<0.0001 b

Median

40.0

35.0

31.0

39.0

36.0

32.0

IQR c

31.3–48.0

28.0–43.0

25.0–38.0

31.5–46.0

28.0–42.0

25.0–39.0
18–62

Range

18–61

18–61

18–60

18–65

18–59

No. (%) aged 18–29

32 (19.5)

54 (27.8)

446 (41.4)

50 (20.4)

81 (29.6)

561 (39.8)

No. (%) aged 30–40

51 (31.1)

81 (41.8)

442 (41.0)

84 (34.3)

110 (40.1)

587 (41.6)

No. (%) aged >41

81 (49.4)

59 (30.4)

190 (17.6)

111 (45.3)

83 (30.3)

263 (18.6)

<0.0001

95.06

<0.0001 b

96.69

<0.0001

1.016

0.6016

Sibling in study n (%)
Yes

115 (70.1)

140 (72.3)

820 (76.1)

No

49 (29.9)

54 (27.7)

258 (23.9)

161 (98.2)

180 (92.8)

1048 (97.2)

3.467

0.1767

189 (77.1)

207 (75.5)

1104 (78.2)

56 (22.9)

67 (24.5)

307 (21.8)

239 (97.6)

269 (98.2)

1391 (98.6)

Comorbidity data
No. (%) with data
Asthma

19 (11.2)

26 (14.1)

158 (14.8)

Cardiovascular disease f

21 (12.4)

6 (3.3)

25 (2.3)

Depression

11 (6.5)

15 (8.2)

59 (5.5)

Bone disease

g

<0.0001

48.09 d

Other diseases n (%):

53.12 d
55 (12.8)

64 (13.7)

363 (14.4)

1.045 e

0.5929

<0.0001

43 (9.8)

25 (5.3)

73 (2.9)

20.62 e

<0.0001

2.626 e

0.2691

45 (10.4)

42 (9.0)

183 (7.3)

8.614 e

0.0135

e

0.2106

23 (5.3)

17 (3.6)

46 (1.8)

33.35 e

<0.0001

41.25 e

6 (3.6)

8 (4.3)

26 (2.4)

112 (66.3)

129 (70.1)

801 (74.8)

261 (60.6)

319 (68.2)

1842 (73.2)

No. (%) with data

157 (96.6)

178 (91.8)

1041 (96.6)

237 (96.7)

266 (97.1)

1379 (97.7)

Current n (%)

42 (26.7)

47 (26.4)

197 (18.9)

40 (16.9)

49 (18.4)

182 (13.2)

Never n (%)

75 (47.8)

75 (42.1)

528 (50.7)

122 (51.5)

142 (53.4)

691 (50.1)

Ex n (%)

40 (25.5)

56 (31.5)

316 (30.4)

75 (31.6)

75 (28.2)

506 (36.7)

No other disease

<0.0001

0.8366

0.3569

3.115

e

Social/lifestyle data
Smoking status

10.72

0.0298

11.30

0.0234

6.972

0.0306

37.95

<0.0001

Exposure to other peoples’ smoke
No. (%) with data

152 (92.7)

167 (86.1)

1002 (92.9)

Yes

92 (60.5)

78 (46.7)

495 (49.4)

219 (89.4)

245 (89.4)

1289 (91.4)

112 (51.1)

101 (41.2)

539 (41.8)

No

60 (39.5)

89 (53.3)

507 (50.6)

107 (48.9)

144 (58.8)

750 (58.2)

No. (%) with data

147 (89.6)

1st (Most deprived)

26 (17.7)

171 (88.1)

960 (89.1)

212 (86.5)

244 (89.1)

1264 (89.6)

28 (16.4)

71 (7.4)

37 (17.4)

32 (13.1)

2nd

113 (8.9)

23 (15.6)

20 (11.7)

128 (13.3)

40 (18.9)

44 (18.0)

180 (14.2)

3rd

18 (12.2)

34 (19.9)

165 (17.2)

48 (22.6)

33 (13.5)

198 (15.7)

4th

37 (25.2)

34 (19.9)

266 (27.7)

43 (20.3)

65 (26.6)

363 (28.7)

5th (Least deprived)

43 (29.3)

55 (32.1)

330 (34.4)

44 (20.8)

70 (28.7)

410 (32.4)

7.544

0.0230

SIMD quintile at recruitment

30.88

0.0001

Birth (SMR02) data
Maternal height (cm)
No. (%) with data

25 (15.2)

34 (17.5)

327 (30.3)

Median

163.0

162.0

163.0

IQR

157.5–
165.0

157–
166.3

158.0–
166.0

No (%). with data

25 (15.2)

37 (19.1)

336 (31.2)

36 (14.7)

61 (22.3)

431 (30.5)

1st (Most deprived)

6 (24.0)

5 (13.5)

33 (9.8)

10 (27.8)

13 (21.3)

41 (9.5)

6 (16.7)

10 (16.4)

69 (16.0)

5 (13.9)

6 (9.8)

82 (19.0)

0.1900 b

38 (15.9)

61 (21.6)

433 (31.6)

160.0

160.0

163.0

155.8–
163.0

156.0–
165.0

159.0–
166.0

<0.0001 b

Baby SIMD quintile at birth

2nd

3 (12.0)

9 (24.3)

41 (12.2)

3rd

5 (20.0)

3 (8.1)

50 (14.9)

4th

4 (16.0)

10 (27.0)

97 (28.9)

8 (22.2)

18 (29.5)

106 (24.6)

5th (Least deprived)

7 (28.0)

10 (27.0)

115 (34.2)

7 (19.4)

