Diabetologia (2023) 66:986—1002
https://doi.org/10.1007/s00125-023-05891-x

REVIEW ™

Check for
updates

Sex differences in type 2 diabetes

Alexandra Kautzky-Willer > @ - Michael Leutner'(® - Jiirgen Harreiter’

Received: 6 October 2022 / Accepted: 30 January 2023 / Published online: 10 March 2023
© The Author(s) 2023, corrected publication 2023

Abstract

The prevalence of type 2 diabetes mellitus is increasing in both sexes, but men are usually diagnosed at a younger age and lower
body fat mass than women. Worldwide, an estimated 17.7 million more men than women have diabetes mellitus. Women appear
to bear a greater risk factor burden at the time of their type 2 diabetes diagnosis, especially obesity. Moreover, psychosocial stress
might play a more prominent role in diabetes risk in women. Across their lifespan, women experience greater hormone fluctu-
ations and body changes due to reproductive factors than men. Pregnancies can unmask pre-existing metabolic abnormalities,
resulting in the diagnosis of gestational diabetes, which appears to be the most prominent risk factor for progression to type 2
diabetes in women. Additionally, menopause increases women’s cardiometabolic risk profile. Due to the progressive rise in
obesity, there is a global increase in women with pregestational type 2 diabetes, often with inadequate preconceptual care. There
are differences between men and women regarding type 2 diabetes and other cardiovascular risk factors with respect to comor-
bidities, the manifestation of complications and the initiation of and adherence to therapy. Women with type 2 diabetes show
greater relative risk of CVD and mortality than men. Moreover, young women with type 2 diabetes are currently less likely than
men to receive the treatment and CVD risk reduction recommended by guidelines. Current medical recommendations do not
provide information on sex-specific or gender-sensitive prevention strategies and management. Thus, more research on sex
differences, including the underlying mechanisms, is necessary to increase the evidence in the future. Nonetheless, intensified
efforts to screen for glucose metabolism disorders and other cardiovascular risk factors, as well as the early establishment of
prophylactic measures and aggressive risk management strategies, are still required for both men and women at increased risk of
type 2 diabetes. In this narrative review we aim to summarise sex-specific clinical features and differences between women and
men with type 2 diabetes into risk factors, screening, diagnosis, complications and treatment.
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IGT Impaired glucose tolerance VAT Visceral adipose tissue

P4 Alexandra Kautzky-Willer
alexandra.kautzky-willer@meduniwien.ac.at

Introduction
! Department of Medicine 111, Division of Endocrinology and
Metabolism, Medical University of Vienna, Vienna, Austria In young and middle-aged populations, men show a higher
2 Gender Institute, Lapura Women’s Health Resort, Gars am prevalence of type 2 diabetes mellitus than women [1].
Kamp, Austria However, postprandial hyperglycaemia increases to a larger

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-023-05891-x&domain=pdf
http://orcid.org/0000-0002-3520-4105
https://orcid.org/0000-0003-3959-1496
https://orcid.org/0000-0003-2508-9403
mailto:alexandra.kautzky-willer@meduniwien.ac.at

Diabetologia (2023) 66:986—1002

987

extent in women as they age, contributing to a higher preva-
lence of undiagnosed diabetes in women after the age of 60, and
of total diabetes after 70 [2]. Although the burden remains
substantial, an improvement in life expectancy for patients with
type 2 diabetes was recently reported for both sexes [3].
Lifetime risk of type 2 diabetes was generally higher in men,
but years of life lost varied strongly between regions and sexes.

There is a lifelong continuous interaction between biology
and environment, beginning in utero [4]. Biological ‘sex
differences’ in the clinical outcomes of type 2 diabetes are
caused by genetic and hormonal influences on pathophysiol-
ogy, clinical manifestation, diagnosis and response to therapy
[4, 5]. Across their lifetime, changes in sex hormones mean
that women experience greater variations in the risk of cardio-
metabolic disease, including type 2 diabetes. Furthermore,
‘gender differences’ arising from psychosociocultural
processes, such as different behaviours, lifestyles and attitudes
towards prevention and treatment, also impact the susceptibil-
ity and progression of type 2 diabetes [4—6].

This narrative review is clinically oriented and aims to
increase clinicians’ and researchers’ awareness of the differ-
ences between men and women in the risk, diagnosis and
therapy of type 2 diabetes and its related complications, with
the hope of improving management of all patients with type 2
diabetes.

The PubMed database was searched for full-text articles
published between 1 January 2011 and 31 August 2022. The
search terms used were ‘sex’ or ‘gender’ in combination with
‘diabetes’ in the title. The selection was limited to human
studies and type 2 diabetes. All results were screened for rele-
vant articles. Authors contributed additional articles based on
their personal knowledge.