14 (23.0)

133 (30.9)

11.88

0.1565

12.86

0.0109

(Continued)
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Table 1. (Continued)
Males in F1-Offspring groups

Χ2

P value

Females in F1-Offspring groups

OMD

OFD

ONoPD

OMD

OFD

ONoPD

N = 164

N = 194

N = 1078

N = 245

N = 274

N = 1411

Type 1

7 (4.3) h

3 (1.5)

12 (4.9) h

9 (3.3)

Type 2

149 (90.8)

190 (97.9)

227 (92.7)

267 (96.3)

GDM

6 (3.7) j

0

4 (1.6)

0

Unknown type

2 (1.2)

1 (0.5)

2 (0.8)

1 (0.4)

6 (2.4)

2 (0.7)

Demographic data

Χ2

P value

Parental Data
Parental Diabetes Type
NA

10.45

0.0151

NA

5.948

0.1142

NA

3.732

0.2920

Decade of parental diabetes’
diagnosis
1950–1979

2 (1.2)

1 (0.5)

1980–1999

33 (20.1)

40 (20.6)

2000–2011

129 (78.7)

Date unknown

0

NA

1.383

0.7096

51 (20.8)

68 (24.8)

152 (78.4)

187 (76.3)

202 (73.7)

1 (0.5)

1 (0.4)

2 (0.7)

Maternal BMI
No. (%) with data

140 (85.4)

108 (55.7)

1015 (94.2)

Median

30.5

27.1

25.4

<0.0001 b

204 (83.2)

177 (64.6)

1318 (93.4)

30.5

28.0

26.0
23.2–29.3

IQR

26.8–35.2

23.6–31.1

23.0–29.0

26.1–35.1

24.6–32.2

No. (%) BMI <25

21 (15.0)

38 (35.2)

453 (44.6)

42 (20.6)

52 (29.4)

543 (41.2)

No. (%) BMI 25–29

43 (30.7)

37 (34.3)

357 (35.2)

50 (24.5)

60 (33.9)

496 (37.6)

No. (%) BMI >30

76 (54.3)

33 (30.5)

205 (20.2)

112 (54.9)

65 (36.7)

279 (21.2)

87.24

<0.0001

<0.0001 b

114.3

<0.0001

Paternal BMI
No. (%) with data

50 (30.5)

173 (89.2)

1033 (95.8)

Median

27.3

29.4

26.7

<0.0001 b

78 (31.8)

247 (90.1)

1325 (93.9)

25.9

30.9

26.9
24.6–29.2

IQR

25.1–32.5

26.7–33.3

24.7–29.0

24.1–31.3

27.6–34.4

No. (%) BMI <25

12 (24.0)

17 (9.8)

285 (27.6)

26 (33.3)

19 (7.7)

373 (28.2)

No (%) BMI 25–29

18 (36.0)

80 (46.2)

557 (53.9)

26 (33.3)

91 (36.8)

677 (51.1)

No. (%) BMI >30

20 (40.0)

76 (43.9)

191 (18.5)

26 (33.3)

137 (55.5)

275 (20.7)

a

Chi-square and p value given from comparison with females

b

Kruskal-Wallis analysis
IQR denotes interquartile range

c
d

71.68

<0.0001

<0.0001 b

144.9

<0.0001

All ‘other diseases’ together

χ2 and p values from each disease individually (vs. no other disease)
f
Cardiovascular disease included heart disease, hypertension and stroke
e

g

Bone disease included history of hip fracture, osteoarthritis and rheumatoid arthritis

h

Includes those whose mothers developed type 1 diabetes before the offspring was born (n = 8); these offspring were exposed in utero (EIU) to diabetes.
j
Two mothers with GDM developed T2D at a later date
NA denotes not applicable
doi:10.1371/journal.pone.0134883.t001

SIMD quintile at recruitment. Material deprivation differed between groups (P<0.0001
for both sexes). In males and females, higher percentages of OMD and OFD than ONoPD
lived in the most deprived areas.
SMR02 (birth) data. In females, maternal height at pregnancy was lower in OMD and
OFD compared with ONoPD (Kruskal-Wallis P<0.0001). Higher percentages of female, but
not male, OMD and OFD than ONoPD were born into the most deprived areas (P = 0.0109).
There were no significant differences in the mother’s age at pregnancy, birth-weight or season
of birth between the groups.
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Parental data
Parental diabetes type. The numbers of F1-offspring whose fathers (n = 12) or mothers
(n = 19) had T1DM were too small to compare with F1-offspring whose fathers or mothers had
T2DM (Table 1). All diabetes types were combined within the OMD and OFD groups. There
was an increase in the numbers of parents diagnosed with diabetes across the decades: parents
diagnosed with diabetes before 1979 all had T1DM; for parents diagnosed in 1980–1999, most
had T2DM and a few had T1DM (n = 15), whereas the majority of the parents with diabetes
(~75%) were diagnosed with T2DM after 2000.
Maternal BMI. Maternal BMI was higher in OMD than the other two groups (KruskalWallis P<0.0001) for both sexes. A higher proportion of OMD had mothers who were overweight (BMI of 25–29) or obese (BMI 30) than OFD and ONoPD (85% vs. 64.8% and 55.4%
respectively in males; 79.4% vs. 70.6% and 58.8% respectively in females).
Paternal BMI. Paternal BMI was higher in OFD than the other two groups (Kruskal-Wallis P<0.0001) for both sexes. A higher proportion of OFD had fathers who were overweight or
obese than OMD and ONoPD (90.2% vs. 76.0% and 72.4% respectively in males; 92.3% vs.
66.6% and 71.8% respectively in females).