Risk factors

Insulin resistance Studies have provided evidence that
premenopausal women have higher skeletal muscle and
hepatic insulin sensitivity and higher stimulated insulin
secretion, and thus lower fasting glucose and HbA .
values, than men [4, 7]. However, at menopause, BP,
LDL-cholesterol and HbA,. increase in parallel with
unfavourable changes in body fat distribution [4], contrib-
uting to impaired glucose tolerance (IGT). With the
progression from normal glucose tolerance to IGT, the
biological advantages of women are mitigated [4]. Older
women who were normoglycaemic were shown to have a
~20% higher glucagon-like peptide-1 (GLP-1) response to
an OGTT compared with men of a similar age [8].
However, in the presence of IGT, impaired fasting
glucose (IFG) or type 2 diabetes, women showed lower
GLP-1 release than men, again suggesting that as glucose
tolerance worsens, sex differences benefiting women

disappear [8]. Notably, in the presence of overt type 2
diabetes, young women display cardiovascular- and total
mortality risks comparable to men [4, 9]. Indeed, studies
have shown that before the onset of type 2 diabetes,
women have a greater exposure to, and burden of, major
metabolic risk factors, such as greater changes in BMI,
BP, fasting glucose and lipids [10, 11].

Notably, non-alcoholic fatty liver disease (NAFLD) diag-
nosis improves the risk prediction of type 2 diabetes,
especially in premenopausal women [12]. As such, severe
NAFLD is strongly and independently associated with
incident type 2 diabetes in younger women, showing that
NAFLD accentuates the loss of biological protection from
type 2 diabetes in women. Indeed, women with
dysglycaemia displayed a higher probability of having
NAFLD than men, possibly related to a greater worsening
of metabolic risk factors along with deterioration of
glucose metabolism in women [13].

Obesity and body fat distribution In general, men develop
type 2 diabetes at a younger age and lower BMI [4, 14]
(Fig. 1). At the time of type 2 diabetes diagnosis, women
often show a higher risk factor burden than men, includ-
ing higher BP and larger excess weight gain. This partic-
ularly applies to white women and younger women [14,
15]. Waist circumference indicates visceral adipose tissue
(VAT) more accurately than BMI in women and thus
represents a more reliable cardiometabolic risk predictor.
This may be ascribed to more prominent loss of muscle
and bone mass with increasing age and a greater increase
of VAT following menopause in women compared with
men of similar age [7, 16]. Indeed, a GWAS confirmed
VAT as a stronger independent type 2 diabetes risk factor
in women than in men (OR 7.3 vs 2.5) [17].

Both waist circumference and BMI showed significant
relationships with mortality among patients with type 2 diabe-
tes [18]. A meta-analysis demonstrated a non-linear associa-
tion between BMI and mortality in men and women with type
2 diabetes, but mortality risk at higher BMI only increased
significantly in women [19]. Diabetes risk scores and mortal-
ity prediction models including sex in risk calculations,
together with anthropometric measures, hypertension and
lipids, can help identify high-risk individuals [4, 14]. Adding
novel biomarkers and risk factors like gestational diabetes
(GDM) and psychosocial factors may further increase
prognosis.

Although younger women show greater levels of adiposity
for a given BMI, they are at lower cardiometabolic risk than
men of a similar age. The presence of two X-chromosomes
has been related to increased adiposity, possibly through
enhanced expression of genes involved in weight gain, which
escape X-chromosome inactivation [20]. Furthermore,
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women have a greater ability for adipose tissue expansion in
gluteofemoral and subcutaneous fat, conferring better meta-
bolic health [4, 20]. Whereas men tend to be diagnosed with
type 2 diabetes at a lower BMI than women, the associations
between obesity indices including BMI and type 2 diabetes
risk were generally stronger in women than in men [4, 14, 21].
This may be caused by sex-dimorphic body composition and
was recently confirmed by Mendelian randomisation analysis
(MRA) [22]. However, another MRA showed comparable
effects of BMI on type 2 diabetes in both sexes [23].
Moreover, BMI was associated with coronary artery disease
in men and premenopausal women, suggesting that excess
obesity mitigates the natural protection of young women.
Overall, more research is necessary to better clarify the perfor-
mance of various obesity indicators in the prediction of
complications in men and women of different age groups.
Premenopausal women accumulate more gluteofemoral fat
(gynoid shape), providing a safe fat reservoir for excess ener-
gy and releasing beneficial adipokines, contributing to their
higher circulating adiponectin and leptin concentrations [7].
Women also have a greater prevalence of brown adipose
tissue (BAT), which affects energy metabolism and is

T2D risk factors &
risk predictorsS

inversely related to age and BMI. Cold-activated BAT and
thermogenesis were higher in premenopausal women than in
age-matched men and were independently associated with
oestradiol levels [24]. BAT was recently demonstrated to be
negatively associated with type 2 diabetes and CVD, possibly
contributing to women’s lower type 2 diabetes risk [25].