Metabolic syndrome
Higher percentages of female OMD or female OFD had MetS than female ONoPD (Table 2).
In male offspring, differences did not quite reach statistical significance. Comparison of OFD
with ONoPD showed higher percentages of OFD with MetS in male (P = 0.0358) and female
(P = 0.0285) offspring.
We identified parameters associated with MetS in the F1-offspring, within each sex
(Table 2). The final logistic regression model for males comprised: F1-offspring group, age,
BMI, percent body-fat and SIMD; in females, the same parameters were used with hips, smoking status and sibling in study also included in the model. In males, predictors of MetS were:
BMI (18% increased odds per kgm-2) and percent body-fat (12% increased odds per percentage
increase in body-fat) but not SIMD or age. In females, predictors of MetS were: OMD (78%
increased odds), BMI (21% increased odds per kgm-2) and age (3% increased odds per year).
SIMD quintile 2 had an 89% increased odds in females but the confidence intervals were large
and no other quintile had any effect.

Effects of F0-parental diabetes on F1-offspring body and biochemical
measurements
MetS is a cluster of factors that increase the risk of cardiovascular disease. We concentrated on
the individual criteria of MetS and the factors influencing its development in univariate analyses of body measurements, blood biochemistry and blood-pressure between the F1-offspring
groups, for each sex (Fig 2):
Waist measurements were significantly larger in male and female OMD and OFD compared
with ONoPD (Kruskal-Wallis P<0.0001 for both sexes, Fig 2A).
HDL-cholesterol levels were significantly higher in female, but not male, ONoPD compared
with OFD or OMD (Kruskal-Wallis P<0.0001, Fig 2B).
Glucose levels were significantly higher in female, but not male, OMD compared with OFD
or ONoPD (Kruskal-Wallis P<0.0001, Fig 2C).
Systolic blood-pressure was significantly higher in female and male OMD compared with
OFD or ONoPD (Kruskal-Wallis P<0.0001 for both sexes, Fig 2D).
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Table 2. Results of univariate and multivariate analysis of metabolic syndrome in the F1-offspring groups, analysed by sex.
Univariate analysis

Males

F1-Offspring group

No. of criteria met for

Total

Metabolic syndrome

(N)

Females
Χ

2

P value

0–2

3

OMD n (%)

123 (88.5)

16 (11.5)

139

OFD n (%

141 (87.6)

20 (12.4)

161

5.911

0.0521

ONoPD n (%)

840 (92.5)

68 (7.5)

908

2.099 a

0.0358 a

1104 (91.4)

104 (8.6)

1208

Total N (%)
Logistic Regression

No. of criteria met for

Total

Metabolic syndrome

(N)

0–2

3

162 (79.4)

42 (20.6)

204

26 (11.3)

230

38.42

<0.0001

1090 (92.9)

83 (7.1)

1173

4.798 a

0.0285 a

1456 (90.6)

151 (9.4)

1607

Response: Presence of Metabolic syndrome

Response: Presence of Metabolic syndrome

95% CI

OMD

0.84

0.41–1.69

0.620

1.78

OFD

1.09

0.57–2.07

0.792

0.85

P value

P value

204 (88.7)

OR b

Predictor

Χ2

OR b

95% CI

P value

1.03–3.07

0.039

0.46–1.58

0.604

F1-offspring group

ONoPD

Reference

Reference

Age c (per year increase)

1.00

0.98–1.03

0.828

1.03

1.01–1.06

0.006

BMI (per kgm-2 increase)

1.18

1.09–1.29

<0.0001

1.21

1.13–1.30

<0.0001

Body-fat (per % increase)

1.12

1.05–1.19

0.001

1.03

1.00–1.06

0.063

SIMD quintile
1 (Most deprived)

1.84

0.79–4.25

0.155

1.66

0.82–3.36

0.155

2

1.43

0.67–3.06

0.356

1.89

1.00–3.56

0.048

3

1.35

0.65–2.80

0.420

1.38

0.70–2.74

0.353

4

1.57

0.85–2.92

0.152

1.02

0.54–1.93

0.958

5 (Least deprived)

Reference

Hips (per cm increase)

Not included in model

1.01

0.98–1.05

0.467

Smoking status

Not included in model

0.81

0.60–1.09

0.166

Sibling in study

Not included in model

1.55

0.88–2.75

0.131

Univariate and logistic regression analysis of subjects in the F1-offspring group with metabolic syndrome (deﬁned as 3 or more of the International
Diabetes Federation criteria [18]).
Predictors with P values of <0.05 are highlighted in bold. All parameters included in the models are shown.
a
b
c

χ2 and P values from Chi-square analysis of OFD vs. ONoPD only.
OR are given as per unit change in the predictor
Age was used as a continuous variant in the model