However, post-menopause, fat distribution in women tran-
sitions to an android rather than a gynoid pattern, accompa-
nied by an increase in cardiometabolic risk. There are clear sex
differences in ectopic fat accumulation that change over a
person’s lifetime. In general, healthy women have higher
intramyocellular fat in leg muscles but lower VAT, liver and
pancreas fat [7, 26], and lower myo- and pericardial lipids than
men [4]. However, with deterioration of glucose tolerance
these sex differences disappear. Women with prior GDM or
polycystic ovary syndrome (PCOS) already show changes in
ectopic lipids, which may predict metabolic derangements
[27, 28]. In type 2 diabetes, women show liver and pancreas
fat levels as high as those in men, related to increased hepatic
VLDLI1 triacylgycerol production [26]. Moreover, intra-
pancreatic fat, which impacts beta cell function, increases with
age, especially in women [29].

Diagnosis
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Fig. 1 Sex-specific risks and sex and gender differences in risk factors
and clinical features of men and women with type 2 diabetes. Significant
differences in type 2 diabetes risk predictors between men and women are
indicated (§). Physiological characteristics related to type 2 diabetes risk
in men and/or women are shown in the centre of the figure in boxes. In
general, men have greater insulin resistance and higher fasting glucose
levels and higher visceral fat mass than women. However, VAT (or waist
circumference as a marker of central obesity) appears to be a better predic-
tor of insulin resistance and development of type 2 diabetes and CVD in
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women than in men. In women, CVD risk factors like obesity and hyper-
tension progress during menopausal transition, further aggravating insu-
lin resistance, inflammation and dyslipidaemia. At type 2 diabetes diag-
nosis, women often show larger excess weight gain and higher levels of
obesity, as well as higher BP, than men, presenting with an overall higher
cardiometabolic disease risk factor burden. Figure created in BioRender.
com. This figure is available as part of a downloadable slideset
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Prediabetes In general, IGT is consistently found to be more
common in women than in men, but IFG is diagnosed more
often in men (Fig. 1). Higher stimulated glucose values in
women may be a consequence of the standard glucose chal-
lenge of 75 g OGTTs, if we ignore sex-dependent variables
like body size, muscle mass, physical fitness or gastric empty-
ing [4, 14]. Furthermore, prolonged gut glucose absorption
may contribute to higher 2 h glucose levels in women
compared with men [30]. IFG is mainly caused by increased
hepatic insulin resistance and impaired basal insulin secretion,
while IGT mainly results from peripheral insulin resistance
and reduced stimulated insulin secretion [31]. Furthermore,
IFG increases the risk of stroke in men, but IGT increases
CHD risk in women [32]. All forms of prediabetes, including
definition by HbA ., were related to higher all-cause mortality
in both sexes, but composite cardiovascular events were
higher in women [33]. MRA suggests that HbA |, may under-
estimate fasting glucose in men, possibly driven by sex-
specific higher iron levels [34]. Thus, we recommend greater
use of OGTTs, particularly in women, and measurement of
HbA . in addition to fasting glucose in all individuals.
Moreover, higher 1 h post-load glucose levels identified indi-
viduals with normal glucose tolerance who are at risk of future
type 2 diabetes and CVD [35]. Future studies should clarify
whether this value can improve detection of high-risk individ-
uals and reduce gender bias.

Endocrine factors Sex steroid hormones largely contribute to
sex-dimorphic diabetes susceptibility [4, 14, 36]. In premen-
opausal women, oestrogen protects from type 2 diabetes by
increasing insulin sensitivity and glucose-stimulated insulin
secretion, and mitigating beta cell apoptosis. Hence, prema-
ture menopause is associated with an increased risk of type 2
diabetes, whereas hormone replacement therapy may prevent
or delay type 2 diabetes [36, 37]. One of the most sexually
dimorphic metabolic aspects is testosterone’s bidirectional
modulation of glucose homeostasis [38]. In men, testosterone
physiologically enhances glucose-stimulated insulin secre-
tion, increases GLP-1 action and reduces inflammation, there-
by maintaining beta cell health [38]. Interestingly, low levels
of free testosterone and high levels of sex hormone binding
globulin (SHBG) were independently associated with mortal-
ity in men with type 2 diabetes [39]. High SHBG impacts
health through the regulation of bioactive testosterone and
reduction of tissue androgenisation, and also exerts additional
direct effects. However, low SHBG is associated with insulin
resistance and type 2 diabetes risk [4], and mediates the asso-
ciation between intrahepatic fat and type 2 diabetes, with a
more significant impact in women [40].