doi:10.1371/journal.pone.0134883.t002

Diastolic blood-pressure was significantly higher in female and male OMD compared with
OFD or ONoPD; OFD had higher levels than ONoPD (Kruskal-Wallis P<0.0001 for both
sexes, Fig 2E).
BMI was significantly lower in male and female ONoPD compared with OMD or OFD
(Kruskal-Wallis P<0.0001 for both sexes, Fig 2F).
Percent body-fat was significantly higher in male and female OMD or OFD compared with
ONoPD (Kruskal-Wallis P<0.0001 for both sexes); in females OMD also had higher levels
than OFD (Fig 2G).
There were differences between F1-offspring groups for height, weight, hips, WHR, total
cholesterol and THCR (data not shown). There were no significant differences between F1-offspring groups for sodium, potassium, urea or creatinine.
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Fig 2. Body measurements, blood biochemistry and blood pressure measurements in offspring by
parental group. Box-and-whiskers plots show median and IQR (‘+’ within the box denotes mean value) for
the OMD (white boxes), OFD (hatched boxes) and ONoPD (grey boxes) in males (left) and females (right);
box-and whiskers for rest of cohort (RoC, i.e. all those without diabetes excluded from the F1-offspring
groups, [black boxes] for males and females) are also shown for comparison. Graphs are shown for Waist
(A), HDL-cholesterol (B), Glucose (C), Systolic-blood pressure (D), Diastolic-blood pressure (E), BMI (F) and
Percent body-fat (G). Groups were compared by Kruskal-Wallis, with level of significance between the groups
indicated (* P<0.05, **P<0.01, *** P<0.001, **** P<0.0001).
doi:10.1371/journal.pone.0134883.g002

Correlation between BMI of F1-offspring and F0-parental BMIs
We investigated whether there were any correlations between the offspring BMIs and maternal
and paternal BMIs for each of the F1-offspring groups. BMIs of OMD significantly correlated
with maternal BMIs in males (r = 0.2264, P = 0.0105) and females (r = 0.2202, P = 0.0023).
However there was no correlation between BMIs of OMD and paternal BMIs in either males or
females. BMIs of OFD significantly correlated with paternal BMI in males (r = 0.2356,
P = 0.0032) and females (0.3838, P<0.0001). However, a significant correlation between BMIs
of OFD and maternal BMIs was only seen in females (r = 0.4167, P<0.0001) and not males.
BMIs of ONoPD significantly correlated with maternal BMIs in both males (r = 0.2271,
P<0.0001) and females (r = 0.3268, P<0.0001) as well as with paternal BMIs in both males
(r = 0.2306, P<0.0001) and females (r = 0.2465, P<0.0001).

Intrauterine exposure to maternal diabetes
F1-offspring exposed in utero (EIU) to maternal diabetes (N = 18) were those whose mothers
developed GDM (n = 10) or whose mothers had pre-existing T1DM (n = 8) during the index
pregnancy. We compared the body and biochemical measurements between EIU and other
OMD: the only difference seen between EIU and the other OMD was lower diastolic bloodpressure in male EIU (Kruskal-Wallis p = 0.0289, data not shown).

Effect of having a grandparent with diabetes
We identified 127 F2-grandchildren of F0-grandparents with diabetes; all the F0-grandparents
had T2DM. The median age for all the F2-grandchildren was 23 years (IQR 20–27). There was
no difference in age for male F2-grandchildren, but in females GMGMD and GNoGPD were
significantly older than GMGFD (Kruskal-Wallis, P = 0.0068). The demographic and social
data showed no differences when compared between the F2-grandchildren groups by sex, apart
from smoking habit, where a higher percentage of GNoGPD had never smoked and a lower
percentage of GNoGPD were ex-smokers (Kruskal-Wallis P = 0.0001 for both sexes).
No differences in biochemical, body measurements or blood-pressures were seen when all
those with a grandparent with diabetes were combined and compared with the GNoGPD
group by sex, nor when grandchildren with maternal or paternal grandparents with diabetes
were compared (data not shown). Differences were seen in male, but not female, grandchildren
when compared by the defined grandparent groups:
Percent body-fat was significantly higher in male GPGFD (n = 5) than GPGMD (n = 19)
and GNoGPD (n = 109, Kruskal-Wallis P = 0.0158);
Diastolic blood-pressure was significantly higher in male GPGMD than GMGFD (n = 22,
Kruskal-Wallis P = 0.0318);
Total cholesterol levels were significantly higher in male GPGFD and GMGMD (n = 18)
than in male GMGFD (Kruskal-Wallis P = 0.0005);
THCR were significantly higher in male GMGMD than GMGFD (Kruskal-Wallis
P = 0.0033).
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There were no differences in height, weight, WHR, HDL-cholesterol or systolic blood-pressure; differences in BMI, waist and hip measurements did not quite reach significance (Kruskal-Wallis, p = 0.0790, p = 0.0694 and p = 0.0530, respectively).
Nine grandchildren had MetS (5M, 4F) from GMGFD (n = 2, 5.4%), GMGMD (n = 2,
6.7%) and GNoGPD (n = 5, 2.4%) but differences were not significant. We were unable to do
any further analysis of F2-grandchildren data due to the small numbers in each group.

Discussion
The primary aim of this study was to investigate the long-term metabolic health effects of
parental diabetes on adult offspring. In females, having a mother with diabetes increased the
odds of MetS. Female OMD also had lower HDL-cholesterol and higher glucose levels than the
other groups. In males, the odds of MetS were not raised by maternal diabetes. Having a father
with diabetes did not increase the odds of MetS in either male or female offspring. However,
both male and female offspring of either parent with diabetes had raised blood-pressure, larger
waists, higher BMI and increased percent body-fat than those without a parent with diabetes.
This was a cross-sectional study of a Scottish family-cohort [15,16] across two generations,
rather than a birth-cohort. The data-linkage of GS:SFHS subjects with their own medical records of diabetes ensured correct classification of the F0-generation diabetes-status: i.e. which
parent/grandparent had diabetes and date of diagnosis. We used adult offspring and grandchildren who did not have diabetes themselves to reduce any potential confounding by diabetes
disease-processes on metabolic health.
The F1-offspring groups were not well-matched in terms of age, as OMD and OFD were significantly older than ONoPD. This is likely to be due to the diagnosis of T2DM in older parents
with higher BMIs and who would, therefore, also have older offspring. It is possible, and even
quite likely, that some of the parents of ONoPD will be diagnosed with diabetes in the future.
We had hoped to be able to compare any effects on the offspring of the different diabetes types,
but the numbers of parents with T1DM were too small. We did see a temporal effect and the
increase in T2DM diagnoses in Scotland over recent years [12] was very apparent in this study.
MetS was used to indicate the severity of the parental effect and likelihood of future cardiovascular events. Only 9% of all F1-offspring had MetS, a level similar to the 1958 Birth Cohort
[19] where prevalence was 8–9% in subjects aged 45 years, 10 years older than the median age
of the F1-offspring in this study. Due to the lack of triglyceride measurements this level of MetS
is probably under-reported, as ~30% of OMD and OFD and ~20% of ONoPD met two (of
four) MetS criteria: had triglyceride data been available, the occurrence of MetS would have
been higher, highlighting the increased levels of MetS in this population.
Higher percentages of both male and female OMD and OFD had MetS than ONoPD,
although after adjustment for confounders, the effects of paternal diabetes on all offspring and
maternal diabetes on male offspring disappeared. These data suggest that maternal diabetes
independently affects the odds of MetS, equivalent to that of an increase in BMI of ~3–4 kgm-2
in females, and that the sex of the offspring is important. MetS was also associated with the offspring’s own body measurements as BMI was a co-predictor in both sexes, while percent bodyfat in males and age in females were additional predictors. The univariate analyses of the individual factors also showed differences between the OMD and other groups in females, especially for HDL-cholesterol and glucose, both criteria for MetS. Thus the sex dichotomy of MetS
was borne out in its individual parameters. In males, there were fewer predictors for MetS and
fewer differences in the individual parameters between groups. The particular combination of
factors defining MetS may be more important than any one specific factor, in either sex. Others
have also found sex-differences in the prevalence of MetS and its components in Caucasians
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[20], which may also reflect sex differences in developmental programming described in animal models and human epidemiological studies [21].
Maternal and paternal diabetes showed different cardiovascular effects in F1-offpsring as,
compared with OFD, OMD had higher systolic and diastolic blood-pressures in both sexes.
This was also apparent in (and possibly explains) the comorbidity data at recruitment into GS:
SFHS, where a significantly higher proportion of OMD had already been diagnosed with heart
disease, high blood pressure or stroke, and was seen in both sexes. Longer-term studies comparing children of mothers or fathers with diabetes showed that maternal effects were stronger
[2], but that offspring of fathers with diabetes had higher BMI than offspring of healthy parents
[3], in accordance with our results. Similarly, circulatory diseases have been found to be more
prevalent in adult offspring of mothers with any diabetes, but also present in offspring of
fathers with T2DM [4]. In a mouse-model of the effects of parental diabetes on pups without
diabetes, metabolic parameters were affected by maternal diabetes and worsened with age,
whereas skeletal development was affected by paternal diabetes and improved with age [22]. A
study of fetal malformations in diabetic-rat pregnancy suggested that the maternal environment was not solely responsible for the effects of diabetes on offspring but that paternal genetics also contributed [23]. Thus our data and these studies suggest that both maternal and
paternal diabetes affect adult offspring, but that maternal diabetes has stronger effects,
although mechanisms are unclear.
While maternal diabetes during pregnancy leads to higher offspring birth-weight [5,7], offspring of fathers with diabetes have lower birth-weights [10,11], as do offspring of mothers
who developed diabetes >10 years after childbirth, supporting the hypothesis that genetic factors contribute to the risk of decreased prenatal growth [11]. Our birth-weight data (for offspring born 1980–1992) showed no significant differences between offspring groups, but were
not corrected for gestational age. Differences may also have been masked by the average birthweight of babies in Scotland increasing over the same time-period and the fact that mothers
with diabetes also had the shortest height and highest deprivation levels, both of which reduce
offspring birth-weight [24].
The long-term health effects of parental diabetes on their offspring will be affected by shared
lifestyle habits, diet, physical activity and stress levels. These data were not available but we
would not expect to see specific lifestyle differences between OMD and OFD. The increase in
parental T2DM diagnoses between 2000 and 2011 suggest that the pre-diagnosis dietary and
exercise habits of these parents may have been well-established during the childhood and adult
years of the offspring. The higher material deprivation of the OMD group might also contribute to differences in diet, levels of exercise and smoking [25]. We have no information on
whether either parent remained with their offspring as they were growing up. It is possible that
offspring of families where the mother had diabetes may have been more influenced by the
mother’s diet-choices, especially if she prepared most of the family meals, than those where the
father had diabetes. However, for offspring from areas of similar deprivation, we have assumed
that contributions of shared lifestyle-factors would be similar in families with a mother with
diabetes compared with families where the father had diabetes. The sex dichotomy within
OMD is important and suggests that our results cannot be purely attributed to lifestyle similarities between parents and offspring.
We looked at parental BMI to see whether there was a relationship to that of their offspring.
It was no surprise to find that maternal BMIs of OMD and paternal BMIs of OFD were higher
than that of the other groups, as obesity is a key risk factor for diabetes. We did find that for
the ONoPD, less than 30% of the parents had a normal BMI (i.e. of <25.0), which would suggest that a number of these parents are likely to be diagnosed with diabetes in future years. This
was also true for the parent without diabetes in the OMD and OFD groups. Others have
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suggested that the BMI of both parents may influence the BMI of their offspring at different
ages [26,27] and also the risk of later cardiovascular disease [28]. The BMIs of both parents correlated with the BMIs of the ONoPD group but the OMD BMIs only correlated with their
maternal BMIs and not the paternal BMIs. Similarly the OFD BMIs correlated with their paternal BMIs but only their maternal BMIs in females and not males. These results suggest that
genetic factors from the diabetes-affected parent, may have more of an influence on the offspring than that of the other parent. A recent study of BMI has shown a parent-of-origin-effect
of SNPs in specific genes on the offspring, as the effects of these SNPs within maternal and
paternal alleles were in opposite directions from each other [29]. Another potential mechanism
is via imprinted genes, which are those which are expressed only from either a maternally- or
paternally-transmitted copy, depending on the gene in question, with the inactive allele
silenced by DNA methylation [30]. A recent study has shown that offspring of obese mothers
and fathers have different methylation patterns on imprinted genes compared with offspring of
lean parents [31]. Such mechanisms might affect long-term body composition and may also
explain some of the sex-dichotomy seen in our results. Many imprinted genes involved in fetal
growth are expressed in the placenta: paternally-derived imprinted genes promote fetal growth,
whereas maternally-derived genes limit fetal growth to protect maternal resources [32]. Nutrition may affect imprinted genes: female offspring of male rats fed a high-fat diet had impaired
glucose tolerance and higher insulin resistance [33], possibly through epigenetic changes in
sperm at conception [34]. Offspring of rats fed a high-fat diet during pregnancy had an
increased risk of obesity or metabolic syndrome, a trait which was transferred to two subsequent generations through the paternal lineage [35].
The number of EIU (n = 18) was smaller than expected: only 0.6% of those born 1980–1992.
The prevalence of diabetes in pregnancy (both GDM and pre-existing diabetes) during the
same time-period was 1% in North Dakota, USA [36]. Using this rate for the SMR02-linked
data gives an expected number of EIU as 27. At the current prevalence of diabetes in women of
reproductive age (5% [12]), the expected number of EIU in the SMR02-linked data would be
~135. Although diabetes-related pregnancy problems were recognized in the 1960s, routine
glucose-tolerance testing in pregnancy is relatively recent. Since 2010, lower glucose-thresholds
for GDM diagnosis have been adopted in Scotland [37]; thus GDM that would be identified
under current criteria may have remained undiagnosed, explaining our lower rate of intrauterine exposure. Despite the smaller-than-expected numbers we did not find any overall increased
effect of intrauterine diabetes exposure on the offspring.
We did find some evidence that grandparental diabetes may have an effect on their grandsons’ percent body-fat, total cholesterol and diastolic blood-pressure, but the numbers were too
small to draw any robust conclusions. Others have shown a grandparental effect on metabolism: food-abundance in the pre-pubertal period in childhood of paternal grandfathers affected
the risk of diabetes in their male grandchildren [38], while paternal grandmothers’ food-abundance affected their granddaughters, but not maternal grandparents [39,40]. Potential grandparental effects need to be investigated in much larger cohorts.
In conclusion, our study suggests that maternal diabetes increases the odds of occurrence of
MetS in female offspring but has less effect in male offspring. However, having a father or
mother with diabetes affects body and biochemical measures and blood-pressure in adult offspring of both sexes. These results have implications for offspring of parents with diabetes,
who may need to take extra care with their diet and levels of exercise to combat a predisposition for higher BMI and body-fat. This may also be particularly important for daughters of
mothers with diabetes as they grow older to prevent development of metabolic syndrome.