Conversely, in women, increased testosterone leads to
insulin hypersecretion, mitochondrial dysfunction, oxidative
stress and beta cell dysfunction [38]. Thus, testosterone

deficiency predisposes men to type 2 diabetes, while androgen
excess increases type 2 diabetes risk in women. This is
evidenced by an up to fourfold higher risk of glucose alter-
ations in women with PCOS and androgen excess [4, 41].
Interestingly, MRA has revealed that obesity, testosterone
and SHBG play a causal role in PCOS, but PCOS had no
direct causal effect on type 2 diabetes or CVD [42].

In contrast, a double-blind RCT in which overweight men,
aged 50-74 with low testosterone and IGT or newly diagnosed
type 2 diabetes, were enrolled in a lifestyle programme showed
that intramuscular testosterone therapy could prevent or revert
type 2 diabetes by 41% within 2 years of treatment, compared
with placebo [43]. Thus, screening for hypogonadism should be
considered in men with type 2 diabetes and obesity. Possible
benefits and risks of testosterone in addition to behavioural or
glucose-lowering therapy should be discussed with men who
have a testosterone deficiency.

Pregnancy Pregnancy may unmask subtle pre-existing meta-
bolic disturbances, leading to a high percentage of women
developing GDM (5-16%) [4]. GDM is a heterogeneous enti-
ty mostly affecting insulin-resistant women with obesity, but
lean women with reduced beta cell capacity, who are therefore
less able to compensate for pregnancy-related insulin resis-
tance, can also be affected [44]. GDM is diagnosed more
frequently in older women and in specific ethnic groups,
although there can be high variability in diagnosis due to
differences in screening procedures, genetic background,
body composition, weight gain or cultural practices [45].

GDM is the most prominent independent risk factor for
type 2 diabetes progression in women [46]. A recent meta-
analysis showed that women with GDM had a relative risk
(RR) of type 2 diabetes of 8.3 (95% CI 6.5, 10.6). The
percentage of type 2 diabetes diagnoses was 12% higher for
each year following pregnancy, 18% higher per BMI unit at
follow-up and 57% lower in White European women than in
women from other populations [47].

Although intervention strategies are an effective approach
to reducing incident type 2 diabetes, in the Diabetes Prevention
Program, the incidence of type 2 diabetes in women with prior
GDM was still 70% higher over 3 years than in women with
prediabetes or normoglycaemia in previous pregnancies [48].
Therefore, sustained glucose monitoring over time and imple-
mentation of suitable prevention programmes is recommended
in high-risk women with prior GDM.

The global rise in adiposity may explain the huge increase
in pregestational type 2 diabetes, the most common form of
pregestational diabetes in many countries today [49]. The
largest study of such pregnancies showed low rates of contra-
ception use, inadequate preconceptual care, insufficient
glycaemic control during pregnancy, high rates of comorbid-
ities, and pregnancy-related complications [50]. One in four of
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these women experienced intrauterine death. Therefore, better
and more personalised preconception and antenatal care is
particularly important for young women with early-onset type
2 diabetes.

Psychosocial factors A low level of education, low socioeco-
nomic and occupational status, and low income are all signif-
icant risk factors for the development of type 2 diabetes, espe-
cially in women [4, 51, 52] (Fig. 1). Higher household income
has stronger effects on type 2 diabetes risk and is positively
related to the prevalence rate in men in developed countries
[53], but the effect of income is complex and varies globally,
and also depends on a country’s Human Development Index
(HDI) [4]. Additionally, access to healthcare, particularly in
women from developing countries, can be a barrier for suffi-
cient prevention and treatment of type 2 diabetes [54]. In
Japan, higher levels of perceived stress were closely related
to an increased risk of incident diabetes, with stronger effects
in men [55]. High work-demands and an active job in general
seem to be stronger protective factors in men, while low deci-
sion latitude shows stronger associations with type 2 diabetes
development in women [4, 56]. Sedentary time is closely
related to anxiety, depressive symptoms, higher perceived
interference and lower self-efficacy, with stronger effects in
women with type 2 diabetes [57]. Prolonged night work was
related to an increased type 2 diabetes risk only in women (HR
1.46) [58]. Similar results for shift work have been reported in
women [59]. In conclusion, psychosocial risk factors have a
stronger impact on the development of type 2 diabetes in
women compared with men. To reduce or prevent type 2
diabetes risk, especially in women, it would be necessary to
screen patients with metabolic disorders that are closely relat-
ed to the development of type 2 diabetes (e.g. obesity or predi-
abetes) for psychosocial risk factors at an early stage.