PLOS ONE | DOI:10.1371/journal.pone.0134883 August 26, 2015

15 / 18

Sex-Differences in Health of Offspring of Parents with Diabetes

Acknowledgments
Generation Scotland is a collaboration between the University of Aberdeen, University of Dundee, University of Edinburgh, University of Glasgow, and NHS National Services Scotland
(www.generationscotland.org). This collaboration is under the auspices of the Executive Group
consisting of: Professor David Porteous (University of Edinburgh), Professor Blair Smith (University of Dundee), Dr Lynne Hocking (University of Aberdeen) and Professor Sandosh Padmanabhan (University of Glasgow).
The authors would also like to acknowledge the contributions of:
Sharon Tuck and Cat Graham (Wellcome Trust Clinical Research Facility, Western General
Hospital, Edinburgh) for statistical help and support;
Keith Milburn (Health Informatics Centre, Dundee), for managing and supplying the
required identifiers for the linkage;
Lynsey Waugh (Information Services Division, NHS Scotland, Edinburgh) for coordinating
the data linkage process at ISD;
All the subjects who took part in Generation Scotland, allowed their data to be record-linked
and without whom this study could not have taken place.

Author Contributions
Conceived and designed the experiments: JEN RMR RSL BHS DJP JRS. Performed the experiments: MCA AC. Analyzed the data: MCA. Contributed reagents/materials/analysis tools: AC
PL. Wrote the paper: MCA JEN RMR RSL BHS DJP JRS. Obtained permissions on behalf of
Generation Scotland: PL. Obtained permissions for the research: MCA.

References
1.

Danaei G, Finucane MM, Lu Y, Singh GM, Cowan MJ, Paciorek CJ, et al. National, regional, and global
trends in fasting plasma glucose and diabetes prevalence since 1980: Systematic analysis of health
examination surveys and epidemiological studies with 370 country-years and 27 million participants.
Lancet 2011; 378: 31–40. doi: 10.1016/S0140-6736(11)60679-X PMID: 21705069

2.

Krishnaveni GV, Veena SR, Hill JC, Kehoe S, Karat SC, Fall CH. Intrauterine exposure to maternal diabetes is associated with higher adiposity and insulin resistance and clustering of cardiovascular risk
markers in Indian children. Diabetes Care 2010; 33: 402–404. doi: 10.2337/dc09-1393 PMID:
19918007

3.