Sex and gender differences were evidenced in type 2
diabetes-related comorbidities such as CVD and cancers but
also psychiatric disorders, including anxiety and depression
(Fig. 2) [4, 60, 61]. There is a higher prevalence of depression
in women than men, and this is particularly seen when women
reach menopause [61]. Higher rates of depression and less
problem-oriented and -solving activities in women with type
2 diabetes may ultimately lead to reduced self-care activities
[62]. Psychiatric disorders like depression increase the proba-
bility of an unhealthy lifestyle and reduce adherence to thera-
peutic recommendations. Overall, prevalence of diabetes
distress is very common among patients with type 2 diabetes
(~36%) and is clearly associated with comorbid depressive
symptoms, anxiety and female gender [63]. It is important to
recognise the large overlap between diabetes distress and
depression in order to enable appropriate screening and
patient-centred care, possibly improving medication adher-
ence and outcomes among patients with type 2 diabetes.

@ Springer

Macrovascular complications In men and women, CVD is the
leading cause of death. Type 2 diabetes contributes to prema-
ture mortality from CVD, with some variations resulting from
sex differences (Table 1) [4, 44]. Although the absolute risk of
CVD mortality is higher in men with type 2 diabetes, the RR is
significantly greater in women with type 2 diabetes [44, 64,
65], although a separate study showed it comparable between
sexes [66]. A recent MRA showed evidence of causal effects
of type 2 diabetes on CHD risk but without sex dimorphism
[67]. Interestingly, higher relative mortality risks in individ-
uals with type 2 diabetes were found at younger ages; 35-59
year old women were the most affected group [65]. One
potential reason was that women with type 2 diabetes are more
likely to have advanced atherosclerosis than men at the time of
diagnosis [5]. In young women, the development of type 2
diabetes is associated with greater weight gain, which subse-
quently leads to a more adverse cardiometabolic risk profile
[44]. Even with mild dysglycaemia, women present with
subclinical inflammation and increased coagulopathy from
early adulthood onwards [44]. These aspects could explain
why the highest RR for CVD was recently reported in younger
women with type 2 diabetes [65, 68]. For women, a higher RR
of cardiovascular-related death associated with newly diag-
nosed type 2 diabetes has been described previously, particu-
larly among individuals who smoke, have hypertension or
hypercholesterolaemia, or are overweight [69]. Therefore, it
was assumed that hyperglycaemia has stronger synergistic
effects on these risk factors in women than men, and that more
aggressive intervention is needed in women to curb cardiovas-
cular mortality. CVD risk factors, like obesity and hyperten-
sion, progress during menopausal transition, further aggravat-
ing insulin resistance, inflammation and dyslipidaemia in
women with type 2 diabetes [66].

Additionally, medication adherence or prescriptions
treating several CVD risk factors were lower in women than
men with type 2 diabetes. In cardiovascular outcome trials,
less use of statins, aspirin and beta blockers in women with
type 2 diabetes was reported, despite the higher prevalence of
history of stroke and heart failure [70]. Accordingly, women
had higher BP, LDL-cholesterol and glucose variables than
men. Therefore, regardless of their comorbidities, fewer
women with type 2 diabetes were treated in accordance with
the guidelines than men [70]. Similarly, in a recent
EUROASPIRE survey, women with type 2 diabetes or IGT
were older and less likely to meet the recommended targets for
physical activity, BP or LDL-cholesterol than men, probably
contributing to their higher CVD risk [71]. Furthermore, a
Danish cohort study reported that cardioprotective glucose-
lowering drugs, such as sodium—glucose cotransporter 2
inhibitors (SGLT-2I) or GLP-1 receptor agonists (GLP-
1RA), are prescribed less often for women with type 2 diabe-
tes and CVD [72]. Health professionals thus appear to under-
estimate CVD risk in women with type 2 diabetes [44].
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Fig. 2 Illustration of the most
important sex differences in the
complications and possible
effects of pharmacological
therapy and management of
patients with type 2 diabetes. CV,
cardiovascular; GI,
gastrointestinal; HF, heart failure; C
UT]L, urinary tract infection. &
Figure created in BioRender.com.
This figure is available as part of a
downloadable slideset
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Ultimately, this leads to less use of CVD protective medica-
tion and inadequate CVD risk factor management, which
needs to start as early as possible.

Among patients with type 2 diabetes, women also have a
greater RR of heart failure and hospitalisation due to heart failure
than men [73, 74]. This was also evidenced at a younger age,
although the women-to-men ratio fell with increasing age [68].
Hypertension is a main driver of heart failure progression, espe-
cially in women with hypertension compared with women with-
out hypertension (threefold increase in risk in for women vs
twofold for men) [75]. Sex-specific analyses demonstrated faster
progress of BP elevation in young women, starting as early as the
third decade [76]. Type 2 diabetes has a more pronounced effect
on heart failure progression in women (women: 5-fold vs men:
2.4-fold risk) [77]. Women suffer more often from diastolic
dysfunction caused by hypertension, insulin resistance and obesi-
ty, and thus more frequently develop heart failure with preserved
ejection fraction (HFpEF) [78].