Linares Segovia B, Gutiérrez Tinoco M, Izquierdo Arrizon A, Guizar Mendoza JM, Amador Lincona N.
Long-term consequences for offspring of paternal diabetes and metabolic syndrome. Exp Diabetes
Res 2012; 2012: 684562. doi: 10.1155/2012/684562 PMID: 23193389

4.

Wu CS, Nohr EA, Bech BH, Vestergaard M, Olsen J. Long-term health outcomes in children born to
mothers with diabetes: A population-based cohort study. PLoS ONE 2012; 7: e36727. doi: 10.1371/
journal.pone.0036727 PMID: 22649497

5.

Metzger BE, Lowe LP, Dyer AR, Trimble ER, Chaovarindr U, Coustan DR, et al. Hyperglycemia and
adverse pregnancy outcomes. N Engl J Med 2008; 8: 1991–2002.

6.

Philipps LH, Santhakumaran S, Gale C, Prior E, Logan KM, Hyde MJ et al. The diabetic pregnancy and
offspring BMI in childhood: A systematic review and meta-analysis. Diabetologia 2011; 54: 1957–1966.
doi: 10.1007/s00125-011-2180-y PMID: 21626451

7.

Lindsay RS, Nelson SM, Walker JD, Greene SA, Milne G, Sattar N, et al. Programming of adiposity in
offspring of mothers with type 1 diabetes at age 7 years. Diabetes Care 2010; 33: 1080–1085. doi: 10.
2337/dc09-1766 PMID: 20427684

8.

Lawlor DA, Fraser A, Lindsay RS, Ness A, Dabelea D, Catalano P, et al. Association of existing diabetes, gestational diabetes and glycosuria in pregnancy with macrosomia and offspring body mass index,
waist and fat mass in later childhood: Findings from a prospective pregnancy cohort. Diabetologia
2010; 53: 89–97. doi: 10.1007/s00125-009-1560-z PMID: 19841891

9.

Patel S, Fraser A, Davey Smith G, Lindsay RS, Sattar N, Nelson SM, et al. Associations of gestational
diabetes, existing diabetes, and glycosuria with offspring obesity and cardiometabolic outcomes. Diabetes Care 2012; 35: 63–71. doi: 10.2337/dc11-1633 PMID: 22124718

PLOS ONE | DOI:10.1371/journal.pone.0134883 August 26, 2015

16 / 18

Sex-Differences in Health of Offspring of Parents with Diabetes

10.

Lindsay RS, Dabelea D, Roumain J, Hanson RL, Bennett PH, Knowler WC. Type 2 diabetes and low
birth weight: The role of paternal inheritance in the association of low birth weight and diabetes. Diabetes 2000; 49: 445–449. PMID: 10868967

11.

Hyppönen E, Davey Smith G, Power C. Parental diabetes and birth weight of offspring: intergenerational cohort study. BMJ 2003; 326: 19–20. PMID: 12511454

12.

Diabetes UK. Diabetes in the UK 2012: Key statistics on diabetes. April 2012.

13.

Rutherford L, Hinchcliffe S, Sharp C. [eds] The Scottish Health Survey 2012. Scottish Government
2013. www.scotland.gov.uk

14.

Lawlor DA, Lichtenstein P, Långström N. Association of maternal diabetes mellitus in pregnancy with
offspring adiposity into early adulthood: Sibling study in a prospective cohort of 280 866 men from 248
293 families. Circulation 2011; 123: 258–265. doi: 10.1161/CIRCULATIONAHA.110.980169 PMID:
21220735

15.

Smith BH, Campbell H, Blackwood D, Connell J, Connor M, Deary IJ, et al. Generation Scotland: the
Scottish Family Health Study; a new resource for researching genes and heritability. BMC Med Genet
2006; 7: 74. PMID: 17014726

16.

Smith BH, Campbell A, Linksted P, Fitzpatrick B, Jackson C, Kerr SM, et al. Cohort profile: Generation
Scotland: Scottish Family Health Study (GS:SFHS). The study, its participants and their potential for
genetic research on health and illness. Int J Epidemiol 2013; 42: 689–700. doi: 10.1093/ije/dys084
PMID: 22786799

17.

Jouret B, Ahluwalia N, Cristini C, Dupuy M, Nègre-Pages L, Grandjean H, et al. Factors associated with
overweight in preschool-age children in southwestern France. Am J Clin Nutr 2007; 85: 1643–1649.
PMID: 17556704

18.

Alberti KGMM Eckel RH, Grundy SM Zimmet PZ, Cleeman JI Donato KA, et al. Harmonizing the Metabolic Syndrome: A joint interim statement of the International Diabetes Federation Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World
Heart Federation; International Atherosclerosis Society; and International Association for the Study of
Obesity. Circulation 2009; 120: 1640–1645. doi: 10.1161/CIRCULATIONAHA.109.192644 PMID:
19805654

19.

Hyppönen E, Boucher BJ, Berry DJ, Power C. 25-hydroxyvitamin D, IGF-1, and metabolic syndrome at
45 years of age: A cross-sectional study in the 1958 British Birth Cohort. Diabetes 2008; 57: 298–305.
PMID: 18003755

20.

Agyemang C, van Valkengoed IG, van den Born BJ, Bhopal R, Stronks K. Heterogeneity in sex differences in the metabolic syndrome in Dutch white, Surinamese African and South Asian populations.
Diabet Med 2012; 29: 1159–1164. doi: 10.1111/j.1464-5491.2012.03616.x PMID: 22356260

21.

Aiken CE, Ozanne SE. Sex differences in developmental programming models. Reproduction 2013;
145: R1–R13. doi: 10.1530/REP-11-0489 PMID: 23081892

22.

Grasemann C, Devlin MJ, Rzeczkowska PA, Herrmann R, Horsthemke B, Hauffa BP, et al. Parental
diabetes: the Akita mouse as a model of the effects of maternal and paternal hyperglycemia in wildtype
offspring. PLoS ONE 2012; 7: e50210. doi: 10.1371/journal.pone.0050210 PMID: 23209676

23.

Ejdesjö A, Wentzel P, Eriksson UJ. Influence of maternal metabolism and parental genetics on fetal
maldevelopment in diabetic rat pregnancy. Am J Physiol Endocrinol Metab 2012; 302: E1198–E1209.
doi: 10.1152/ajpendo.00661.2011 PMID: 22374754

24.

Fairley L. Changing patterns of inequality in birthweight and its determinants: A population-based
study, Scotland 1980–2000. Paediatr Perinat Epidemiol 2005; 19: 342–351. PMID: 16115285

25.

Matheson FI, Moineddin R, Glazier RH. The weight of place: A multilevel analysis of gender, neighborhood material deprivation, and body mass index among Canadian adults. Soc Sci Med 2008; 66: 675–
690. PMID: 18036712

26.

Hochner H, Friedlander Y, Calderon-Margalit R, Meiner V, Sagy Y, Avgil-Tsadok M, et al. Associations
of maternal prepregnancy body mass index and gestational weight gain with adult offspring cardiometabolic risk factors: The Jerusalem Perinatal Family Follow-up study. Circulation 2012; 125: 1381–1389.
doi: 10.1161/CIRCULATIONAHA.111.070060 PMID: 22344037

27.

Power C, Pouliou T, Li L, Cooper R, Hyppönen E. Parental and offspring adiposity associations:
insights from the 1958 British birth cohort. Ann Hum Biol 2011; 38: 390–399. doi: 10.3109/03014460.
2011.591827 PMID: 21671834

28.

Cooper R, Hyppönen E, Berry D, Power C. Associations between parental and offspring adiposity up to
midlife: the contribution of adult lifestyle factors in the 1958 British Birth Cohort Study. Am J Clin Nutr
2010; 92: 946–953. doi: 10.3945/ajcn.2010.29477 PMID: 20702606

PLOS ONE | DOI:10.1371/journal.pone.0134883 August 26, 2015

17 / 18

Sex-Differences in Health of Offspring of Parents with Diabetes

29.

Hoggart CJ, Venturini G, Mangino M, Gomez F, Ascari G, Zhao JH, et al. Novel approach identifies
SNPs in SLC2A10 and KCNK9 with evidence for Parent-of-Origin effect on Body Mass Index. PLoS
Genet 2014; 10: e1004508. doi: 10.1371/journal.pgen.1004508 PMID: 25078964

30.

Ishida M, Moore GE. The role of imprinted genes in humans. Mol Aspects Med 2013; 34: 826–840. doi:
10.1016/j.mam.2012.06.009 PMID: 22771538

31.

Soubry A, Murphy SK, Wang F, Huang Z, Vidal AC, Fuemmeler BF et al. Newborns of obese parents
have altered DNA methylation patterns at imprinted genes. Int J Obes 2015; 39: 650–657.

32.

Fowden AL, Coan PM, Angiolini E, Burton GJ, Constancia M. Imprinted genes and the epigenetic regulation of placental phenotype. Prog Biophys Mol Biol 2011; 106: 281–288. doi: 10.1016/j.pbiomolbio.
2010.11.005 PMID: 21108957

33.

Ng SF, Lin RC, Laybutt DR, Barres R, Owens JA, Morris MJ. Chronic high-fat diet in fathers programs
β-cell dysfunction in female rat offspring. Nature 2010; 467: 963–966. doi: 10.1038/nature09491 PMID:
20962845

34.

Skinner MK. Metabolic disorders: Fathers' nutritional legacy. Nature 2010; 467: 922–923. doi: 10.1038/
467922a PMID: 20962833

35.

Dunn GA, Bale TL. Maternal high-fat diet effects on third-generation female body size via the paternal
lineage. Endocrinology 2011; 152: 2228–2236. doi: 10.1210/en.2010-1461 PMID: 21447631

36.

[Anonymous]. Current Trends Pregnancies Complicated by Diabetes—North Dakota, 1980–1992. Morbidity Mortality Weekly Report 1994;43(45): 837–839. http://www.cdc.gov/mmwr/preview/mmwrhtml/
00033570.htm.

37.

Scottish Intercollegiate Guidelines Network (SIGN). Management of diabetes. SIGN publications 2010;
No. 116.

38.

Kaati G, Bygren LO, Edvinsson S. Cardiovascular and diabetes mortality determined by nutrition during
parents' and grandparents' slow growth period. Eur J Hum Genet 2002; 10: 682–688. PMID: 12404098

39.

Pembrey ME, Bygren LO, Kaati G, Edvinsson S, Northstone K, Sjöström M, et al. Sex-specific, maleline transgenerational responses in humans. Eur J Hum Genet 2006; 14: 159–166. PMID: 16391557

40.

Kaati G, Bygren LO, Pembrey M, Sjöström M. Transgenerational response to nutrition, early life circumstances and longevity. Eur J Hum Genet 2007; 15: 784–790. PMID: 17457370

PLOS ONE | DOI:10.1371/journal.pone.0134883 August 26, 2015

18 / 18