Microvascular complications Evidence of sex differences in
microvascular disease is scarce and inconclusive (Table 1).
Men with type 2 diabetes showed a higher risk of sensory
neuropathy, nephropathy and worse retinal microvascular
measures than men with normoglycaemia, while this was
not evident among women [79]. Nonetheless, among patients
with type 2 diabetes, a higher risk of renal failure and renal
insufficiency was observed in women, possibly due to less
intensive risk factor therapy, although higher risk of albumin-
uria was found in men [80, 81]. Women with type 2 diabetes
reported more frequent and greater neuropathic pain and nerve
injury than men [82]. No sex differences in diabetic retinopa-
thy were recently observed [83]. Further research in this area
is thus urgently needed.

1T Prescription
T UTIs, ketoacidosis

Q-d

Sex differences in pharmacological therapy
and management

The scarce literature about lifestyle interventions on cardio-
metabolic health in humans suggests that, under lifestyle inter-
ventions, men have greater success with weight and body fat
reduction, with a greater general cardiometabolic benefit, than
women [4, 93]. In the DiRECT weight management
programme, type 2 diabetes remission was also more durable
in men at 2 years, probably due to greater weight loss [94].

Sex differences in the pharmacological management of type 2
diabetes and the response to treatment (Table 2 and Fig. 2)
demonstrate that undertreatment is a major problem in women
[95]. Metformin is one of the most-prescribed glucose-lowering
drugs and evidence suggests that women are less adherent to this
therapy and more likely to suffer side effects [96, 97]. Despite
comparable bioavailability, a greater HbA . reduction in men has
been shown [98]. Moreover, both metformin therapy and life-
style intervention in women with prior GDM showed a strong
protective effect regarding type 2 diabetes progression [99].

Body composition and BMI play an important role in the
sex-specific glycaemic response to sulfonylurea therapy [5,
100]. However, sulfonylureas were related to an increased risk
of CHD in both sexes [101, 102]. In a study of people taking
thiazolidinediones, adverse drug reactions such as weight
gain, risk of oedema and risk of bone fracture predominated
in women. Its usage should thus be limited in women, espe-
cially after menopause [100].

Regarding the improvement of glucose metabolism, there
is slight evidence that the response to SGLT-2I treatment is
better in men. Although therapy with SGLT-2I dramatically
reduces the risk of CVD and heart failure, and improves renal
function, SGLT-2Is are more frequently prescribed to men
[72, 103]. A gender-pooled meta-analysis revealed that the
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Table2 Potential sex and gender differences in (adverse) effects of glucose-lowering- and cardiovascular medications in patients with type 2 diabetes

Therapy Efficacy and adverse Notes
effects
Metformin Glucose metabolism Men: greater HbA . reduction. Women: greater reduction of body weight [98]
Adherence Women: less adherent to therapy [96]
Adverse effects Women: more likely to suffer side effects (e.g. gastrointestinal symptoms) [96]; increased
hospitalisation rate [97]
Possible fetal Mother undergoing metformin therapy: higher rates of infants born SGA and of childhood
programming effects adiposity, possibly with slightly higher risk in boys [121]; father undergoing metformin therapy:
exposure associated with major birth defects, particularly genital birth defects in boys [122]
Sulfonylureas Glucose metabolism Male sex and lower BMI: greater HbA | reduction, similar hypoglycaemia risk [100]
Outcome Women and men: higher risk of CHD [101, 102]
Thiazolidinediones Glucose metabolism Women with obesity: greater HbA, reduction compared with sulfonylurea therapy [100]
Adverse effects Women: women with obesity have a higher risk of weight gain and oedema risk [100]; higher risk
of bone fractures; women with type 2 diabetes have a higher mortality rate under a therapy with
rosiglitazone [62]. Men: pioglitazone is related to a moderately increased risk of bladder cancer
[123]
SGLT-21I Glucose metabolism Men: (trend for) better glycaemic response to treatment [124]
Outcome Similar between men and women: cardiovascular benefits, risk of hospitalisation due to heart
failure and changes (incident or worsening) in nephropathy [102, 104, 105]. Women: lower
prescription rate [103]
Adverse effects Women: higher risk of adverse events in general, higher risk of genital infection or urinary tract
infections, more urosepsis, fractures and ketoacidosis [102, 108, 109]. Men: higher risk of
Fournier gangrene, more acute renal failure, more lower limb amputation, more pancreatitis [102,
125]. Similar between men and women: risk of adverse events in general, amputation and genital
infection or urinary tract infections [104]
GLP-1RA Weight reduction Women: greater weight reduction [110—113]

DPP-1V inhibitors

Insulin

Statins

Evolocumab

Fenofibrate

ACE inhibitors

ACE inhibitors and

ATII blockers
Beta blockers

Glucose metabolism

Outcome

Adverse effects
Glucose metabolism
Glucose metabolism
Adverse effects

Cardiovascular outcomes

Volume reduction of
coronary atheroma

Coronary atheroma
reduction

Lipid-lowering effect and

outcome

Outcome

Adverse effects
HFrEF

Outcome

Majority of the trials: similar HbA; reduction between sexes [110, 112]. Men: better glycaemic
control under add-on exenatide therapy (to metformin + sulfonylurea). Women: combination
therapy with exenatide and metformin is more effective [113]. Dulaglutide: similar HbA .
reduction in men and women [112]. General: female sex could be a predictor of better glycaemic
response [62, 126]

Similar reduction of MACE in men and women [114, 115]. Women: comparison GLP-1RA vs
sulfonylurea: better CV-reducing effect [102]

Women: greater risk of gastrointestinal complications (e.g. nausea + diarrhoea) [62, 112, 127]
No sex differences [116]
Women: achieve HbA . targets (<7%) with basal insulin glargine less often [117]

Women: higher risk of severe (nocturnal) hypoglycaemic events compared with men with basal
insulin therapy with NPH insulin or insulin glargine, especially if without obesity [128]. Men: in
a Japanese study in which patients with a mean BMI of <25 kg/m? with longstanding type 2
diabetes received a CSII for 7 days and subsequent therapy with premixed insulin, men had a
higher risk of hypoglycaemia, although they required lower doses of insulin; similar results have
been shown for CSII therapy only [118]

Similar effects in men and women undergoing statin therapy [129]
Women: stronger reduction in women undergoing high-dose statin therapy [130]

Women: more relative (but not total volume) coronary atheroma reduction [131]

Women: more total, LDL- and non-HDL-cholesterol reduction compared with men, similar CVD
outcomes [132]

Women: decreasing efficacy over time, less reduction of mortality rate but greater beneficial effects
on nephropathy [133]

Women: experience side effects (cough) more often than men [134]
Comparable in both sexes: mortality and hospitalisation due to HFrEF [134]

Women: optimal survival under lower dosages of beta blockers [5]

@ Springer
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Table 2 (continued)

Therapy Efficacy and adverse Notes
effects
Acetylsalicylic acid Outcome Women: no reduction of MCI risk, but reduction of ischaemic strokes, increased bleeding risk
[135]. Men: MACE reduction exclusively in men [136]
ARNI HFpEF Women: decreased risk of cardiovascular death or hospitalisation with HF [137]. Specific subgroup

analysis: only in women reduction of the primary endpoint cardiovascular death and
hospitalisation due to HF [138]

ARNI, angiotensin receptor—neprilysin inhibitor; ATII, angiotensin II; CSII, continuous subcutaneous insulin infusion; CV, cardiovascular; DPP-IV,
dipeptidyl peptidase-4; GLP-1RA, glucagon-like peptide-1 receptor agonist, HF= heart failure; HFrEF, heart failure with reduced ejection fraction; MCI,

myocardial infarction; SGA, small for gestational age

effects of SGLT-2Is on major adverse cardiovascular events
(MACE), hospitalisation for heart failure, cardiovascular
death, and fatal or non-fatal stroke or myocardial infarction
were comparable between men and women [104]. In another
trial, empagliflozin reduced the risk of cardiovascular-related
death and heart failure-related hospitalisation to a comparable
degree, with similar health benefits in men and women with
HFpEF, both with and without type 2 diabetes, regardless of
their baseline ejection fraction [105]. A sex-stratified
subgroup analysis confirmed these results, including the
comparable benefits between men and women, in patients
treated with dapagliflozin, who had mildly reduced heart fail-
ure or HFpEF. This was probably because of the large number
of women included and a predominance of women in the
group with the highest ejection fraction [106].

Although there has previously been evidence showing a
higher prevalence of genital and urinary tract infections in
women undergoing SGLT-2I therapy [107], more recent analysis
did not report sex differences for vascular efficacy, amputation,
fracture risk, genital infection or urinary tract infections [104].
However, ketoacidosis [108] and an increased fracture risk with
canagliflozin has been reported for women [109].

GLP-1RA also show significant sex differences and cumu-
lative evidence suggests that women display greater weight
reduction [62, 110-113]. The majority of the clinical trials
report similar HbA . reduction with different GLP-1RAs in
both sexes [110, 112]; however, a combination therapy of
exenatide and metformin appeared to be especially effective
in women [113]. Although no sex differences are reported for
MACE [114, 115], women have greater risk of gastrointesti-
nal side effects with GLP-1RAs [62]. For gliptins there is no
evidence of sex differences in HbA . reduction [116].

A meta-analysis showed that women less frequently met the
HbA, target of <7% with basal insulin therapy, with insulin
glargine, or with NPH insulin, despite a higher risk of severe
hypoglycaemic events [117]. However, in Asian patients with
longstanding type 2 diabetes, a therapy with premixed insulin
following continuous subcutaneous insulin infusion (CSII) ther-
apy was related to a higher risk of hypoglycaemia in normal-
weight men [118]. Thus, insulin management may need special

@ Springer

attention in women and normal-weight individuals, although
further research is necessary.

There are also significant sex differences in lipid-lowering
drugs, ACE inhibitors, angiotensin II (ATII) blockers, aspirin
and angiotensin receptor—neprilysin inhibitors (ARNI), which
are commonly prescribed medications in patients with type 2
diabetes. Statins appear to offset increased cancer risk, which is
otherwise commonly seen in patients with diabetes, independent
of age and sex [60]. However, dose-dependent effects were
described, with higher rates of osteoporosis and depression, espe-
cially in postmenopausal women on high doses [119, 120].

Future perspective

More research into sex and gender differences in type 2 diabe-
tes is essential for a better understanding of the biological
background and psychosocial impact. Sex and gender differ-
ences are interdependent on age or ethnicity and disentangling
these connections will allow further personalisation of diabe-
tes management. Increased alertness in specific subgroups like
ethnic minorities, and particularly young patients with type 2
diabetes if their glycaemic variables frequently fall outside of
the target range, is essential. These high-risk groups which
develop type 2 diabetes at a lower BMI and younger age need
accurate screening and special targeted prevention. Earlier
detection of type 2 diabetes and concomitant cardiovascular
risk factors is crucial to prevent CVD events. Additionally,
weight management appears to be essential in type 2 diabetes
prevention and therapy in women, in combination with the
additional use of effective new drugs with cardiorenal benefits
and individualised lifestyle intervention approaches. More
attention should also be paid to BP management, especially
in women with obesity and type 2 diabetes, who display a
higher cardiovascular risk at a young age. As women with
type 2 diabetes have a higher RR of CVD, clinicians need to
focus on more intense treatment of risk factors to reduce
vascular comorbidities. Lower treatment thresholds in women
might help to lower CVD but require evidence from clinical
studies and follow-up. At present, aggressive multifactorial
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treatment in accordance with current guidelines is essential
and needs to be delivered to all people with type 2 diabetes,
independent of sex, age or ethnicity. Depression and diabetes
distress are essential factors undermining diabetes manage-
ment and self-care activities, particularly in women. Higher
awareness, better screening tools, psychological support and
research are needed to help overcome these gender gaps.
Furthermore, educational approaches for physicians and the
public may help to further increase awareness of type 2 diabe-
tes and its sequelae in men and women.

Conclusions

Sex and gender differences in type 2 diabetes encompass
biological and psychosocial risk factors, pathophysiology
and complications, but also its treatment and adherence to it,
mostly demonstrating a higher RR of cardiovascular diabetes
complications in women with type 2 diabetes (see text box).
This is most obvious for macrovascular complications in

Summary

o Slightly more men than women are diagnosed with
type 2 diabetes and fasting hyperglycaemia, while
impaired glucose tolerance is more often described
in women

e Men are diagnosed with type 2 diabetes at a
younger age and lower BMI

* Women have a higher risk factor burden at the time
of diagnosis, including excess weight gain and
hypertension, especially at a younger age

¢ In women, a history of gestational diabetes appears
to be the most prominent risk factor for the develop-
ment of type 2 diabetes

e Women with PCOS, higher testosterone levels or
early menopause and men with low testosterone
levels have a higher risk of type 2 diabetes

¢ In most studies, women with type 2 diabetes have
higher relative risk of cardiovascular complications
and mortality than men with type 2 diabetes, while
the absolute risk of cardiovascular events is still
greater in men than women with type 2 diabetes

o Women are currently less likely than men to receive
the treatment and cardiovascular disease risk
reduction recommended by guidelines. Moreover,
they more frequently report side effects under many
cardiometabolic therapies

¢ Psychosocial risk factors have a stronger impact on
the risk of diabetes in women than in men

women, who have an increased RR of CVD mortality, possi-
bly driven by risk factor burden and loss of natural protection
after menopause. A special focus in research on and clinical
routine for vulnerable groups such as women with prior GDM
or men and women with reproductive disorders and obesity is
needed. These groups could potentially benefit from targeted
prevention programmes and more intense, sex-specific risk
reduction approaches. However, targeted treatment strategies
in type 2 diabetes require further investigation in future trials.

Supplementary Information The online version contains a slideset of the
figures for download available at https://doi.org/10.1007/s00125-023-
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